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.  Abstract
Since join operationa‘are expensive, usually Jjoin
scheduling-is . very important for query processing.
In this paper we will discuss new procedures to
handle cyclic queries utilizing - dependencies and
horizontal decompositions. There are three known

procedures for oyclic query processing: (1)
Relation merging, - (2) Tuple~wise processing, (3)
Attribute addition. -As join operations are applied
to relations which -are processed by selection
operations, the number of - tuples is usually less
than the original relation and thus there are
situations in which temporary FDs are satisfied.
Such FDs -can be used to simplify the given query.
To convert a given cyclic query into a tree, some
This can be

Tuple=-wise

relations must satisafy a set .of FDs.
attained by horizontal decomposition.
proceasing and attribute addition are shown to be
- special cases of the FD-based procedure. We have
also developed ' MVD-based procedures which are

generalized from the FD-based procedure.
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1.Introduction

~ One of the advantages of relational database
systems is the utilization of flexible high-level

-query léngnages. Query optimization is essential to

support such langqagea. This pdper discusses new

query proqessing prqpedures ‘ptilizing data
dependencies whiéh include some ’of the‘ppgy;ously
known queby processing prooedurgb as Special cases.
Since the cost for computing joins is often
very high, there are ﬁany papers which\focpa'on_the
processing of joins. With rqspeet to natuhgl Joins,
queries are classified into two elaﬁaes,Amtrqe and
cyclic [BERNG8111]. Tree queries can be processed
efficiently  [BERNG8111],  but
processing is known to be‘diffioult;

cyclic query
Itvhaa been

shown that any procedure for processing cyclio
queries contains a proced@ée rbrvconvéftins them
into tree queries [660D88203]. The foilowihg
procedures realize the convefsion;

(1) Relation mefsipg.

(2) Tupie-wisp processing.

(3) Attribute addition.
Exampleé of these proéedures will be given in
Section 3. Method (1) is the simplest. The
conversion is realized by merging all rplat;&ng
forming a cyclé. Method (3)?15 ~kl‘xown‘a,siwon\gy';
decomposition approach [WONGYT609], which cﬁﬂ be
regarded as a_conﬁersion process.paaed “on tuple=-
wise horizontal deeompoéition of. a relition. By
method (3) the convers;on' is realized “by adding
attributes to relations forming a oycle
[KAMBY8206]. Although methods gz)" and (3) look
quite different, '
method (2) can be regarded as a special case of
method (3),

in this paper'we will éhow that

since horizontal decomposition of



relations can be handled by addition of an
attribute which identifies each subrelation.

In this
for

paper we will introduce a new

procedure cyclic query processing which
utilizes horizontal and verticalydecompositions of
relations, Vertical decompositions can be realized
by functional dependencies (FDs) and multivalued
dependencies (MVDs). As join operations are applied
to the relations which are processed by selections,
the number of tuples is usually 1less than the
original relations and thus there are chances that
FDs are satisfied., For a given query, we first list
possible dependencies to be utilized and then check
these dependencies._ Even if such dependencies are
not satisfied by a relation we can always obtain a
set of relations satisfying the dependencies by
horizontal decomposition.

it is

each

Since our purpose is to perform joins,

natural to obtain iarger relations at
intermediate steps like procedures (1) and (3). Our
show that relation splitting

. is sometimes very useful to save the processing

prooedures, however,

cost. For such relation splitting only a primitive
method

procedures utilize dependencies which are usually

(procedure (2)) has been known. Our
used for database design and give very general
relation splitting methods which include procedures
(2) and even procedure (3) as special cases.

' In‘ Section 2 basic definitions are given,
Section 3 shows comparison of the above three
procedures and the new procedures introduced in
this paper using‘ the:‘same example in order to
understand the idea underlying the procedures,
.Section 4
procedure using

discusses a
FDs,
procedure using FDs and horizontal decomposition.

query simpiification

and a query processing

Tuple-wise processing and attribute addition are
shoun to be specialicases of the second procedure,
In Section 5 query'processins prooedures using MVDs
When
we can always get
General MVDs
Section 6 discusses

and horizontal decomposition ‘are shown,
degenerated HVDs are used,
partial solutions for all relations.
do not have such s property.
conditions under uhich such a property is satisfied
' Section 7

summarizes procedures for the decomposition of

using FD- and MVD-based procedures.

relations utilizing dependencies.

i
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2. Basic Concepts

A relation scheme is a finite set of
attributes Ai's(1$i$n) and is denoted by

R(A1,...,An) or B. Each attribute Ai is associated
with a value set dom(Ai) which is called a domain.
A relation R (on the relation scheme B(A1,...,An))
is a finite set of total mappings from the set of
attributes to the corresponding domains. Each total
mapping is called a tuple and is denoted by t. A
tuple t can be viewed as a n-tuple (d1,...,dn),
where diSdom(Ai), by proper ordering of attributes,
Attribute A, in relation Rj is denoted by RJ'Ai' ‘A
collection of relation schemes is called a database
scheme. A collection of relations corresponding to
the database scheme is called a database state and
is denoted by D(R1,....Rn).

A projection of a tuple t on attribute set X
is denoted by t[X], which is defined as a part of t
corresponding to the attribute set X. The following
notations of the relational algebra will be used, -

Projection: R[X] = {t[X]] t &R}

Ate R = {tit[A]l#ec, t €R)}

o"MBR = {tit[Alot[B], t€R}
(Here, 8 is a comparison operator such as =, >,

f-zelection: ¢’
g-restriction:

<, etc. ,and ¢ is a constant value.)
Natural equi-join: R “RJ

-{t!téR, tLﬂiléR B t[xj]éR

Since Join operation is -associative,

=B‘Ux~2}
the natural
equi-join of n relations R1,...,Rn is denoted by
R1M ...NRn
A query Q, which consists of a qualification q
and a target attribute set TA,
state D(R1,...,Rn) into the following relation.

maps a database

(T (Ry X yueey X R)IITA] (2-1)
a qualification is ra'

1k-RJ'AJh

A query of .which
conjunction of clauses of the form Ri .A

called an equi-join query. If Aik=Athi‘ satisfied
for every clause R ik'Rj'AJh’ an equi-join query
is called sug-ggtura , Sub=-natural queries of which

qualifications contain a clause Ri 1k‘RJ'AJh

every possible combination of A, and Jh
satisfying Aik=AJh_are called natural. We will only

consider natural equi-join queries in this paper,



since any equi-join query can be transformed into a

natural one by proper renaming of attributes. The

transformation of natural equi=-join queries, For
the relation (2-1)
becomes equivalent to the following one.

natural equi-join queries,

(R,

1 (2-2)

veessy MR ITA]

Let‘(R1N,...,NRn)[Bi] be a partial solution of
the join for Ri.
procedures for joins which will obtain partial

In this paper, we will develop
solutions for all relations involved in the join,
Since target attribute sets are not required to be
considered in our problem, we will use q to
represent a query. If the complete result of the
Join is required, the process to obtain the partial

solutions can be used as a preprocessing step.

A query graph Gq:(v, E, L) corresponding to a
sub-natural query q is a labeled undirected graph.
where v

V is a set of vertices, in V corresponds

i
to relation Ri refered in q. Two vertices vy and vJ
corresponding to R, and R, are connected by an edge

i J
iff there is a clause‘Ri.A=RJ.A in q. The label of

the edge is the union of all such A. E is the set
of edges and L is the set of labels for E.

‘ Two queries are said to be equivalent if both
will produce the same result for any database
state, Two query graphs are equivalent if the two

corresponding queries are equivalent.

A query is called a tree query if it is
equivalent to a query whose query graph is circuit-
free; otherwise it is called cyclic [BERNG8111].
There are tree queries whose query graphs have

cycles [BERNG8111].

Example 1 : Consider the following four relations.
SUPERVISOR( Professor, Student, Approver)
ENROLLMENT(Student, Subject, Approver)
CLASS(Subject, Professor, Approver)

OFFICE(Professor, Room)
Here, we use P, S, J, A and R for attributes
Professor, Student, Subject, Approver and Room,
respectively. The meaning of these relations is

self-evident. We have approvers in the first three
relations. The query graph of the natural equi-join
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SUPERVISOR

5A PA (a)

ENROLLMENT

®

Fig.l A cyclic query and a tree query

query for this database scheme is shown in
Fig.1(a). The edge between CLASS and OFFICE can be
removed since there are edges ldbeled by P between
CLASS and SUPERVISOR and between SUPERVISOR and
OFFICE. The query is a cyelic query whose cyclic
part consists relations SUPERVISOR,
ENROLLMENT and CLASS. One of the labels A on edges
connecting three relations is redundant.

" If only three relations except for ENROLLMENT

the query graph becomes

of three

are involved in the query,
the one in Fig.1(b) which represents a tree query.

There exists an efficient procedure to test
whether or not a kiven query is a tree query [YU~«
07911] [BEERF8105]. A special case is treated by
Bernstein and Chiu [BERNC8101].

A semi-join of Ri by RJ is deno;ed by RfKRJ
and defined as

RXR, = (RMR,IR,]
= “1"“3[31"33]
For tree queries, there exists an efficient

procedure to calculate partial solutions for all
relations using semi-joins only [BERNG8111]. If no
of semi=-join changes the
that relation is called

further application
contents of a relation,

irreducible.

Data important time~
independent semantic constraints concerned with .
attribute relationships, A functional dependency
(FD):X->Y is satisfied in relation R if and only if
for any pair of tuples t and t', t[X]=t*[X] implies

dependencies are




tlyl=t'[Y].
for an FD: X=->Y,
X->>Y!Z is
and YnZ=g) if and only if

R = R[XYIMR[XzZ] ‘
A degenerated MVD (DMVD) [ARMSD8012] [SAGIF7903]

Throughout this paper, we assume XnY=¢
A multivalued dependency (MVD):

[TANALT808]: X=>>Y{Z is satisfied in relation R
(where XnY = ¢ and X0Z = ¢) if and only if R =
R,UR such that the FD: X->Y is satisfied in R

17 72 1
and the FD: X->Z is satisfied in Rz.

FD and MVD are constraints on R which must be

satisfied at all times.

be derived from the set of such constraints may be

A dependency which cannot

satisfied by snapshot data. For example, even if
there is no restriction on the number of jobs which
each person can have,
have a relation satisfying the condition that each

We say that there

at a certain instance we may

person has exactly one Job,
exists a temporary FD: person->job.
relation satisfies the condition of an FD (or an

MVD), we call it a temporary FD (or a temporary

satisfied in relation R (where XYZ = R

If a snapshot

Note that an FD (or an MVD) is
a temporary FD (a temporary MVD,
Such
important for query processing as will be shown

MVD, respectively).
respectively).

temporary dependencies  are especially

later.

3. Elementary Consideration oh Cyeclic  Query

Processing

In this section we will show the basic idea
used in our new procedure together with the three

basic procedures using one simple example query

SUPERVISOR ENROLLMENT CLASS
P S A s J A J.P A
P % g 5 1oy 3 oy
Py 8; & 5 3 8 I o8
Py 5; 8 5; 33 &y i3 Py 8,
Py 83 3 83 J3 8y iy P38y

OFFICE
P R
P 0 (a)

P3 T3
Py T2

Fig.2 A database state of the query in Fig.l(a)
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shown in Fig.1(a). Let us assume the database state
shown in Fig.2 is given,

We will first show how this query can be
processed by the three elementary query processing
Since an . efficient procedure for tree
we will only show how the query

procedures,
queries 1s known,

can be transformed into a tree.

(1) Relation merging : This method transforms the
given query into a tree by merging all relations
in each cyclic part of the query. Since the three
relations SUPERVISOR, ENROLLMENT and CLASS form a
cycle, we first apply the following join.
SUPERVISOR X ENROLLMENT M CLASS .

The resulting query graph is shown in Fig.3, which
is a tree.

P
@UPERVISOR W ENROLLMENT M CLASS OFFICE

Fig.3 Conversion to a tree query by relation merging

(2) Tuple-wise processing : By this method we first
select one relation in a cycle and the query is
decomposed into queries each of which processes

Just one tuple of the selected relation. This is
known as the query decomposition method
[WONGY7609]. For example, if we select CLASS, the

following union of queries is equivalent to the
given query.

t ll CLASS (t 1N SUPERVISOR M ENROLLMENT i OFFICE)
Each query»in the union is a tree query as shown in
Fig.h. Here, relation CLASS is regarded as a single
tuple relation and it can be decomposed into two

relations ti[PA] and tilJA]. The edge labeled by A

(ENROLLMENT) (}irPxi)
JA A

Fig.4 Each query of the cuple-wise,proces;iu;_ .



connecting the two relations is redundant since
there exists another path between the two relations
each of whose edge label contains A.

(3) Attribute addition :
shown in Fig.5 by adding attribute labels to edges
then the edge between ENROLLMENT and CLASS becomes
redundant, that is, the query is converted into a
tree. Addition of attributes is realized during the
processing of the query. That is, S, A, J values of
ENROLLMENT and P, A, J values of CLASS are required
to be transmitted to SUPERVISOR. In this particular
example the method is equivalent to the relation

If we get the query graph

merging (usually the method is better than the
relation merging). The difference is caused by the
fact that we can encode J values, By a mutual
exchange of J values between ENROLLMENT and CLASS,
we can use 1,2,... instead of the real J values in
the intersection (see Fig.5 (b)). The method is
Very much effective when there are few J values in
common in both relations.

given in [KAMBY82061].

A general procedure is

Fig.S(a) Conversion to a tree query
by adding attributes

ENROLLMENT CLASS
S J A J P A
8 1 ay 1 Py &
s, 2  a 2 Py 9
89 3 a, 3 Py a,
84 3 ay

Fig.5(b) Numerical data compression of relations

: This method is newly
In this section, we will

(4) Use of dependencies
introduced in this paper.
only show the basic idea using the same example
used for other procedures. If FD:A=->J is satisfied
by CLASS, it can be ﬁeoomposed into two relations
CLASS[A,J] and CLASS[A,P]. The resultant query
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SUPERVISOR OFFICE

ENROLLMENT ) 2 CLASS (A, P)

CLASS (A, J)

Fig.6 Use of a dependency for query conversion
[J

graph is shown in Fig.6. The query is a tree,
since the edge labeled by A between the two
CLASS 1is By the

conventional procedure for tree query processing,

projections of redundant.
we can get all partial solutions for relations in
Fig.6. The partial solution for CLASS can be
obtained by joining the results for. CLASS[A,P] and
CLASS[A,J].

Such a decomposition of CLASS is poasible when
MVD:A->>P|J is satisfied. FD:A=>P and FD:A=->J are
special cases of the MVD. Degenerated MVD:Az>>P|J
is another special case. Note that if MVD:A=->>P|J
which is not FD or DMVD is used, we may not be able
to get the partial solution for CLASS by Joining
the two projections (Details about this problem
will be disoﬁssed in Sections 5 and 6).

4, Query Processing Utilizing Functional

Dependencies

In this
processing procedures using FDs,

seotion we will} discuss query

and show that the

procedure is a generalized version of attribute
addition and tuple-wise processing.

4.1 Query Simplification Utilizing FDs

Theorem 1 : If a query graph G contains an edge
e = <R1, RJ> with label Z such that

(1) FD: X->Y is satisfied by both R1 and R
(2) xXc2,

then the label of e can be replaced by Z-Y without

o and

loss of the equivalence of the query. )
Let G' be the query graph after the
replacement of the label of e, also let q and q' be

Proof :

qQueries corresponding to G and G', respeotively. It
is suffice to show the both sides' implication of
q and q'.



(q => q') Trivial.
] 1 ]

(q' => q) Let Rg and Rg be partial solutions of

R, and RJ for q', respectively.

1 To prove the
implication, we need to show that nq [xY] = Rq [xyl
holds. nq [x] = R“ [X] holds from the assumpt:l.on
(2). (Remind that our <definition of an FD: X->Y
required the condition XnY = ¢.) Also

8 121 = 83'1x0) = (1" 1xe] = 8" 1xe)) holas
from the assumption (1). O

As a special -case, Y can be
eliminated. Using the
simplify a given query graph utilizing FDs. Hhen
the FD is satisfied by only one of R, or RJ {say
Ri)' the assumption of Theorem 1 is fullfilled by
performing a semi-join RJ
proper FDs hold in relations, there are cases in

when X=¢,
above theorem we can

D(Ri. Therefore, when

which the partial solutions of g¢yclic queries are
obtained using only semi-joins,

Besides the FDs given as constraints on the
which is

database, we can use various FDs,

summarized in the following property.

frogertx : The following FDs can be used for query
simplification shown in Theorem 1.
(1) FDs in the set of database constraints.
(2) FDs produced by relational operations.
(2-1) 1f A
then there exists an FD:¢->A, where ‘'a' is

there is a selection operationd;

a constant value,
(2-2) If there is a restriction operation VA:BR
then there exist FDs:A->B and B->A.
(3) FDs produced by an intersection of the two
relations to be joined.
(%) Temporary FDs produced during query processing
can be. utilized.

In case (3) we need to atore the correspondence of
X and Y in order to record Y values from the
partial solution for a relationbwhose attribute set
contains X.

We will show examples which use Theorem 1.

Example 2:
(1) Consider the cyclic query shown in Fig.7 (a).

R, is applied then
Therefore by

If a selection operation T

B='b' 2
FD: ¢->B is satisfied in R,

2°

@ @

Fig.7 Simplification utilizing FDs

R, Ry Ry Ry
A B A B A B
1] 1 1|1 1)1
1| 2 2 1] T2
2 )1 2] 2

(a) ) ()

Fig.8 FD satisfied in a joined relation
performing a semi-join R3K.R2, the label B on the
edge between R2 and R3 can be removed. Since the
resultant edge label is ¢, the edge is removed and
the query becomes a tree (see Fig.7 (b)).

(2) Consider the query shown in Fig.7(c). If a
restriction operation ¢
exists an FD:A->B.
R3KR we apply Theorem 1 to the edge between R
and RS' As label B is eliminated we have the query
graph shown in Fig.7 (d) which is a tree.

(3) If RZ and R3 are given as in Fig.8 (a) and
(b), the FD:A=->B is not satisfied.
performing a semi-join n2v<n3
relation Ré shown in  Fig.8(c) where the FD is
satisfied. Further semi-join RSKRZ propergates the
FD to the relation R3. Thuai applying Theorem 1,
the query shown in Fig.7(c) can be transformed into
the one in Fig.T(d).

A= B 5 is applied then there
After performing a semi-join

However, by
we ocan get the



In the above discussion we considered the
situation when FDs are satisfied we will try to use
them to simplify the given query.
is firat to find a proper set of FDs to simplify
the query and then select a proper process such
that these FDs are satisfied in the relations. This
can be realized by horizontal decomposition of a

Another approach

relation. An example is as follows,

Example 3 : We will consider the example used in
~ Section 3 . (see Fig.1(a)). If an FD:A->J holds in
the relation CLASS, we can eliminate J and the
query graph shown in Fig.9 is obtained which is a
tree., It is another interpretation of the process
discussed in Section 3 (4). We will consider the
problem that we know the FD is useful for query
simplification and it is not satisfied by CLASS.
Fig.10 shows" an example of CLASS which does not
satisfy the FD.
two relations such that one relation R, has the
first three tuples and the second relation R2 has
the next two tuples and the third relation R3 has
the last tuple, each of the relations satisfies the

If we decompose the relation into

: A=>»J for query conversion

CLASS
J P -A
P T
s P 2
2 Py 3y
I
33 P 4y
Y

Fig.10 Horizontal decomposition

of a relation

ot
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can decompose the query into three
such that in each subquery CLASS is
replaced by R1, The partial solution
for the original query is the union of the partial

FD. We
subqueries,
R2 or R3.

solutions for three subqueries.

We have the following procedure utilizing FDs
and horizontal decomposition.
Procedure 1 : (Conversion of a query into a tree
utilizing FDs and horizontal decomposition)

(1) For each cyclic part of the query graph apply
the following steps. ‘

(2) Select one edge labeled Z,

(3) Let X be the intersection of the labels of '
edges 1in the cycle and Z=XY (see Fig.11(a)).

(4) Since if FD: X->Y is satisfied the cycle is
removed by performing a semi-join (see Fig.11 (b)),
we apply horizontal decomposition to one of the two
relations corresponding to the terminal nodes of
the edge so that each subrelation satisfies the FD.
(The method to decompose a relhﬁion'basedlgﬁ'Fﬁi 1is

shown in Section T7.)

If the given query has more than one cycle,
selection of edges at step (2) can be done by
finding all edges not contained in one particular
spanning tree. Basic consideration on thé ;eiecfio&g
of such a spanning tree 1s given in [KAMBY8206].
For a large cycle, X at step (3) tends to be g.
When X=¢ this procedure ig’ equivalent to the
attribute addition method, as will be shown in
Seotion 4.2.: : o

Rin ka
Z=XY Ix

. ‘
Ry (:jxi :

Fig.ll Removeal of a cycle



CLASS (a) (b)
J P A I='3y' | B A
ID| P A
ST 7 P2
e = Pp 3 P2__*
PR a8 I pp 3y => J='3 [P &
P a PP 3 . Py &y
2 3
2 13773 33 Py &y ‘ PPy
ro o P % J="3 [P A
P a
|t 3] P1 &
3 | p, a4 I='3,' [P Iy
P12
(c) (d)
Fig.12 Attachment of ID's to subrelations IR, °® A J P .4
Lie, 2 LI Y
_ Py 3 1 pp 3
4.2 Relationship among the Query Conversion Methods 2 -55- - ;5- 2 Py . a4
7 , P 2 oy
In this subsection, we will compare the query Py a,. 3 Py a,
conversion methods presented so far and clarify the e o~ " a] )
- : P 4 4 P 4
relationships among them. ) )
We use the relation in Fig.10 as example Fig.13

again, When the relation is decomposed horizontally
so that each of the subrelations satisfies the
FD:A=>J,
processed separately.

each subquery becomes‘ a tree query and
However if we handle the
subqueries simultaneously,
then, Thus 1deht1fiers of sﬁbqueries must be
attached when semi-joins are
example, when performing a
SUPBRVISORE:CLASS, a relation with 1dentifiei;
(IDs) shown in Fig.12 1is transmitted to relation
SUPERVISOR. Note that the IDs also identify
different FDs of the same syntactical form A-)>J.
Next we will show that when the left hand side
of the FD is ¢, this horizontal decomposition
approach is essentially the same as the attribute
addition method. When the relation CLASS satisfies
the FD:#->J, the same discussion as in the case of
FD:A=>J holds since the former FD implies the
latter.
into the tree query shown in Fig.9.
not hold on CLASS, we
horizontally again so that
satisfies the FD. This decomposition is easily
achieved by first performing GROUP-BY[J] on CLASS"

we need to distinguish
performed. For
semi~join

Thus the query can be easily transformed
If the FD:g=>J
decompbse it
each subrelation

does
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Horizontal decomposition method utilizing g + J and

attribute addition method

and then regarding each subrelation as a separate
(b)).
these subqueries simultaneously,

distinguish them.
attribute J can be used as IDs since there is a

relation (see Fig.13 (a),. When we handle
we require IDs to

However, in this case, values of

one-to-one correspondence between subrelations and
J=-values, Thus J-values are attached to the

CLASS[P, A] relation when performing the semi-join
SUPERVISOR&?CLASS (see Fig.13 (e), (d); Data
compression technique shown in Fig.5 is applied in
the relation of Fig.13 (d)).
is the attribute addition approach.

Thus the only difference between horizontal
decomposition approach = and attribute addition
approach when the left hand side of the FD is ¢, is

that each subquery is considered to be processed

This method, however,

separately in the former approach while all of them
are regarded to be processed simultaneously in the
latter approach, The horizontal decomposition by
FDs with nonempty left hand side is usually more

economical than attribute addition, since the



number of subrelations usually decreases.

Wong's. decomposition approach may be
interpreted to mean that we use the horizontal
decomposition where each subrelation consists of
only one tuple, Since arbitrary FDs are satisfied
in these subrelations (g->X is satisfied for a
relation with attribute set X, thus any ¢->¥ (¥cX)
is satisfied which is required by the attribute
addition or equivalently the FD-based procedure),
we can convert the original query into a tree query
if we select at least one relation to be decomposed

for each cycle in the query graph.

5. Query Processing Utilizing Multivalued
Dependencies

In Section &4 it was shown that Procedure 1 is
equivalent to the attribute addition method in many
cases, We will generalize the procedure, utilizing
MVDs in this section, These procedures are entirely
new and subsume Procedure 1 as a special case.

5.1 Conversion of Queries into Tree Using MVDs

The conversion procedure from aﬂoyclic query
to a tree query utilizing FDs (see Fig. 11) can be
eaaiiy generalized to the case utilizing MVDs.
Consider the cycle shown in Fig.14 (a).

(1) select a relation, say Ro, in the cycle,
(2) Let X be the intersection of labels of edges
in the cycle, If an MVD X'->>Y|Z holds on R

0 .
RO=X'!Z and X'¢ X, then decompose R, into two

0

y where

(a) (b)
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relations Ro1(x'!) and ROZ(X'Z).

(3) Since the edge between R, and R02 is
redundant (see Fig.14 (b)), the original cycle is
eliminated. We can use a spanning tree for the
selection of relations to be decomposed, when there
are many cycles,
below.

1

A general procedure is shown

Progedure 2 : (Conversion of a cyeclic query into
tree utilizing MvDs)

(1) Select a apanning tree in the query graph.

(2) For each 'edge not contained in the spaﬁning
tree, select between relations
corresponding to the two nodes incident to the
edge. - . i .
(3) Determine the MVD which should hold on the
relation corresponding to the node chosen in (2),
in order to remove the cycle,

(4) Decompose the relation using the MvD.

(5) Repeat (2)=-(4) for every edge not contained in
the spanning tree.

one relation

Similar to the case of FDs, the left hand side
of the MVDs selected at step (3) becomes ¢ in many
cases, Thus - we need to use the horizontal

decomposition in Procedure 1,

5.2 Query Processing Using DMVDs

In this subsection, a new query processing
approach wusing DMVDs is introduced,
example is given., We will use the query which
consists of three relations SUPERVISOR, ENROLLMENT
and CLASS in Example 1. Assume a DMVD:A=>>P|J is
sgtiatied in the relation CLASS. Also let CLASS1
and CLASS, be horizontally partitioned subrelations
in which FDs:A->P and ' A->J are satisfied,
respectively (Fig.15  (a)).  Following thé '
discussions of subsection 5}1, the briginai query

First an

can be converted to tree queries of Fig.15 (b) and
(c¢). Each query graph corrbapohd§7to'bLhSSi.and
CLASSZ, so the result of the origipal query is the
union of the results of these two queries. As in
the case of FDs, we can generalize the idea for the
situation where the original relation 'does not
satisfy a DMVD. Consider a cyclic query shown ‘in
Fig.16 (a). Horizontally partitioning the relation

R, 20 that each subrelation satisfies an FD:#->A or




J P N
~CLASSI AP
) CLASSZ A3J

-{ SUPERVISOR

Fig.16 Conversion of
a Query by a DMVD

(¢)

¢->B, we can obtain subqueries as shown in Fig.16
(b) and (o). The number of subqueries is equal to
that of subrelations.
dgoo-bosition will be shown in Section 7.

A procedure for such a

5.3 Oﬁerz Processing Using MVDs

Although MVDs can also be utilized for query
conversion, there is a qualitative difference
between the usage of FDa (or DMVDs) and that of
MVDs. The difference is whether the partial
solutions of all relations oan be obtained using
only semi-joins or not. Hhen‘HVDs are utilized for
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Exemple 4

(a) (b)
R, R, R,
A flc | A {B |D B [c |p
8 114 a | b |4 hie]dq
8y le,|q 8, | b, | 4 by | e | 4
bz < dl
b2 €y d1

{¢)

Fig.17 The case when not all the partial solutions

are obcaiqed by semi-joins only

the conversion, the partial solution for the
relation decomposed by an MVD cannot in general be
obtained by semi-joins only. The following example
clarify this,

: Consider a query shown in Fig.17 (a).
If MVD: D->>B|C is satisfied on ‘R3, it ocan be
decomposed into two relations R31(CD) and Rsz(np).
Thus the query can be converted into the tree as
’ Fig.17 (b).  Therefore the partial
solutions of R1,' R,y R, and R32'can be easily
obtained, while that of R3 is not. To confirm this,
just observe the contents of the relation in Fig.17
(c) where all three relations are irreducible and
R3 satisfies the MVD:D->>B|C, yet Rs is not the
partial solution. Therefore the method can be used,
if the target attributes do not contain both B and
c.

shown in
1

In the FDs we used horizontal
decomposition when FDs are not satisfied. For MVDs
we can use overlapped decomposition called cover.
If an MVD is not satisfled in the original
relation, the covering of the relation is obtained
such that each cover satisfies an MVD.-(see Fig.18).

case of



B € D
B
by o 4 )
b [ d
1 %2 9 b, 1
122 9 _ 4] ’
| b2 4 b T (o)
bz ey dl ba 1
b3 €2 dl ' } —+ 5 C
by ey 4 & oy o

Fig.18 Covering of the relation

6. Obtainability of Partial Solutions of Relations

vwhen FDs and
DMVDs are used for -query conversion, partial
solutions of all relations can be obtained by semi-
Join.. only, while if MVDs are .used that is not
always guaranteed, In this section we consider more

As shown 1in previous seations,

general situations where some FDs and MVDs are
given on each relation. The problem is whether the

partial solution of a particular relation can be
A sufficient
condition for this problem and a comprehensive

‘obtained using only semi-joins,

example will be given,

The decision is made by transformations of a
given query graph using FDs and MVDs. The following
two rules are used for the. transformation.

If an FD:X->Y is satisfied at a

‘FD=rule :
relation R and if there is an edge with label

Z (2 X) incident to the node in the query graph,
label Z by Z-Y (Note that this
in

replace the

rule is an Theorem 1
n).

there may arise a situation that some relations

application of
Section By the replacement of 1labels,
have the -common attribute, yet they are not
conngcted by edges with the 1label containing the
common attributes in the resultant query graph.
In . that case, rename the occurrences of attributes
properly so that the resultant graph represents a
query graph,

MVD-rule : If an MVD:X->>Y|Z is satisfied at a
relation R, split the node into two nodes
corresponding to R[k!] and R[XZ]. Rearrangovedges
incident to the node R 3o that the résultant graph
represents a query graph,
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Let f11,...,t1k be FDs and n, be MVDs holding
on the relation Ri 1(1$A$p) (We assume that up to
one MVD is satisfied at each relation, for
simplicity). Let Fij and M,
transformation process according to the FD:fiJ and

represent the

the HVD:mi, respectively. The following theorea
holds.

Theorem 2 : If the query - graph after - the
Ll -y

application of ~ a sequence of transformations

Hf""'H1-1'H1+1""’"n’P11"'f'Fnkn represents a

tree query, then the partialrublutioh of relation
R, can be obtained only using semi-joins.

MVD-rule

Fig.19 Transformation of a dhery using FDs and MVDs



a query whose query graph is
the following

-Example 5 : Consider
shown in Fig.19 (a).
dependencies hold.
£, ¢ F=DE at R1
B, 3 F=>>B{C at R,
my : E=>>AID at R, .
First let us decide whether the partial solution of
R2 can be obtained using only semi-joins or not.
-Applying Hu,' the query graph in Fig.19 (b) is
obtained. Then F1 is - applied to yield the final
query graph in Fig.19 (o) (Note that attribute E of
relations R3 and R.a.apetrgnanad to E')._ Since the
final query graph represents a tree query, the
partial sbluﬁion of Rz can be obtained only by
semi-joins, However in the case of R,, this is not
true since the final p
transformations M, and F

2 1
query (see Fig.19 (e)).

Assume that

query graph after the
does not represent a tree

7. _ Procedures for Horizontal Decomposition of a
Relation based on FDs and MVDs

In this section, we will give procedures to

detect temporary dependencies together with
procedures for horizontal decomposition of
relations, - '

Detection of temporary FDs is considered to be
expensive, We will show, however, the cost is very
small when semi-joins are used.

Semi-Jjoin requires an intersection of two
sets, It is usually performed by the following two
methods.

(1) Sorting of values of the join attributes.
(2) Use of hash values.
The both

existence of temporary FDs.

methods can be used to check the
We will consider the
case shown in Fig.11 (a), where Z=XY is a lable on
the edge between R1 and R1*1 and the existence of
an FD X->Y i8 required to be checked,
Procedure 3 : (Checking of a temporary FD X->Y
utilizing the sorting process by Z=XY)

we put more weight on X-
That is, tuples are sorted
first by X-values and then by Y-values.

(2) It the FD X=>Y is not satisfied, there are
tuples with different Y-values and the same X-

(1) For sorting by 2z,
values than Y-values,

values, Since these tuples are consecutively
checking of the existence of the FD is

not expensive (linear time).

arranged,

Checking of a temporary FD utilizing
hashing process “for Z is also simple,

the
Instead of
using Z-values for hashing, we need to use X-values
for hashing so that tuples with the same x-values
will be put into the same bucket,

When the FD 18 not satisfied we need to
decompose a relation into subrelations satisfying
the FD. Tﬁe process is not expensive either. '
Procedure 4 : (BHorizontal decomposition of a
relation into subrelations satisfying an FD x->!)
(Symbols in Fig. 11 are used)

(1) Find tuples which do’ not - satisfy the -FD
condition in Ri' Each tuple has at least one other
tuple having the same X-value,

(2) Transmit the Z-values of the tuples to the
site of R1+1 and perform a semi-join,

(3) Find tuples not satisfying the FD condition in
the result. These tuplés will violate the FD
condition in the result of joining R, and R, ..
Classify these tuples with Xe-values such that
tuples in the same set have the same X-value. Each
set has at least two elements,

(4) Decompose- Ri into subrelations such that

+1

~each subrelation contains at gost one tupio'fbom
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each set defined at step (3). The number of
subfelations is the cardinality of the largest set.

When DMVDs from ¢ are considered,  the
following heuristic procedure can be used to reduce
the number of subqueries. ‘

Procedure § : (Horizontdl decomposition of a
relation into subrelations satisfying a DMVD)"

(1) Let ¢=>>A|B be  a DMVD - to be satisfied at
relation R, ' ’

(2) Count the number of-tuples for Az'a' or Bz'b'.

(3) Let a, (resp, b,) be the A (resp. B) ~value
which have the largest number |la, il (resp. llb ih
of tuples for A='a' (resp. B-'b').

(4) 1f Ilaill 2.I|bjll (resp.  lla,ll < itb
let R[A-’ai'] (resp. R[B:'bj'])
subrelation and separate it from R. -

(5) Repeat (1)-(4) until R contains no tuple.

1),
new

J

- be a




To find the minimum horizontal decomposition
using MVDs whose left hand side is ¢ is NP~
complete, since it is equivalent to find a cover
consists of the minimum number of complete
bipartite subgraph in a given bigraph [GAREJT9].

In distributed databases, there are in general
several relations located at one site. Thereforse,
there may be situations when the local processing
is first performed which takes a join of relations.
An MVD 1is satisfied in the relation generated by
Joining two relations., Such MVDs can be utilized
In this case we do not
need an expensive procedupe to detect MVDs, ‘

for the query processing.

Aokhowlggg!onté
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