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1. Introduction

For relational database design two approaches(the decomposition
approach and the synthetic approach) are known and both
approaches have different advantages and problems. This paper
gives a new design procedure based on the synthetic approach
which solves the major problems of these two approaches. The

characteristic features of the procedure are as follows.
(1)The closure of the functional dependencies (FDs)‘reaIized by

the designed relations is the same as the closure of the given
set of FDs. (2)The universal relation (the relation consisting
of all attributes) can be generated by lossless joins, thus

the problem pointed out by Arora and Carlson is handled.
(3)Multiple-key relations are utilized, since their use reduces
the number of relations and thus the number of necessary -

joins in processing queries. A problem of Bernstein's algorithm is
also solved. (4)First relations which reflect all FDs afe designed
and then decomposition with multi-valued dependencies (MVDs) is
applied. Conditions for meaningful MVD decompositions on
normalized relations are given. (5)Before applying the MVD
decomposition, relations in Boyce-Codd normal form and third
normal form are generated. At this stage, the number of relations

in third normal form but not in Boyce-Codd normal form is

minimized.

2. Basic concepts

A relation Rj on the set of attributes A ""An is denoted

1,
by Rj(Al""’An)’ Ki,Wi,Xi,Yi,Zi are used to represent attribute
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sets. A functional dependency(FD), a full functional dependency
(FFD) and a multivalued dependency(MVD) are denoted by —>, =
and —» , respectively. Delobel and Casey [3] used Boolean
variables a, bi corresponding to attributes Ai’ Bi’ reipective{z.
Each FD g:Al...Ak—aBj corresponds to a logical product g=a1;.:akbj.
For a given set F of FDs, the corresponding Boolean function F 1is
defined as a logical sum of all logical products representing the
FDs.In [3] {t is shewn that g is an FD in the closure F' of F if
and only if % is an implicant of F and g is an FFD in F' if and
only if § is a prime implicant of F. Join is represented by * and
the projection of R on X is represented by R[X]. Relations in
first, second, third, Boyce-Codd and fourth nornal forms are defined
in [2][4][8][12]. If R(X,Y,Z) is decomposed by the existence of

an MVD X%9Y\Zi(an FD X—>Y), then the decomposition is called an

MVD decomposition (an FD decomposition, respectively), The inverse
of the decomposition defines MvD-based (FD-based, respectively) lossless join.
Keys in-a relation are specified by underlining when necessary.

Other definitions in [8] are also used in this paper.

3. Problems of the database design

For the relational database design two approaches -

decomposition and synthetic - are known [10].
In this section we will show that both of these approaches

are insufficient for the database design by showing several problems.

«

Pl: Relations generated by joins and projections require careful
handling, even if the joins are lossless.

(1) Even in the decomposition approach, FDs which are not reflected
by the decomposition must by stored explicitly in the table form
instead of just the information of the existence of the FDs (the
latter approach is used in [11]). (2) By the reason stated in
(1), all FDs must be stored explicitly in the table form. 1In

order to minimize storage space for storing all FDs, a procedure
exactly the same as the synthetic approach must be used.

P2: Even if the closure of FDs of the relations are the same
;g-the closure of the given set of FDs, some FD may not be obtained

from the relation. This problem is pointed out by Arora and Carlson[18].

2
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P3: MVDs must be handled.

Our design procedure solves these problems by the following
approaches.

For P1: The base of our approach is the synthetic approach.

For P2: Joinability of the relation is considered. A procedure

to examiné whether or not the given set of FDs generates the
universal relation by lossless joins is given. One relation

is added when the given set cannot generate the universal relation.
For P3: Decomposability of a BCNF relation by MVDs is discussed.
Sufficient conditions for nondeéomposable"BCNF relations are

given.
4. Basic considerations on the design procedure

The best algorithm known based on the synthetic approach
is the algorithm developed by Bernstein [8].

[Bemstein's algorithm to obtain a minimum schema in third normal form][8]

(1) Eliminate extraneous attributes.

(2) Find a nonredundant cover = H.

(3) Partition H into groups such that all of the FDs in each
group have ‘jidentical left sides,

(4) Merge two groups with left sides X and Y if there exists:
bijection XeY in H'. Repeat this step until no such X, Y
are found ( X and Y are equivalent keys). |

(5) Eliminate transitive dependencies.

(6) Construct relations.

Problems of Bernsteins algorithm are that (a) the result 1is affected
by the nonredundant set selected in step(2), and (b) the relation
may not be in BCNF, but normally the third normal form property
(there are no restrictions among prime attributes ) is not used

for the minimization. Because of these problems procedures for

designing a minimum set of relations for several normalization
classes are given in [16]. The design procedure given 1in this

paper handles problems P1, P2 and p3_. The outline is as follows.
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Algorithm 1: Outline of the design procedure

(1) Generate all FFDs for the given set F of FDs,

(2) Obtain single-key relations in second normal form,
(3) Generate single-key relations in BCNF (Algorithm 2).
(4) Generate multiple-key relations in BCNF (Algorithm 3).

(5) Generate additional relations in third normal form if
‘necessary in order to make the closure of FDs reallzed by the
relations be F' (Algorithm 4). ‘

(6) Remove redundant relations. Let the set of relations be S;.
(7) Examine whether or not the universal relation is obtained

by lossless join of relations in S, If the
universal relation is obtained, find a minimum set Sl of

relations which will be used to form the universal relation

such that the closure of FDs in S, is F+(A1gorithm 5). If the
universal relation cannot be obtained, find a minimum set of
relations such that the closufe of FDs is F: and add one relation
in order to have the universal relation by lossless joins
(Algorithm 6).

(8) Remove redundant attributes from the relations. Let S; be

the resulting set of relations.

(9) Apply MVD decompositions to the relations in S3(Algorithm 7).

All FFDs in F' are obtained by calculating all prime implicants
of . Classify FFDs such that each class cd;tains FFDs of the same
left-hand side set. For each class form a relation consisting of
all attributes of the FFDs in the class. The key of this relation
is the left-hand side set. By this way all single-key relations
in second normal form can be obtained. Note that the relations may

not be in second normal form for other keys(the hidden key problem).

Algorithm 2: ' Generation of single-key relations in BCNF.

(1) Obtain a set of single-key relations in second normal form,
(2) Modify the relations by the following steps.

(2-1) 1In relation R(K,Q) (K is the key and Q is the set of
attributes such that K+Q). if there exists an FFD XY (Y is

the maximum set) such that X # Kand Y # KuQ (X is not an
equivalent key ), then add the following relations to the

%
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relation 1list S and remove R(K,Q) from S.

(i) If Ko Y= ¢, produce R'(K,Q-Y). XY is erased since Y is removed.
(ii) Let Z=X-K, then for every non-empty subset Z' of Z,

produce R"(K;Q—ZJ). Only a proper subset of X is permitted in R'".
Note that none of these relations have the FFD X3V, '
(2-2) Repeat (2-1) until there are not such reiations.

Algorithm 3: Generation of multiple-key relations in BCNF

(1) Obtain a set of single-key relations in BCNF by Algorithm 2.

(2) Obtain multiple-key relations by repeated applications of the following steps,
(2-1) Find two relations Ri and R2 satisfying the following
conditions. -

P,uQ2P,, P,UQ,2P;.

Here, Pi is a set of prime attributes in Ri’ and Qi is a set of
nonprime attributes in R;.

(2-2) Form a relation Rs,'whose key sets are the union of the
key sets of R; and R, and P3=P19P2, Q3=Q1nQ2-P3.

Algorithm 4: Generation of additional relations in third normal
form in order to make the closure of FDs realized by the
relations be F' ( F is the set of given FDs ).

(1) Let F, be the set of FDs realized by the relations ©obtained
by flggrithm 3. Calculate the corresponding logic function‘%l.
If F1=F, then the closure’ of the FDs realized by the BCNF rela-

tions equeals the closure of the given FDs and no additional
relations are required. v

~ n . ~ /~ .
(2) 1f F1#F, calculate all prime implicants of ?I‘F' Obtain the
set of relations in third normal form by FFDs corresponding to
these prime implicants.
5. Joinable property of relations

Definition 1: A join graph G=(V,E,L) for a given set of relations

is defined as follows. V is the set of vertices, each of which
corresponds to a relation. E 1is the set of directed edges. L is
a mapping from V to subsets of attributes. Here, E and L are

determined as follows.
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(1) L(vi) is initially the set of attributes of R; which corresponds
to Vi' :

(2) If at least one key of Ri is contained in L(Vj), a directed
edge from vj to v, is created.

(3) After the creation of an edge in (2), L(Vj) is replaced by the
union of L(vi) and current L(Vj).

(4) 1f L(vj) is modified and there is a directed edge from vy to
vj, IJ(vk) may be required to be modified, since L(Vk) is defined as the union
of all possible L(vi)’s and the attribute set of Rk’ where v, can
be accessed from vy through one directed edge. Repeat this
process until no updates of L are required.

(5) Repeat steps (2), (3) and (4) until no additional edges are

created.

Algorithm 5: Generation of a minimum set of relations such that
the universal relation can be formed and the closure of FDs
realized by the relationsis the closure F' of the given set F

of FDs, when the original set of relations can form the universal
relation.

(1) Find a minimal subgraph of the join graph which still has
the vertex whose L(v) is the set of all attributes. V
(2) Calculate the closure F; of the set of Fo of FDs realized
by the relations corresponding to the subgraph vertices.

If F; = Ft no additional relation is required, otherwise we

add the minimum nutber of relations by the following steps.

(3) Rename relations as Rl’ RZ’“"" Rk’ wﬁich do not have
the corresponding vertex in the ;subgraph. For each Ri’(i=1,...,k)
Boolean variable X4 is assigned. Obtain the solution for the

following equality which can be formulated by the 0-1 Integer

Programming.
&
Mianimize = X
1=l .
Under the constraint:

Vo) "~ A A N
Fo + xlF1 + XZFZ +...7 xka = F.

where Fi is the set of FDs in relation Ri and X5 is 1 or 0.
(4) To the set obtained in (2), add every relation R, whose

corresponding value x; is 1 in the solution. In the solution the

number of non-BCNF relations should be minimized.

6
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(5) For the minimization of the number of the.relations, it is

better to try all possible minimal subgraphs obtained in (1).

Theorem 1: If a set of relations Ri(Xi,Yi)(Xi'is one of the
keys)without the joinable property is given, we can have a set of
"relations with the joinable property if the relation with the
following set of attributes is added.

. m-t *)
Xy (XX =Y (Xg- Xy-Xo-¥y-Yo) -- (X - UX; - UY,)

Algorithm 6: Generation of a minimum set of relations such that
the universal relation can be formed and the closure of FDs
realized by the relations is the closure F' of the given set F

of FDs, when the original set of relations cannot form the universal
relation.

(1) Find a minumum set of relations satisfying that the closure
of FDs realized by the relations is F' by applying the same pro-
cedure of step (3) of Algorithm 5, except that §o= 0 and that
Boolean variables are assigned to all relations.

(2) Find an additional relation by Theorem 1 in order to form
the universal relation.

6. MVD decompostions of BCNF relations

Definition 2: Decomposition of R(X,Y,Z) by an MVD : X-»Y| z
is said to be non-effective if there exists an FD : X>YZ.

Definition 3: Decomposition of R(X,Y,Z) by an MVD X%aY‘Z is said
to be key preserving if every key of R is contained in at least

one of the decomposed relations, that is for every key Ki of R,
KiQ_XuY or K, ¢ XuZ. '

Theorem 2: 1In a BCNF relation R(XI’XZ’XS’Y) with at least

one FD and without any constant-value attributes, only

MVDs of the form XlY—»XZ‘XS(Y#sﬁ, Xz# ¢, Xs#gﬁ) can be used

for the effective decomposition of R, where Y is the set of
nonprimeAattributeS, Xl; X5, XS are prime attributes and XZ’X3
are attributes contained in every key of R.

Corollarzvlz In a BCNF relation R(X],Xz,Xa,Y) with at least

one FD and with no constant-value attributes, there exists

7
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no MVDs which will realize key preserving and effective

decomposition.

EQLQllEIX_z: For a BCNF relation with at least one FD and without
constant value attributes, there exists no effective MVD .
decomposition if at least one of the following conditions is
satisfied. A

(1) A1l attributes in R are prime.

(2) There exists a key consisting of one attribute,.

(3) There exists'two keys, each of which consists of two atfributes.
(4) In general at most one attribute” is contained in common in

all keys.

Algorithm 7: Generation of fourth normal form relations.

(1)Find BCNF relatidns for which we cannot apply MVD decompositions

using Corollary 2. -

(2)For other BCNF relations find an MVD satisfying the condition
of Theorem 2 and apply the MVD decomposition.

(3)For third normal form relations ( added by Algorithm 4-) and a
all-key relation(added by Algorithm 6 ),apply MVD decompositions.
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