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Abstraat 

Since join 09eratlonz’eire ex9ensIve, usually join 

sabeduling~ie very im9ortapt. for query processing. 

In this paper we will. dSeaue8 new 9roaeduMts to 

handle ayalia queries utilizing ~dependenalee end 

horizontal deaompoeltions. There zre three known 

proaedures for ayalia query proaeeeing: ( 1) 

Relation merging, (2). Tuple-wise proaeeslng, (3) 

Attribute addition. As join operations are applied 

to relations whiah are proaeeeed by selection 

operations, the number of tuples is usually lees 

than the orIgina relation and thue there are 

situations in whiab temporary FDe are satisfied. 

Suap.FDs :aan be used to simplify the given query. 

To aonvert a given ayalla query Into a tree, some 

relations must satisfy a set of FDe. This azn be 

attained by horizontal deaompoeltlon. Tuple-wise 

proaeszing and attribute addition are shown to be 

special aasee of the FD-bawd procedure. Ye have 

also developed MVD-based procedures which are 

generalized from the FD-based procedure. 
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l.Introduation 

One of the advantage8 of relational database 

systems Is the utilization of flexible high-level 

query l&u&es. Query optlmi~ation 18 eeeential ta 

support such languages. This paper dleaueeee new 

wry processing ~, procedures $utilizing data 

dependencies which inalude same of the prep+ouely 

known query proaessi+g proaedues as epealal aasee. 

Since the aoet for aamputing joins 18 often 

very high, there are Any papers whiab.foaue on the 

proaeeeing of joins. With respect to natural joins, 

queries are classified into two alzseee,’ ,tree end 

ayalia [BEZNG8111]. Tree queries azn be praaeeeed 

efficiently [BERNGBlll], but ayalla wew 
proaeeeing Is known to be diffiault. It has been 
shown that any procedure for proaeeeing ayalia 

queries aontains a proaed& for aonvertlng them 

into tree queries [&D~8203]. The follawlng 

procedures realize the aonvereion. 

(1) Relation merging. 

(2) Tuple-wise processing. 

(3) Attribute addition. 

Examples of these proaeduree will be given in 

Seation 3. Method (1) is the simplest. The 

conversion Is realized by merging all relat+,bas 

forming a ayola. Method (2);ie known a8 Wong’e 

deaam~sition approach [UONd&O9]‘,’ which pan be 

regarded as a conversion process based ‘on tuple- 

wise horizontal deaomposition of a relation. By 

method (3) the conversion 18 realized by adding 

attributes to relations form+g a ayale 

[K/&BY8206 I. Although methods $2) and (3) look 

quite different, in this paper’we will show that 

-method (2) can be regarded as a epealal aase of 

method (31, einae horizontal decomposition oi 
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relations can be handled by addition of an 

attribute which identifies each subrelation. 

In this paper we will introduce a new 

procedure for cyclic query processing which 

utilizes horizontal and vertical decompositions of 

relations. Vertical decompositions can be realized 

by functional dependencies (FDe) and multivalued 

dependencies (MFDs). As join operations are applied 

to the relations which are processed by selections, 

the number of tuplee is usually less than the 

original relations and thus there are chances that 

FDe are satisfied. For a given query, we first list 

possible dependencies to be utilized and then abeok 

these dependencies. Even if such dependenaies are 

no’t satisfied by a relation we can always obtain a 
I, 

set of relations satisfying the dependencies by 

horizontal decomposition. 

Sinoe our purpose is to perform joins, it is 

natural to obtain larger relations at each 

intermediate steps like procedures (1) and (3). Our 

procedures, however, show that relation splitting 

is sometimes very useful to save the processing 

cost. For such relation splitting only a primitive 

method (proa’edure (2)) has been, known. Our 

proaedures utilize dependencies which are usually 

used for da&baas” design and give very general 

&elation splitting method’s which include procedures 

(2,) ,and even procedure (3) as special cesee. 

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 discusses a query simplification 

proaedure using FDs , and a query processing 

procedure using FDe and horizontal decomposition. 

Tuple-wise processing and attribute addition are 

shown to’ be special cases of the seoond procedure. 

In Section 5 query processing procedures using MVDs 

and horizontal decomposition are shown. When 

degenerated E’FDe’ are used, we can always get 

partial solutions for all relations. General MVDs 

do not have such a property. Section 6 discusses 

oondltione under which such a property is satisfied 

using FD- and MID-based procedures. Section 7 

summarizes proaedures for the decomposition of 

relations utilizing dependencies. 

2. Basic Conceote 

A relation scheme is a finite set of 

attributes Ai*e(lliln) and is denoted by 

B(A ,,..., An) or & Each attribute Ai is associated 

with a value set dom(Ai) which is called a domain. 

A relation R (on the relation scheme &(A,,...,A,)) 

Is a finite set of total mappings from the set of 

attributes to the corresponding domains. Each total 

mapping is called a Tut& and is denoted by t. A 

tuple t can be viewed as a n-tuple (d,,...,dn), 

where diedom(Ai), by proper ordering of attributes. 

Attribute Ai in relation R 
j 

is denoted by R .A . A 
J 1 

aollectfon of relation schemes is called a datab&a 

scheme -0 A aolleatlon of relations corresponding to 

the database scheme be aalled a database state end 

Is denoted by D(R, , . . . , Rn) . 

A projeation 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 eet X. The following 

notations of the relational algebra will be used. 

Projection: R[XI = (tCX11 t&R) 

B-selection: dAscR = {tlt[A] 19 c, t tR) 

8-restriction: dAbBR 8 (tlt[A]Ot[B], teR) 

(Here,els a aomparison operator euab as 8, >, 

<, etc. ,and c is a constant value.) 

Natural equi-join: RieRj 

=(tltgR, t+jcRi, tCRjltRj, B = R,“%j 
Since join operation la ~aesoaiativr, the natural 

equi-join of n relations R,,...,R, is denoted by 

R,M . ..WRn 

A query Q, which consists of a qualification q 

and a target attribute set TA, maps a database 

state D(R, ,. . . , Rn) into the following relation. 

(dq(R, x ,..., x R,))CTA] (2-l) 

A query of .which a qualification is a 

conjunction of clauses of the form R .A =R .A I ik j jh Is 

called an equi-join query. If Aik=Ajh 18 satisfied 

for every clause Ri.Aik=Rj.Ajb, an equi-join query 

is called sub-natural. Sub-natural queries o? which 

qualifications contain a olauee Ri.Aik=Rj.Ajh for 

every possible combination of A lk and 
‘Jb 

satisfying Aik=Ajh are called natural. We will only 

consider natural equi-join queries in this paper, 
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einae any equi-join qtiery aan be transformed into a 

natural one by proper renaming of attributes. The 

conaept of sub-natural Is necessary for equivalent 

transformation of natural equi-join queries. For 

natural equi-join queries, the relation (2-l) 

beaomes equivalent to the following one. 

(RIM !...,W Rn)CTAl (2-2) 

Let (R,#,..., #R,)&] be a partial solution of 

the join for Ri. In this paper, we will develop 

preaedureb for joins which will obtain partial 

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. 

V is a set of vertices, where vi in V corresponds 

to relation Ri refered in q. Two vertices vi and vj 

aorreeponding to Ri and R 
.I 

are connected by an edge 

iii there is a clause Ri.A=Rj.A in q. The label of 

the edge is the union of all euah 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 airauit- 

free; otherwise it is c&led cyclic [BERNG81111. 

There are tree queries whose query graphs have 

aycles CBERNGBll 11. 

Bxsmple 1 : Consider the following four relations. 

SUPERVISOR(Profeesor, Student, Approver) 

ENROLLtiT(Student, Subject, Approver) 

CLASS(Subjeat, Professor, Approver) 

ORICE(Profeseor, 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 

@W (a) 

Fig.1 A cyclic query and a tree query 

query for this database scheme is shown in 

Pi&l(a). The edge between CLASS and OFFICE aan be 

removed slnoe there are edges labeled by P between 

CLASS and SUPERVISOR and between SUPERVISOR and 

OFFICE. The query is a ayclic query whose CYCliO 

part consists of three relations SUPERVISOR; 

BNROLLHENT and CLASS. One of the labels A on edges 

connecting three relations is redundant. 

If only three relations except for ENROLLUgNT 

are involved In the query, the query graph becomes 

the one in Fig.l(b) wNah represents a tree query. 

There exists an efficient proaedure to test 

whether or not a given query 18 a tree query [YU- 

07911] [BPERF8105]. A special case is treated by 

Bernstein and Chlu [BERNCBlOl]. 

A semi-join of Ri by R 
j 

is denoted by RiKRj 

and defined as 

RARE = (RiWRj)[~l 
= RiKRjCIf#Ejl 

For tree queries, there exists an efficient 

prooedure to aalculate partial solutions for all 

relations using semi-joins only [BBRNG8111]. If no 

further application of semi-join ohangee the 

contents of a relation, that relation 18 called 

irreducible. 

Data dependenaiee are important time- 

independent semantic constraints concerned with 

attribute relationships. A functional dependenoy 

(FD):X->Y is eatlsfled in relation R if and only If 

for any pair of tuplee t and t’, t[X]=t’[X] Implies 
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t[Yj=t’[Yl. Throughout this paper, we assume XnY=d 

for an FD: X->Y. A multivalued dependency (MVD): 

X->>YIZ is satisfied In relation R (where XYZ = 1 

and Y0Z.d) If and only if 

R = RCXY] W RCXZI 

A degenerated MVD (DMVD) [ARMS080121 [SAGIF 

[TARAL : Xn>>YIZ is satisfied in relation R 

(where XnY = 6 and XAZ = d) if and only if R = 

Rl” R2 such that the FD: X->Y is satisfied in R, 

and the FD: X->Z la satisfied in R2. 

FD and MVD are constraints on R which must be 

satisfied at all times. A dependency which cannot 

be derived from the set of such constraints may be 

satisfied by snapshot data. For example, even if 

there is no restriction on the number of jobs which 

each person aan have, at a certain iustanae we may 

have a relation eatlefylng the condition that eaob 

jmrson has exactly one job. We say that there 

exists a temporary FD: person->job. If a snapshot 

relation satisfies the condition of an FD (or an 

ml, we aall it a temporary FD (or a temporary 

HyD. respectively). Note that an FD (or an MVD) is 

a temporary FD (a temporary MVD, respectively). 

Such temporary dependenaies are especially 

important for query proaeeeing as will be shown 

later. 

3. Elementary Consideration oh Cyclic Query 

groaeeeing 

In this section we will show the basic idea 

used in our new proaedure together with the three 

basic procedures using one simple example query 

SUPERVISOR 

l-i-i-7 

Pl '1 81 
pz '2 9 u p3 '2 '2 
p3 a3 '2 

OFFICE 

ENROLLMENT 

Fig.2 A database state of the query in Fig.l(a) 

shown in Fig.l(a). Let us assume the database state 

shown in Fig.2 Is given. 

We will first show how this query aan be 

processed by the three elaxentary query proaeeeing 

proaeduree. Sinae an efficient proaedure for tree 

queries is known, we will only show how the query 

can be transformed into a tree. 

(1) Relation merging : This method transforms the 

given query Into a tree hy merglug all relations 

in eaab oyclla part of the query. Since the three 

relations SUPERVISOR, BWROLLMMT and CLASS r0q a 

ayale, we first apply the following join. 

SUPERVISOR # BNROLLUEUT W CLASS 

The reeultlng query graph is shown In Flg.9, wNeb 

is a tree. 

Fig.3 Conversion to a tree query by relation merging 

(2) Tuple-wise proaees$ng : By this method we first 

select one relation in a aycle and the query is 

deoompoeed into queries eaab of which processes 

just one tuple of the eeleated relation. This Is 

known as the query deaompoeition method 

[UONGY7609]. For example, If we eeleat CLASS, the 

following union of queries is equivalent to the 

given query. 

t u, cLASS ( tiW SUPERVISOR W EEROLLHRNTW OFFICE) 

Eaabiquery in the union Is a tree query as shown in 

Fig.4. Here, relation CLASS is regarded as a single 

tuple relation and It can be deaompoeed into’two 

relations tiCPA] and ti[JA]. The edge labeled by’A 

., 

Fig.4.Each query of the tuple-wise.proces;ing ,. 
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oonneotlng the two relations is redundant sinoe 

there exists another path between the two relations 

each of whose edge label contains A. 

(3) Attribute addition : If we get the query graph 

shown In Fig.5 by adding attribute labels to edges 

then the edge between RNROLLMRNT and CLASS beoomes 

redundant, that is, the query is converted into a 

tree. Addition of attributes is realized during the 

prooesslng of the query. That Is, S, A, J values of 

ENROLLFBNT and P, A, J values of CLASS are required 

to be transmitted to SUPERVISOR. In this partioular 

example the method is equivalent to the relation 

merging (usually the method Is better than the 

relation merging). The difference is oaused by the 

iaot that we oan encode J values. By a mutual 

exohange of J values between RNROLLMRNT and CLASS, 

we oan use 1,2,... instead of the real J values in 

the Intersection (see Pie.5 (b)). The method is 

very muoh effeotive when there are few J value8 in 

o-on in both relations. A general procedure is 

given in t~d~~~82061. 

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

ENROLLMENT 

S J A 

1 a1 l a1 
s2 2 al 
82 ; a2 

9 a3 I 

J P A 

Fig.5(b) Numerical data compression of relations 

(4) Use of dependencies : This method is new4 

Introduced in this paper. In this section, we will 

only show the basio idea using the same example 

used for other procedures. If FD:A->J is satisfied 

by CLASS, It oan be deoomposed into two relations 

CLASS[A,Jl and CLASSCA,Pl. The resultant query 

Fig.6 Use of a dependency for query conversion 
I 

graph is shown’in Fig.6. The query is a tree, 

sinoe the edge labeled by A between the two 

pro jeotlons of CLASS is redundant. BY the 
conventional procedure for tree query prooessing, 

we can get all partial solutions for relations in 

Fig.6. The partial solution ior CLASS oan be 

obtained by joining the results for CLASS[A,PJ snd 

CLASS[A,Jl. 

Suoh a deoompositlon of CLASS is possible when 

MVD:A->>PIJ Is satisfied. FD:A->P and FD:A->J are 

special cases of the MVD. Degenerated NVD:A=>>PlJ 

Is another speolal ease. Note that if MVD:A->>PiJ 

which Is not FD or DMVD Is used, we may not be able 

to get the partial solution for CLASS by joining 

the tuo projeotlons (Detail8 about this Qroblr 

will be disoussed in Seotions 5 and 6). 

4. Query Prooessing Utilieing Funotional 

Dependencies 

In this seotion we will discuss query 
proaesslng prooedures using FDs, and show that the 

procedure is a generalized version of attribute 

addition and tuple-wise prooessing. 

4.1 Query Simplification Utilising FDs 

Theorem 1 : If a query graph 0 oontains an edge 

e = <Ri, Rj> with label X suoh that 

(1) FD: X->Y is satisfied by both Ri and Rj, and 

(2) xc 2, 

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

loss of the equivalence of the query. 
Proof : Let G* be the query graph after the 

replaoement of the label of e, also let q and q’ be 

queries corresponding to G and Ci’, resQeotively. It 

is suffioe to shou the both sides’ implioation of 

q and qc. 
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(q => q’) Trivial. 

(q’ => q) Let Rpil and Rq’ 
3 

be partial solutions of 

Ri and Rj for q’, respectively. To prove the 
implication, we need to show that Ry’[XY] 

holds. R;‘IXl 

= R;‘[XY] 

= R’j’[X] holds from the assumption 

(2). (Remind that our definition of an FD: X->Y 

required the oondition XflY = 6.) Also 

(R;‘CXl = Rlf’[X]) => (R$Y] 
n 

= R;‘fXY]) holds 

from the assumption (1). o 

As a special case, when X=6, Y can be 

eliminated. Using the above theorem we can 

SbQlify a given query graph utilizing FDs. When 

the FD Is satisfied by only one of Ri or Rj (say 

R& the assumption of Theorem 1 is fullfilled by 

performing a seml~join R K R 
j i’ 

Therefore, when 

proper FDs hold in relations, there are cases in 

which the partial solutions of cyolio queries are 

obtained using only semi-joins. 

Besides the FDs given as constraints on the 

database, we can use various FDs, wNoh is 

susmarized in the following property. 

Property 1: The following FDs can be used for query 

simplification shown in Theorem 1. 

(1) PDs in the set of database constraints. 

(2) FDs produced by relational operations. 

(2-l) If there is a seleotlbn oQeration~=,,,R 

then there exists an FD:d->A, where !a’ is 

a constant value. 

(2-2) If there is a restriction oQeration~,BR 

then there exist FDs:A->B and B->A. 

(3) FDs Qroduoed by an interseotion of the two 

relations to be joined. 

(4) Temporary FDs produoed during query processing 

can be utilized. 

In ease (3) we need to store the correspondenoe of 

X and Y in order to reoord Y values from the 

partial solution for a relation whose attribute set 

oontains X. 

We will show examples which use Theorem 1. 

Rxample 2: 

(‘1) Consider the oycllo query shown In Fig.7 (a). 

If a SeleOtiOn Operation cBrcb,R2 i8 applied then 

FD: d->B is satisfied In R2. Therefore by 

% 

n; 

A C 

B 2 B 4, 

(a) (b) 

Cd) 

Fig.7 Simplification utilizing-FDs 

(a) 

Fig.8 FD satisfied in a joined relation 

QerfOrItdng a semi-join R3KR2, the label B on the 

edge between R2 and R 
3 

can be removed. Sinoe the 

resultant edge label is 6, the edge is removed and 

the query beoomes a tree (see Pig.7 (b)). 

(2) Consider the query shown in Fig.T(o). If a 

reStriCtIon operation bAIBR2 i8 applied then there 

exists an FD:A->B. After performing a semi-join 

R3” R2 t we apply Theorem 1 to the edge between R2 

and R 
3’ 

As label B Is eliminated we have the query 

graph shown In Fig.7 (d) wNoh is a tree. 

(3) If R2 and R3 are given as in Fig.8 (a) and 

(b), the FD:A->B is not satisfied. However, by 

performing a semi-join R2KR3 we oan get the 

relation R; shown in Fig.8(0) where the FD is 

satisfied. Further eemi-join R3UR2 properptes the 

FD to the relation R 
3’ 

Thus;, applying Theorem 1, 

the query shown in Fig.‘l(o) oan be transformed Into 

the one in Fig.T(d). 
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In the above disaussion we oonsldered the 

situation uhen FD5 are satisfied we will try to use 

them to simplify the given query. Another approach 

is first to find a proper set of PDs to simplify 

the query and then seleat a proper proaeas suah 

that these FDs are satisfied in the relations. This 

oan be reallaed by horizontal deoomposltlon of a 

relation. An example is as follows. 

gxample 3 : We will aonsider the example used in 

Section 3 (we Flg;l(a)). If an FD:A-L-)J holds in 

the relation CLASS, we aan ellminete J and the 

query graph shown in Fig.9 is obtained nhiah is a 

tree. It is another interpretation of the process 

discussed In Seotlon 3 (4). We will aonslder 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. If we decompose the relation into 

two relations suah that one relation R, has the 

first three tuples and the second relation Fl2 haa 

the next two tuples and the third relation R3 has 

the last tuple, eaah of the relations satisfies the 

Fig.9 u6C of an FD : A+J for query conversion 

CLASS 

J P .A 

'1 P2 9 

-14 Pl a2 

j2 P2 a3 ------- 
j2 Pl al 

13 Pl a3 --_---- 
-11 p2 -93 

FD. We aan deaompose the query into three 

subqueries, suah that In each aubquery CLASS is 

replaoed by R,, R2 or R3. The partial solution 

for the original query is the union of the partial 

solutions for three aubqueries. 

We have the following proaedure utillsing FDs 

and horizontal decomposition. 

Proaedure 1 : (Conversion of a query Into a tree 

utilizing FDs and horizontal deoomposition) 

(1) For each ayolia part of the query graph apply 

the following steps. 

(2) Seleat one edge labeled 2. 

(3) Let X be the lnterseation of the label5 of 

edges in the ayale and Z=XT (see Fig.ll(a)). 

(4) Sinae If FD: X->Y la satisfied the ayale Is 

removed by performing a semi-join (see Fig.11 (b)), 

we apply horizontal deoompositlon to bne ef the two 

relation5 corresponding to the terminal nodes of 

the edge so that eaah subrelation satisfies the FD. 

(The method tb decompose a relation’base.d’b;d P& is 

shown in Section 7.) 

If the given query has more than one ayale, 

selection of edges at step (2) aan be done by 

finding all edges not oontained in one partiaular 

spanning tree. Basla aonsideration on the 5eieatio;;i 

of suah a spanning tree is given In CKAklh8206 I., 

For a large ayale, X at step.(3) tends to be d. 

When X=6 this proaedure Sa’ equivalent to the 

&tribute addition method, a8 will be shown In 

Seation 4.2: 

,’ .- 

(a) lb) 

Fig.10 Horizontal decomposition 

of e relation 
Fig.11 Removeal of a cycle 

. 
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CLASS 

ff! 
1 

2 

3 
t 

P A 

p2 a1 

p1 a2 

p2 83 
--e-m 
p1 al 

p1 a3 
----- 

p2 a3 

(a) 

12 p2 a3 

Pl al ,---I I 

13 p1 a3 

14 p1 a!? 

l-l 
Fig.12 Attacinnent of ID’5 to rubrelations 

4.2 Relationship among the Query Conversion Methods 

In this subsection, we will compare the query 

conversion methods presented 50 far and clarify the 

relationships among them. 

We uae the relation In Fig.10 as example 

again. When the relation is deaomposed horizontally 

M) that each of the subrelations satisfies the 

FD:A->J, eaoh subquery becomes a tree query and 

proaessed separately. However if we handle the 

a&queries 5imultaneou51y, we need to distinguish 

them. Thus Identifiers of sibqueries must be 

attached when semi-joins are performed. For 

example, when performing a semi- join 

SUPBRVISOR D$LASS, a relation with identifiers 

(IDS) shown in Fig.12 is transmitted to relation 

SUPRRYISOR . Rote that the IDS also identify 

different FDs of the same syntaatiaal form A->J. 

Wext we will show that when the left hand side 

of the FD is d, this horizontal deaomposition 

approach is essentially the same as the attribute 

addition method. When the relation CLASS satisfies 

the FD:6>J, the same discussion as In the aa8e of 

FD:A->J holds since the former FD implies the 

latter. Thus the query aan be easily transformed 

into the tree query shown In Fig.9. If the FD:4->J 

does not hold on Cuss, we deco&se it 

horizontally again 50 that each subrelation 

satisfies the FD. This decomposition is easily 

aahleved by first performing GROUP-BYCJ] on CLASS 

J-‘j’ 
1 

J-‘j’ 2 

(b) 

J-‘j’ P 4 A 

El p1 a2 

p1 a1 u 2 p1 % ---- 
3 p1 a3 3 p1 a3 ---- 
4 Pl a2 4 p1 a2 

J 
Fig.13 

d) 

Horizontal decomposiiion method utilizing fi + J and 

attribute addition method 

and then regarding each aubrelatloi as a separate 

relation (see Fig.13 (a),. (b)). When we handle 

these subqueries simultaneously, we require IDS to 

distinguish them. However, in this case, values of 

attribute J aan be used as IDS since there Is a 

one-to-one correspondence between subrelations and 
J-values. Thus J-values are attaahed to the 

CLASS[P, A] relation when performing the semi-join 

SUPERVISOR &CLASS (see Fig.13 (c), (d); Data 

compression technique shown in Fig.5 is applied in 

the relation of Fig.13 (d)). This method, however, 

Is the attribute addition approach. 

Thus the only difference between horizontal 

decomposition approach and attribute addition 

approaah when the left hand side of the FD is 6, is 

that each aubquery is considered to be processed 

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, sinae the 
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number of subrelations usually decreases. 

WOug’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 5ubrelations (&>X is satisfied for a 

relation with attribute set X, thus any C>Y (KX) 

is 5atlsfied which 15 required by the attribute 

addition’or equivalently the FD-based procedure), 

we aan convert the original query into a tree query 

if we aeleat at least one relation to be decomposed 

for each cyale in the query graph. 

5. Query Processing Utllizlng Multivalued 

Dependenaies 

In Section 4 it was shown that Proaedure 1 Is 

equivalent to the attribute addition method in many 

oases. We will generalize the proaedure, utilizing 

MVDs in this aeation. These proaeduree are entirely 

new and subsume Proaedure 1 a8 a speaial aa8e. 

3.1 Conversion of Queries into Tree Using UVDb 
,I, 

The conversion procedure from a ayalla query 

tv a tree query utilizing FDs (see Fig. 11) aan be 

easily generalized to the case utilizing MVDs. 

Conaider the cycle shown in Fig.14 (a). 

(1) Seleat a relation, say R,,, in the cycle. 

(2) Let X be the intersection of labels of edges 

in the cycle. If ah MVD X1->>YjZ holds on Ro, where 

R6=X’YZ and Xl& X, then deaompose R. into two 

__.- - -_ 
*. . . : - . . 

_ ,’ ‘. 

(8) (b) 

Flg.14 Removal of . cycle by an MID-based decomporition 

relations Rol(XBY) and Ro2(XrZ). 

(3) Siaae the edge between Rol and Ro2 is 
redundant (see Fig.14 (b)), the original cycle is 

eliminated. We can use a spaming tree for the 

seleation of relation8 to be deoomposed, when there 

are many aycles. A geueral procedure is shown 

below. 

Procedure 2 : (Converaion of a cyalia query into 

tree utilizing NVDs) 

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

(2) For eaah$edge not contained in the sparinihg 

tree, seleat one relation between relations 

aorrespondlng to the two node8 lnaident to the 

edge. 

(3) Determine the MVD which should hold on the 

relation aorresponding to the node ahosen in (2), 

in order to remove the oyale. 

(4) Deaoapose the relation using the MVD. 

(5) Repeat (2)-(4) for’every edge not aontained in 

the spanning tree. 

Similar to the ca8e of FDs, the left hand side 

of the &DID5 seleated at step (3) beOolpe8 d in many 

085e5. Thus ue need to use the horizontal 

decomposition in Procedure 1. 

5.2 Query Processing DSillg DMVDs 

In this subsection, a neu query processing 

approaah using DMVDs is introduaed. First an 
example is given. We will use the query which 

consists of three relation5 SDPRRVISOR, ENROLLPIENT 
and CLASS in Rxazple 1. Assume a DMVD:A=>>PIJ is 
satisfied in the relation CLASS. Al80 let CLAss,~ 

and CLASS2 be horlzoutdlly pdrtitloktd subrelatio& 

in which FDs:A->P and A->J are satisfied, 

respeatively (Fig. 15 (a)). -Following tJ 

disousaions of subwation 5.1, the original q&y 

can be aonverted to tree queries of Fig.15 (b) and 

(0). Each query graph aorti8pohdd to CLASS,‘aud 

CLASS2, 50 the result of the original query Is the 

union of the r*sults of these two queries. As in 
the aa5e of FDs, we aan generalize the idea for the 

situation where the’ original relation’does n&t 

satisfy a DMVD. Consider a ayalia query shown in 

Fig.16 (a). horizontally partitioning the relation 

R. 80 that each subrelation satisfies an FD:&>A’or 
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CLASS 

Ffg.15 Query processing using a DMVD 

(b) 

Fig.16 Conversion of 

a Query by a DEN0 

C>B, we oan obtain $ubqueries as shown in Fig.16 

(b) and (a). The nrUbe2’ Of 8UbqUWieS 18 eql2a.l t0 

th8t of wbrelations. A p#WedUPe for 8UOh a 

deaompo8ition will be shown in Section 7. 

5.3 &BP)' Pl'OOO88i~ U8im m8 

Although m8 aaa also be utilized for query 

oonver8lon, there is a qualitative difference 
between the u85ge of FD5 (or DNVDs) and that of 

H1ID8. The differenae Is whether the partial 

5Olution5 of all relatiop a8n be obWned using 

oaly 8emi-join5 or not. When MVDs are utilized for 

(c) 

(b) 

D 

% 

1 % . 

3 

dl 

Big.17 The care when not all the partial mlutiOnS 

are obtained by semi-joins only 

the aonver8ion, the partial solution for the 

relation deaompo8ed by an MVD aannot in general be 

obtained by semi-join5 only. The following example 

alarify this. 

Rxample 4 : Consider a query shown in Fig.17 (a). 

If EM): P>>BIC i8 satirfied on R3, it aan be 

deaomposed into two relations R3'(CD) and k32(fi). 

Thus the query oan be aonverted into the tree a5 

8hOWn in Fig.17 (b). Therefore the partial 

solutions of R,, R2, 4’ and R32 aan be (Ul811f 

obtained, while that of R3 Is not. To aoniirm this, 

just observe the contents of the relation in Fig.17 

(a) where all three relation5 are irreduaible and 

R3 8ati8fie8 the MVD:D->>BIC, yet R3 Is not the 

partial solution. Therefore the method oan be wed, 

if ihe target attribute8 do not aontain both B and 

C. 

In the aase of FDs we used horizontal 

deOOEpO8itiOn when FDs are not satisfied. For ms 
we aan use overlapped decomposition aalled aover. 

If an MID. Is not sati8fied in the original 

relation, the aovering of the relation 18 oMai?ed 

5uah that eaah aover satisfies an MVD.(see Fig.lO). 
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C 

Fig.18 Covering of the relation 

6. Obtainability of Partial Solutions of Relations 

As 8hOwn in previous 8eation8, when FD8 and 

DXVDs are u5ed for query aonverslon, partial 

solutions of all relation5 aan be obtained by semi- 

join- only, while if I4VDs are used that Is not 

always guaranteed. In this section we aonsider more 

general situations where 8ome FD8 and MVDs are 
given on each relatien. The problm 15 whether the 

partial solution of a, partiaular relation can be 

obtained using only semi-joins. A suffialent 

condition for this problsll and a comprehensive 

exaaple will be given. 

The decision Is made by transformation8 of a 

given query graph using FDs and ENDS. The following 

two rules are used for the transformation. 

m-rule : If ?n FD:X->Y Is satisfied at a 

relation R and If there is an edge with label 

Z (1 X) incident to the node in the query graph, 

replace the label Z by Z-Y (Note that this 

rule Is an appllaation of Theorem 1 in 

Section 4). By the replaaement of lapels, 

there may arise a situation that some relations 

have the cormon attribute, yet they are not 

connected by edge8 with the label aonteining the 

aommon attributes in the resultant query graph. 

In that case, rename the oaaurrenae8 of attributes 

properly 50 that the resultant graph represents a 

query graph. 

ND-rule : If ao WD:X->>YIZ IS satisfied at a 

relation R, split the node into two nodes 

OOrre8pondUg to R[XY] and R[XZ]. Rearrange edge8 

inaident'to the node R 50 that the resultant graph 

represents a query graph. 

Let fi,,...,fik b0 m8 andmibe t’fvD8 holding 

on the relation RI '(lm) (We amume that up to 

one MVD 18 8ati5fied at rah relation, ?or 

8iapliaity). Let Fij 8nd Ml repre8ent the 

transformation proae88 aaaording to the FD:fIj aad 

the WD:mI, re5peatively. The following theorem 

holds. 

Th-wren 2 : If the fauuv graph aftor ,@a 

applici8tlcn of a aequenae of traMfomatl088 
H’ l”“,~,~‘,~i+l,...,~nbFl, ,***s 

‘*n 
repra8ent5 a 

tree query, then the p8rti81 rolution of dilation 

RI aan be obtained only u818g aeml-joMa. 

IND-rUl~ 

FD-rule 

NVD-l-Ill* 

Cd) 
I F&l%10 

(*I 

Fig.19 Transformation of a query using. FDs and MVDS 
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.Exaaple 5 : Consider a query whose query graph is 

shown in Fig.19 (a). Assume that the following 

dependencies bold. 

f1 : F->N at R, 

‘2 : F->>BiC at R2 

m4 : X->>AID at R4 

First let us decide whether the partial solution of 

R2 oao be obtained using only semi-joins or not. 

rpQlYing Mb, the werY graph in Fig.19 (b) is 
obtalned. Then F, is rppllrd to yield ths final 

query staph in Fig.19 (0) (Note that attribute E of 

relations R3 and R42, are,rpnamed to St). Since the 
final query graph represents a tree query, the 

partial solution of R2 asn be obtainsd only by 
Semi- jOinS. However in the aase of R4, this is not 

true since the final query graph after the 

transformations M2 and F, does not represent a tree 

query (see Fig.19 (e)). 

. Procedures for Horizontal Decomposition of a 

Relation based on FDs and WDs 

In this section, we will give prooedures to 
detect temporary dependenoies together with 
procedures for horizontal deaomposition of 

relations. 

Detection of temporary PDs Is oonsidered to be 

expensive. We will show, however, the cost Is very 

small when semi-joins are used. 

Semi-join 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 methods oan be used to oheck the 

existence of temporary FDs. Ye will consider the 

aase shown In Fig.11 (a), ‘where Z+XY is a lable on 

the edge between Ri and Ri+, and the existence of 

an PD X->Y Is required to be checked. 

Prooedure 3 : (Checking of a temporary FD X->Y 

utllising the sorting prooess by ZrXY) 

(1) For sorting by 2, we put more weight on X- 

values than Y-values. That Is, tuples are sorted 
first by X-values and then by Y-values. 

(2) If the FD X->Y Is not satisfied, there are 

tuples with different Y-values and the same X- 

values. Sinoe these tuples are oonsecutlvely 
arranged, ahecking of the exlstenoe of the FD is 

not expensive (linear time). 

Cheaing of a temporary FD utilizing the 
hashing process for Z is also simple. Instead of 

using Z-values for hasbing, we need to use X-values. 

for hashing so that tuples with the same x-values 

will be put into the ssme bucket. 

When the FD Is not satisfied we need to 

decompose a relation into subrelations satisfying 

the PD. The proaeas as not expensive either. 

Rooedure 4 : (Rorizontal Ueoomposition of’ a 

relation Into subrelatdons satisfying an FD X-II) 

(Syd018 in Fig. 11 are used) 

(1) Find tuples whioh do’ not satisfy the .,F’D 

condition in Ri. Each tuple has at least one other 

tuple having the same X-value. 

(2) Transmit the Z-Talues of the tuples to the 

site of R i+, and perform a semi-join. 

(3) Find tuples not satisfying the FD oonditlon In 

the result. These tupls8 will violate the FD 

oondition in the result of joinim’ Ri and Ri+,. 

Classify these tuples with X-values such that 

tuple8 In the ssme set’ have the same X-value. RaEH 

set has at least two elements. 

(4) Decompose. Ri+, into subrelations such that 

eaoh subrelation contains at tist one turde from 

eaoh set defined at step (3). he number df 

subi‘elations is the oardfnality of the I&r&eat set. 

When DMVDs from d are oonsidered, the 

following heuristio procedure oan be used to reduce 

the number of subqueries. 

Procedure 5 : (Rorisontal deoomposition of a 

relation into subrelations satisfying a DMYD) 

(1) Let &>>A(R be’ a DMVD to be satisfied at 

relation R. 

(2) count the number of. tuples for Ae*a* or Be’b’. 

(3) Let ai (reap. bj) be the A (reap. B) -VslUe 

which have the largest number Ila,ll (raw. llbjlI) 

of tuples for A=gav (resp. Be’b’). 

(4) If lIa,ll-1 llbjll (rssp. Ila,ll ( llbjll 1, 

let’ RfA=“air I ( resp. RtWbj’l) be a Z&W 

subrelation and sebarate it from R. 

(5) Repeat (l)-(4) until R oontains so tuple. 
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To find the mInImum horlsontal decosposltion 

using MVDs whose left hand side Is d is NP- 

oomplete , since it is equivalent to find a cover 

oossists of the minimum number of oomplete 

biQartlte subgraph In a given bigraph [GM(RJ7g]. 

In distributed databases, there are in general 

several relations looated at one site. Therefore, 
there may be situatloM when the looal prooesslng 

Is first performed whioh takes a join of relations. 

Au XVD is satisfied in the relation generated by 

joiulng two relations. Suoh MVDs can be utilized 
for the query prooessing. In this oase we do not 
need an expensive prooedure to deteot MVDs. 
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