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Abstract

When transforming relational database (RDB) schema into object-oriented database(OODB) schema, much effort was put on examining
key and inclusion dependency (ID) constraints to identify class and establish inheritance and association between classes. However, in order
to further remove the original data redundancy and update anomaly, multi-valued dependency (MVD) should also be examined. In this paper,
we discuss class structures and define well-structured classes. Based on MVDs, a theorem is given transforming a relation schema into a well-
structured class. To transform RDB schema into OODB schema, a composition process simplifying the input RDB schema and an algorithm
transforming the simplified RDB schema into well-structured OODB classes are developed. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

With the development of object-oriented technology,
relational database (RDBs) are seeking ways to transit to
object-oriented database (OODBs). This makes transform-
ing RDB schema into OODB schema an important task and
considerable effort has been seen on this topic [1,8]. All
studies done so far focus on examining keys and key-
based inclusion dependency (IDs) [6] to identify classes
and derive inheritance and association between classes.
Such transformation scheme usually results in classes
having the same flat structure as the original relation
schemas. In our view, however, this kind of class struc-
ture fails to make use of the OO modeling power to the
largest extent and has not eliminated the data redun-
dancy and update anomaly problem existing in the original
RDB schema. Example 1 below explains the notion of class
structure.

Example 1. Given a relation schema Service, key is
underlined, and multi-valued dependency (MVDs) and
IDs on the schema are explicitly listed (Later discussions
follow the same style).
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Service(flight, working-day, plane-type):
{ flight —— working-day, flight —— plane-type}

An example relation service over the schema is shown in
Table 1. Owing to the MVDs, data redundancy and update
anomaly is obvious in service: The same value for flight is
repeated four times and so when it is updated, four tuples are
affected.

How are we going to transform Service into a class? The
most direct approach is as follows:

class Service-1 {

flight: int,
working-day:  string,
plane-type: int

);

With this class definition, corresponding to each tuple
of relation service we have an object in class Service-1
(Table 2). In Table 2 each row represents an object and
object identifiers (OIDs) are explicitly listed. However,
data redundancy of the original relation is retained.
When we update the value of plane-type for object O,
from 747 to 727, to maintain the MVDs holding on
Service, we must change the value of plane-type for
object O, accordingly. In other words, with such
schema transformation, we must use the method
mechanism of the OO model to enforce the MVDs of
the relational model.
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Table 1
Relation service

Table 3
Class Service-2

Flight Working-day Plane-type Oid Flight Working-day Plane-type
106 Monday 747 0, 106 {Monday, Thursday} {747, 1011}
106 Thursday 747 () 204 {Wednesday} {707, 727}
106 Monday 1011

106 Thursday 1011

204 Wednesday 707

204 Wednesday 727 2. Constructing well-structured class

A more appropriate class structure for this transformation
is as follows:

class Service-2 (

flight: int,
working-day:  set(string),
plane-type: set(int)

);

As shown in Table 3, under this class definition, there are
only two objects in the resulting class. Objects are no longer
in 1: 1 correspondence with tuples of the original relation,
instead, an object is the composition of several tuples. No
information is lost, but the data redundancy of the original
relation is completely removed. When we change the value
of either plane-type or working-day of one object, only that
object itself is affected. The MVDs on Service are built into
the class definition and enforced by that attributes working-
day and plane-type are defined to be set-valued.

Comparing the two classes Service-I and Service-2
defined over the same attribute set, we say they are of differ-
ent structures. Moreover, we say Service-2 is well-struc-
tured but Service-1 is not.

Organization of the paper is as follows: in Section 2 we
define well-structured class and propose a theorem on
constructing well-structured class from relation schema. In
later discussions, when confusion does not arise, relation
schemas will simply be called relations. In Section 3,
based on MVDs, a composition process is proposed to
first simplify the relational schema before the real trans-
formation. Based on keys, key-based IDs, and MVDs, an
algorithm is proposed mapping RDB schema into
equivalent well-structured OODB schema. Section 4 is the
conclusion.

Table 2
Class Service-1

Oid Flight

Working-day Plane-type
O, 106 Monday 747
0, 106 Thursday 747
0Oy 106 Monday 1011
0O, 106 Thursday 1011
Os 204 Wednesday 707
Os 204 Wednesday 727

Let us first examine the semantics of an attribute taking a
set of values from its domain. Given a class C, assume that
there are two objects in C (Table 4).

class C (

Aj: set(char),
Aj,: set(int),
Ajz: set(char)

)’.

As each object independently takes a set of values from its
domain, when we “‘flatten’’ C so that each attribute takes a
single value from its domain, we get eight combinations of
attribute values, as shown in Table S. Ignoring the explicitly
listed OIDs, we can consider the eight rows of Table 5 as
eight objects of the following class C’:

class C' (

Aj: char,
Az.’ int,
Ay char

),.

However, to ensure that C' expresses set-valued attributes
correctly, we must also use the method mechanism. In
addition, C’ has obvious data redundancy while C does
not. This notion is expressed in the following definition
and proposition. ‘

Definition 1. A class C with attributes A,,...,A,, is well-
structured if and only if (Giff) 4; (1 = i =< n) is defined as set-
valued when there exist objects of C taking 2 or more values
for A; from its domain, independently of any other attribute
A;(1=j=n and j+i).

An OODB schema C consisting of a set of classes, where
C = {C\C) ....C,}, is well-structured if each class
C, € C,1 =i =n, is well-structured.

Table 4

Class C

Oid A, A, A;

0, {a}) {1,4} {x,y}

0, {a, ¢) {1} {s. 1}




X. Zhang et al. / Information and Software Technology 41 (1999) 275-281 277

Table 5

Flattened C

Oid A, A, > As
0, a 1 X
01 a 1 y
0, a 4 X
(o8 a 4 y
02 a 1 s
0, a 1 t
0, c 1 s
02 c 1 t

Proposition 1. A class C is without data redundancy iff C
is well structured.

Schema transformation is a ubiquitous concept in data-
base design [2]. In transforming a source schema Sinto a
target schema T, where S and T may be of the same or
different data models, we should ensure the equivalence
between S and T, denoted as T < S. Equivalence in our
context is attribute value equivalence between the source
and the target, which follows the generic equivalence defi-
nition of [3].

A RDB schema is a pair (R, S), where R is a set of
relations, and S are the integrity constraints defined on R.
An OODB schema consists of a set of class definitions. At
the present stage of the OO technology, integrity constraints
are more or less maintained by methods. In transforming a
RDB schema into an OODB schema, we should try to
express the constraints on the original relations as much
as possible with the OO modeling power itself but not resort
to methods.

If we now think of Table 5 as a relation over schema
R(oid: int, Aj:char, Az:int, As:char), where we assume
OID is of int type. We find that the following MVDs hold
on R . T

oid —— A], oid —— Az, oid —— A;

This means that in a class C, if an attribute A is set-valued,
oid —— A. Conversely, in schema transformation from RDB
to OODB, when an MVD M holds on the original RDB
schema, each object should take a different value for the
attributes on the left-hand side (Lh.s.) of M and multiple
values for the attributes on the right-hand side (rh.s.) of
M. So in the resulting definition, the Lh.s. attributes should
be single-valued whereas those on the r.h.s. should be set-
valued. Classes thus formed are not only equivalent to the
input relations but are also well-structured. In example 1,
assuming that the MVDs are enforced by methods, both
class Service-1 and Service-2 are equivalent to relation
Service. However, Service-2 is well-structured  but

Service-1 is not. ) ) )
Let us first introduce the notations that will be used in

later discussions. Given a relation schema R,

e let R(X:Dy, Y:Dy, Z:Dz) denote that X, ¥ and Z are subsets
of R taking domains D,, D, and D, respectively, and R =
X U Y U Z. Not considering the domains of X, Yor Z, R is

simply written as R(XYZ). Similar notation is also
adopted for classes.

e #(R), or simply r, is the relation over R. For X C R, ¥r[X]
denotes x(7).

Theorem 1. Given a relation R(X:Dy, Y:Dy, Z:Dy):
(X—— Y, X——1Z},a composite class C defined in the
following is well-structured and C < R, where y and z are
attributes referring to a set of objects of C, and C,, compo-
nent classes of C.

class C(
X: Dx,
v set(Cy),
7z set(Cy)
)

class Cyf
Y: Dy
)’.

class C(
Z: DZ
);

Note that when Y(Z) conmsists of a single attribute,
Cy(C, is then an atomic data type. As a result, y(z)
becomes set-valued atomic attribute of C and we do
not need to define component class C,(C,) by ourselves,
which is the case with class Service-2 mapped from relation
Service of Example 1.

Proof. To map R into class C, let us first decide the struc-
ture of C. Obviously each object of C has a different X value.
As X —— Y(X —— Z), a set of Y(Z) values is uniquely
determined by the OID of an object. Thus when transform-
ing R into a class C, X should be single-valued, both Y and Z
should be set-valued. As set-value is only for single attri-
bute, component classes [4] C, and C, are defined on Yand Z
and we define attributes referring to a set of objects of C,
and C,. Class C and its component classes C, and C, result-
ing from the aforementioned construction process are well-
structured.

Let r be a relation on R and r{X] = X, r[Y1 =Y, r[Z] = Z,
map this relation r to a class C as follows:

(i) For each y € Y, create an object Oy in C, with o,Yy=y.
(ii) For each z € Z, create an object 0,in C; with 0,Z=1Z.
(iii) Under X —— Y and thus X —— 7, assume that for
each X € X the set of Y and Z values determined by x is
denoted as Y, and Z:

Yy = myOugax(t)s  Lx = Tz0x=x"(")
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Table 6 Table 8

Relation r, Class G’

Al AZ A3 A4 Old Ag A3

1 a b X Oy a

1 a b y 022 a C

1 a c X On b e

1 a c y

2 b e s . . .

2 b e t 3. Transforming relations into well-structured classes

For each x € X, create an object O in C with

0-X =X,
Oy={0,€(, | O0,Y =Y,y € Y,},
0z={0,€C,| 0,Z=2,z€ Z}

For a tuple ¢ &€ r with [X] = x,{{Y] = y,1[Z] = z, its
correspondence in C is an object O € C, where 0-X = X,
OyY =Y, OzZ = z. Conversely in a similar way each
object of class C, C, and C, can find a counterpart in relation
r.So C & R.

We can see from the transformation process that no data
redundancy exists in the resulting classes. In class C no two
objects have the same X values, y refers to a set of objects in
C,, and z refers to a set of objects in C,. With C, and C,, no
data redundancy exists for the values of Y or Z: each Y or Z
value appears in only one object.

Example 2. Given a relation r, (Table 6) on schema R,:

Ry(A, : int, Ay : char, As : char, A, : char):
{Ay == Ay A3 A —— Ay}

R, is transformed into class C, and component class C,’, as
shown below. Objects of C, and C,’ are shown in Tables 7
and 8.

class Cyf

Al" int,
ay: set(CZ'),
ay: set(char)

A
class C,'(
Ay’ char,
As: char
)
Table 7
Class C,
Oid Ay a Ay
Oy 1 {041, Oy} {x, y}
On 2 {On} {s, t}

The analysis in Section 2 results in a complete transfor-
mation process from RDB schema to a well-structured
OODB schema. Before starting the transformation, a
preprocess composition is needed. The rationale is given
in the following.

3.1. Composition

When nontrivial MVDs hold on a relation R, to reduce
data redundancy, R is often decomposed into several rela-
tions in 4NF where only trivial MVDs hold [5]. In view of
schema transformation, however, this decomposition will
only blur the semantic interpretation of relations and
increase the number of classes in the target OODB schema.
So, before proceeding with the transformation, we should
recompose the relations resulting from this decomposition
into one relation.

Theorem 2. For a relation r; over schema R(XY): X ——
Y, and a relation r, over schema Ry(XZ): X —— Z. If n[X] =
rifX], we can construct a relation r = r; M r, over schema
RXYZ){X —>— Y, X—— Z}and R © (R, R,}.

This theorem shows a composition process, a reverse
process of lossless decomposition [5]. So its validity is
obvious. In addition to preserve attribute values, R also -
preserves all the MVDs and IDs on {R;, R,}. Before starting
with schema transformation, in the input RDB schema, we
repeatedly replace any pair of such schemas {R;, R,} with
the schema R resulting from the composition process
described in Theorem 2. This composition and replacement
process is denoted as

R'[M!I} = Compose(Rl:{Mb Il}r R2:[M2v 12})

With this expression we state explicitly that the MVDs(M,
and M,) and IDs(; and I;) on R; and R, are maintained by
R(M and ) resulting from composition.

Example 3. Given two relations service-day (Table 9) and
service-plane (Table 10) on schemas Service-day and
Service-plane:

Service-day(flight, working-day):
{flight —— working-day}
Service-plane(flight, plane-type):
{flight —— plane-type}

To map these two relation schemas into OODB schema, we
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Table 9

Relation service-day

Flight Working-day
106 Monday

106 Thursday
204 Wednesday

first compose them into a single relation schema Service
(Example 1),

Service(flight, working—day, plane-type):
{flight — working-day, flight —— plane-type}

and then transform Service into class Service-2 as discussed
before.

3.2. Transforming RDB schema into well-structured OODB
schema

The input RDB schema is assumed to be well defined [6]:
only key functional dependencies and key-based IDs exist in
the RDB schema and the ID graph is a directed acyclic
graph. Some basic assumptions about keys and IDs are:

e Each relation is uniquely identified by its key. Given a
relation R, Ky denotes the key of R.

o IDs describe direct subset relationship between two sets
of values: if two IDs have the same L.h.s., then at least one
of them have an ID in the opposite direction and thus
expresses its equivalence with its r.h.s. For example,
given two IDs I; and b, Ii: n[X] C ryxp, I ryxy ©
ry'[X], then one of them, suppose it is I, have a reverse
ID L": r'[X] C rix. In this case, I, and I’ together are
simply denoted as ry;x; = 2’ [X].

Under these assumptions, when the composition process
described in Section 3.1 completes, each ID has a clear
semantic interpretation and soeach relation is uniquely clas-
sified. Given a relation schema R,

e R is a base relation if 13R; s.t. r{Kr] C ri[Kg/]-

e if there exists only one R, s.t. Kp; = Ky and r[KRI]
C r[Kgil, each tuple in #(R) has a correspondent in
ri(R;) but the converse does not hold. We say R is a
specializing relation that specializes R;. R, is denoted
as rhs(R).

e if there exists only one R, s.t. Kg; C Kp and r/[KRI] C
r1[Kz1), R is a dependent relation whose identification
depends on R;. Ry is denoted as rhs(R).

Table 10

Relation service-plane
Flight Plane-type
106 747

106 1011

204 707

204 727

e R is a composite relation if R is neither base nor depen-
dent, 1.e.,

____ rm S-L KRI u o u KRm - KR(m = 2) and
AlKR]) C ri[Kpl forl =i =m.

e {R),...,R,} is denoted as rhs(R).

Given a relation R(A,:D,,...A,:D,), without losing general-
ity, assume that keys and IDs are defined on the first several
attributes. Key and ID constraints help to classify relations,
identify classes and establish inheritance and association
between classes. Different transformation rules are formed
based on the type of R:

(2) R is a base relation, it becomes a class:

C(A;:Dy,... A,:D,) which is the base of an inheritance
hierarchy.

(b) R is a specializing relation that specializes R):
R(Kg, AgD, ..., A;D,). This specialization is the
isa relationship [4] in OO model. Assume that R,
was transformed into class C;, R then becomes a subclass
of Cll

C(A.:D,...,A,:D,) as subclass of C,

() R is a dependent relation (semantically a weak
entity) depending on Rz R(Kg, AgDs,...AuDy).
Assume that R; becomes class C, R is then transformed
into

C(A: C, AgDy,..., ApDy)

(d) R is a composite relation: R(Kgy,..., Kgm ArDy..,
AnxD,). R describes some relationship between Rj,...,
R,. Assume that Ry,..., R, becomes Cj,..., C,, in the target
OODB, R is then transformed into a class describing an
association between Ci,..., Cy:

C(B1:Cyy- -, Bu:CoAr Dy, . AL D,)

The above transformation rules only define attributes
and its domains for a class. We should also define
methods enforcing the relational key, ID and other
integrity constraints. For how to define these methods,
please refer to [7]. To further remove the data redun-
dancy and update anomaly of the original relational
schema, we must determine the structure of each class. To
this end, the MVDs of the original relations must also be
examined. The composition process in Section 3.1 and the
mapping rules in Section 3.2 results in a detail transforma-
tion algorithm.

Algorithm T. Transform a well-defined RDB schema into
a well-structured OODB schema.

Input: A well-defined RDB schema (R, S). R = {R,,
Ry,..,Rjand S=F Ul U M, where F, |, M are sets
f FDs, IDs and MVDs.

Output: A well-structured OODB schema C < R.
Begin
/1 Step 1: Composition and replacement
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while(2{z1 € R:(m=x = 11, ny.x2

€ Rn=x — v, n} s.t. n[X] = r[X]) do
R:{M’ I} - Compose(Rl:{Mlall}’ R2:{M29 IZ})y

end while

// Step 2: Classify the input relations.

Classify R according to F and |, resulting in base rela-
tion set B, specializing relation set Z, dependent rela-
tion set D and composite relation set P.

/1 Step 3: Construct base classes.

for (each R € B) do

transform R:{M & M} into class C according to rule a)
and Theorem 1;

end for
// Step 4: Repeatedly transform relations in Z, D, P into
classes.
repeat {

// Step 4.1: Dealing with specializing relation.
for(each R € Z where rhs(R) was transformed into class
C 1) do

transform R:{M &€ M} into class C as a subclass of C,
according to rule b) and Theorem 1;
letZ=127— (R)};

end for

// Step 4.2: Dealing with dependent relation.

for(each R € D where rhs(R) was transformed into
class C;) do

transform R:{M & M}into class C according to rule (c)
and Theorem 1;
let D =D — (R},

end for

// Step 4.3: Dealing with composite relation.

for(each R € Pwhere rhs(R) = {R,....R,} and
R,,...,R,, become C,,...,C,) do

transform R: {M € M} into class C referencing
Cy,...,C,, according to rule (d) and Theorem 1;
letP=P — {R};

end for
luntl(Z=D=P =)
End

As the ID graph is acyclic, algorithm T definitely ends.
Each relation in R is processed only once and all the result-
ing classes are constructed according to theorem 1, so the
resulting OODB schema C is well-structured and C < R.

Theorem 3. Given a RDB schema (R, S), the OO schema
C resulting from Algorithm T is well structured and C & R
wrt S.

The aforementioned transformation process can be
further explained with a representative example below.

Example 4. Look at the following RDB schema. Keys are
underlined. | = {I}i = 1, ...,.9} and M = {M,, M,, M3}
denote the IDs and MVDs. For simplicity, Iy denotes 3
pairs of IDs of opposite directions.

Course(code : varchar(6), title: varchar(20))
Person(ssn_:_int, name: varchar(10), sex: char)
Staff(ssn :_int, staff-id: int, dept: char(2))
Staff-dependent(stf : int, ssn: int, name:varchar(10),
relationship: varchar(10))

Student(ssn : _int, sno: int, prog: varchar(10))

Lecturer (course : varchar(6), stf : int): {M; = course
—— sif}

Course-stud(course . varchar(6), stud : int): (M, =
course ~—— stud}

Sched(course : varchar(6), hour : varchar(7), room :
varchar(5)): {M; = course —— hour, room}

I,: Staff{ssn] C Person[ssn]

I: Staff-dependent(stf] C Staff{ssn]

I: Student{ssn] C Person[ssn]

I,: Lecturer{course] C Course[code]

Is: Lecturer([stf] C Staff{ssn]

Is: Course-studfcourse] C Course[code]

I;: Course_stud(student] C Student[ssn]

Is: Sched[course] C Course[code]

Iy: Lecturer{course] = Course-studfcourse] = Sched|-
course]

Step 1. Composition and replacement.

With Iy and M, M, M;, the composition process can be
applied to Lecturer, Course-stud and Sched:

Schedule:{ M,, M,, M;} < compose(Lecturer: {M,},
Course-stud: {M,}, Sched: {M;})

We have Schedule(course, hour, room, stf, stud) and
E' <1 I' & L 1< (L, I Is}:

Is': Schedule[stf] C Staff{ssn]
I’ Schedule[stud] C Student(ssn]
I: Schedule[course] C Course[code]

Now we have five relations: Course, Person, Staff, Staff -
dependent, Student, and Schedule. | = {I,, I, I, Is’, I’,I}.
M = (M, M,, M5}, where M,, M,, M5 are defined on
Schedule.

Step 2. Classification. According to relation keys and |,
Person and Course are base relations. Staff and Student
specialize Person. Staff_Dependent is a dependent relation
of Staff. Schedule is a composite relation.
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Step 3. Base class construction. According to rule (a),
Course and Person are transformed into base classes:

class Ccourse (

code: string,
title: string

);

class Cperson (
ssn.int,
name: string,
sex: char

);

Step 4.1. Constructing subclasses. According to rule (b),
Staff and Student become subclasses of Cperson.

classCstaff as subclass of Cperson (
staff-id:  int,
dept: string

)i.

class Cstudent as subclass of Cperson (

sno: int,
prog: String

Step 4.2. Create class for dependent relation. According
to rule (c), Staff_dependent is mapped into class Cstaff-
dependent:

class Cstaff-dependent(
stf:  Cstaff,

ssn:  int,
relationship:  string

);

Step 4.3. Establishing association between classes.
According to rule (d) and Theorem 1, Schedule becomes
class Cschedule:

class Cschedule (

course: Ccourse,
hour-room:  set(Chour-room),
staff:  set(Cstaff),

student: set(Cstudent)

);
class Chour-room(
hour: string;
room: string;
)

The final OODB schema consists of the seven classes as
defined earlier.

4. Conclusion

In transforming RDB schema into OODB schema, while
key and key-based IDs are critical for identifying classes
and establishing inheritance and association between
classes, MVDs are important for defining well-structured
classes. A well-structured class is not only equivalent to
the original relation schema but also remove the original
data redundancy. However, not much work was seen on
this topic.

In this article, we propose the notion of class structure and
define well-structured class. Based on MVDs, a theorem is
given on transforming a relation schema into an equivalent
well-structured class. In transforming RDB schema into
OODB schema, a composition process is proposed to reduce
the input RDB schema. All the analysis above helps to
produce an algorithm that completes the transformation
from RDB to OODB schema. Theorems are given to
prove that the transformation is information-preserving
and the resulting classes are well-structured.
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