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ABSTRACT considered

View 1ntegration is 1nvestigated with the help of
three classes of interrelational dependencies, in-
clusion dependencies, exclusion dependencies and
union functional dependencies The process of view
integration 1s divided i1nto two steps, combination

and optimization View combination consists 1in
defining new interrelational dependencies that
capture similarities between different views The

optimization step tries to reduce redundancy and
the size of the schema Finally, general results
about 1interrelational dependencies are presented
that lead to an optimization procedure for a
restricted class of schemas

1 INTRODUCTION

We investigate in this paper how certain
classes of dependencies can be used to secure
sound foundations for relational view integration.

View 1integration 1s a database design method
that suggests to synthesize an integrated concep-
tual schema by combining previously obtained
schemas that reflect, for each class of users,
their view of the enterprise [NG,TF]

We assume that all views have already suffered
a preliminary integration process to detect when
entity/relationship sets [Ch] of different views are
of the same type The question then 1s how to
integrate views that have entity/relationship types
1in common, but which may differ on the entity/rela-

tionship sets represented and on the attributes
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We propose to divide relational view integra-
tion into two steps, combination and optimization.
To combine a set of views simply means to define a
new schema R that contains all original views, plus
a new set of interrelational dependencies that
express how data i1n distinct views 1s interrelated
The optimization step then tries to modify R to
reduce redundancy and the size of the schema  The
optimization step 1s of interest by 1tself as 1t 1is

similar in purpose to normalization [BBG,Ul,Da2]

The classes of dependencies considered are the
inclusion dependencies (INDs) [CFP], the exclusion
dependencies (EXDs) and the union functional depen-~
dencies (UFDs), besides the usual functional depen~
dencies (FDs)

tegration since they can express that two entity/

INDs are quite useful for view in-

relationship sets, S1 and 52, of the same type, but
from di1fferent views, are equal or one 1s a subset
of the other; EXDs can express, on the other hand,
that S

1
indicate that attributes of different entity/rela-

and 82 are disjoint, UFDs may be used to
tionship sets are synonyms Hence, these constraints
avoid 1ntegrating views based only on overlapping
structures or on naming similarities, as suggested

an [NG,WM].

When using these dependencies for view inte-
gration we must keep in mind that they interact in
unexpected ways (see [CFP])., To overcome this
difficulty we state separability results that
indicate when sets of dependencies from different
classes do not interact or, at least, interact 1in
predicted ways We also define a subclass of INDs
for which logical implication can be decided 1n

polynomial time



This paper 1s divided as follows Section 2

contains basic definitions, Section 3 discusses
view i1ntegration. Section 5 states results about
the dependencies considered that justify the
optimzation procedure discussed in Section 4
Finally, Section 6 contains conclusions and direc-

tions for future research

2. PRELIMINARY DEFINITIONS
A relational schema 1s a pair R = (S,C) where
s = {thull,

and C 1s a set of dependencies over §

,Rn[Un]} 1s a set of relation schemes
A database
or state of S 15 a set D = {rl, ,rn} of relations,
one for each scheme, such that rl 1s n -ary, 1f
o, ==,

If X and Y are sequences, we use Y ¢ X to
indicate that Y 1s a permutation of a subsequence
of X

In the rest of this section, let R = (S,C) be
a schema and D be a state of S

A functional dependency (FD) [Ar,Da,Ul] over

S 1s a statement Y of the form Rl'X*Y, where 151<n
and X,Y are sequences of attributes of R1' We say
that y 1s valid in D 1ff, for any t,ue L 1f
t[X] = ulX] then t[Y] = ulY]

An inclusion dependency (IND) [CFP,Dal,FV,Li]

over S 1s a statement ¢ of the form Rl[X]_C_RJ[Y],
where 1<1,3<n and where X and Y are sequences of
attributes of R1 and RJ, respectively, such that
x| = |¥|
rl[X] 1s a subset of rJ[Y]

We say that 0 1s valid 1n D 1ff

INDs are quite useful for view integration
since they can express that two entity/relationship
sets of the same type, but from different views,
are equal or one 1s a subset of the other For
example, 1f user A sees EMP[EN,DN] and user B
sees SECRETARY[EN,TYPING SPEED], then
SECRETARY[EN] ¢ EMP[EN]

subset of the entities perceived by A.

indicates that B sees a

An exclusion dependency (EXD) over S 1s a
statement § of the form R1[X] | RJ[Y] where X and Y

are sequences of attributes of R1 and RJ, respecti-
vely, such that |X} = |Y| We say that § 1s valid
in D 1ff rl[X] and rJ[Y] are disjoint
EXD over R 1s any EXD of the form RIEX]I'R1[Y]

= @ EXDs have not been

A vacuous

that 1s valid in D 1ff T

considered in the literature, except 1impliacitly
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1n connection with a database abstraction called
partitioning

EXDs can express that two entity/relationship
sets of the same type, but from different views,
are disjoint
UNDERGRAD[ SN,DEPT] and user B sees GRAD[SN,DEPT]
then UNDERGRAD[SNJ | GRAD[SN] 1ndicates that A and

For example, 1f user A sees

B see disjoint sets of students
A union functional dependency (UFD) over S 1sa

X1+Y1’ ’Rl
m

statement Y of the form <R X Y >
11 m m

where X ,Y are sequences of attributes of R1 such
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that IXJ| = IXkI and IYJI = |Yk], for any 3,k 1n
[1,m]
1,k 1n [1,m] (3 may be equal to k), for any ter

We say that { 1s valid in D 1ff, for any

J
and any uE:rlk , 1f t[XJ] = u[Xk] then t[YJ]=u[Yk]

Note then that § implies the FD R1 XJ+Y , for

Moreover, 1f m=1, then ¥ reduces

11'X1*Y1

the dependencies considered in [Ca,Kl]

each je[1l,m]

to the FD R UFDs are a special case of

UFDs will be used to indicate that attributes
from different relation schemes are synonyms. For
example, consider the set of relation schemes
S = {STUDENT[ ID,DEPT] ,TEACHINQ_ASSISTANT[ID,DEPT]}

Let D = {s,s'} be a database for S Suppose that

ID 1s a key of each of the above schemes This
does not imply that 1f (1,d)es and (1,d')€s’
then d=d' Indeed, DEPT in STUDENT may be the

department where the student 1s enrolled, whereas
DEPT in TEACHING_ASSISTANT may be the department
where the student 1s working, which 1s not necessa-
rily the same where he 1s enrolled If otherwise
DEPT means the same 1in both schemas, then ID must
be the common key. That is, 1f (1,d)€s and
(1,d") €s' then d=d'

<STUDENT ID»DEPT , TEACHING ASSISTANT ID*DEPT>.

, which 1s expressed by

Given a set of dependencies I and a single

dependency O over S, we say that I logically implies

0 with respect to finite databases, or that 0 1s a

logical consequence of I, 1ff for every finite da-

tabase D of S, 1f all dependencies in I are valid
in D, then 0 1s also valid 1n D If this 1s the
case, we write L ch We say that a dependency a

1s trivial 1ff ¢]=fa



3 BASIC VIEW INTEGRATION

The first step of any design methodology based
on view integration would naturally be to obtain a
schema (or view) for each group of users The size
of the schema should be such that 1t can be obtained
Then,

directly by a monolitic design method the

individual views would be 1ntegrated into a single
conceptual schema This step involves detecting
when structures from different views represent the
same information

There are at least three very serious problems
connected with view integration First, one should
expect to start with a large number of different
views This problem can in part be solved by a
hierarchical view integration strategy That 1s,
groups of closely related views are integrated sepa-
rately, obtaining a new set of views, and so on
until the final schema 1s constructed For example
views related to the marketing department are inte-
grated to obtain the view of the whole department,
which may be significant by 1tself, and so on

The second problem refers to the fact that
widely different structures may actually represent
the same information This problem 1s discussed 1in
[Kel and lies outside the scope of this paper

Finally, the third problem 1s that even after
resolving structural differences and classifying
entity/relationship sets into types, we must still
interrelate and integrate entity/relationship sets
of different views, that may also differ on the
attributes considered It 1s to this problem that
we restrict ourselves from now on

Suppose that each view Vl 1s described by a
relational schema R1 = (Sl,Cl) where C1 contains
only INDs, EXDs, UFDs and FDs, and where S1 and
S do not have relation names in common, for each
) in [1,k], with 1 # 3

step consists 1n defining new INDs and EXDs to

1 and 3 The combination
1ndicate how entity/relationship sets are interre-
lated, and new UFDs to indicate which attributes
are regarded as synonyms (see the examples 1n
Thus, the result of combining views
.,k , 15 a schema R = (§,C)

Appendix A)
Rl = (Sl,Cl) , 1=1,

with S = Uk
1=1

set of INDs, EXDs and UFDs over S

S and C = gk € uC' , where C' 15 a
1 1=1 "1

The optimization

step will then try to minimize any redundancy impli-
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cit 1n R = (8,C), regardless of whether or not the
original views Rl, ’Rn already contained redundan-
cies (although 1deally we may assume that the views
The

optimization step will also try to reduce the size

were optimized before the combination step)

of S and C by combining relation schemas when appro-
priate
The goal of the optimization step, as stated
above, 1s somewhat vague, specially because INDs,
EXDs and UFDs interact in a complex way (see
Section 5) Thus, from now on, we will concentrate
on a restricted class of schemas for which we can
precisely state the goals of the optimization step
Let R = (8,C) be a schema where C contains only
FDs, UFDs, INDs and EXDs

1ff there 1s a function f S»K associating a sequence

We say that R 1s restricted

K1 €K to each R1 €S such that
(1) C implies that K1 1s the only key of Rl, and the
only FDs over R1 in C are those implying that K1
18 a key of R1’
(11) 1f Rl[X]ngJ[Y] 1s 1n C, then X=Y=KJ,
(111) 1f <R11 X1+Yl, .,R1
m

then X = =X =K = K
1 m 1
1 m

(1v) for any R1 €S and any attribute A of R ,
1

XY > 18 1n C,
m ‘m

and |YJ|=1, jell,m],

A occurs 1n at most one UFD in C,

(v) 1f R [X] ]RJ[Y] 1s 1n C, then X=Y=K1=KJ,

To reinforce the importance of K, we denote R
by the triple (S,C,K)
by underlying the attributes of Rls S that form Kl,

(the function £ 1s defined

as usual), An example of a restricted schema appears
in Appendix A

Intuitively, i1n a restricted schema R = (§,C,K),
S represents a collection of entity/relationship
sets, 1dentified by their keys An IND leKJ]sRJ[kJ]
expresses that tuples of Rl refer to tuples of RJ
via their keys, 1f KJ 1s not the key of Rl, or that
the set denoted by R1 15 a subset of the set denoted
by RJ , 1f KJ 1s the key of R An EXD leKJ](RJ[KJ]
indicates that R1 and RJ denote disjoint sets An

UFD <R. K A, ,R. K A >
1 1 1 1 m
1 1 m m

indicates that Al’

. ,Am condition
(1v) indirectly captures the fact that the notion

must be regarded as synonyms,

of synonym 1s transitive

We note that relational schemas generated from



entity- relationship diagrams [Ch] or based on the
structural model of [WM] are special cases of res-
tricted schemas Moreover, we note that each rela-
tion scheme 1n S 1s obviously in BCNF (by condition
(1)), which avoids the redundancies causing the
well-known anomalies of non-BCNF schemes [BBG,Ul]
Returning to view integration, assume that the
result of the combination step i1s a restricted
schema R = (S,C,K) We propose an optimization
heuristics that will achieve the following four
goals (1) R should be transformed so that C implie
no INDs of the form RJ[KlA]g;Rl[KlA], which i1ndica-

tes that A 1s redundantly stored 1in RJ, and where

K1 1s the common key of relation schemes R1[U1] and
RJ[UJ] INDs of this form arise as a consequence of
RJ[Kl]SleKl] and <RJ K +A,R K >A> (see Appendix A
for an example of how these inclusion dependencies

may be created), (11) R should be transformed so

that C 1implies no INDs of the form

R[KJcR[K] and R [K JcR [K ] which indica-
11T SR R S
te that R1 and RJ actually represent tha same set

of objects, (111) R should be transformed so that

C 1mplies no UFD, since a UFD indicates a potential

source of redundancy The only exceptions are UFDs

of the form <R11 X1+Y1, ,le
sence of RIJ[XJ] Ile[Xk] , 1<3,k<m with 3 # k,
since a UFD of this form degenerates into a set of

X »Y > 1in the pre-
m m

FDs R. X -»Y

1.1 ]
J
EXD over R, then R should be eliminated from S,

, lgysm, (1v) 1f C i1mplies a vacuous
since we do not want to retain relations that must
always be empty (In fact, the presence of vacuous
EXDs 1s a sign of a defective project)

We observe that goals (11) and (1v) try to
reduce the size of R, whereas goals (1) and (111)
The transformations

try to minimize redundancy

mentioned above should be such that the final

S
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schema R' 1s equivalent to the initial one, R, 1in the
sense that any consistent state of R can be mapped
into a consistent state of R' and vice-versa This
point 1s discussed further at the end of Section 4
Section 4 presents an optimization procedure

for restricted schemas, whose correctness and im—

plementation 1s discussed in Section 5

4 AN OPTIMIZATION PROCEDURE

We present 1n this section an optimization pro-
cedure for restricted schemas, whose correctness and
implementation 1s discussed in Section 5

Before presenting the optimization procedure,
Let

we need some extra definitions and conventions

R

(S,C,K) be a restricted schema, where

S {thulj, ,Rn[Un]}
We define an equivalence relation ERS_[I,nJZ

such that 1 =, j 1ff R [K JcR_[K ] and
R A R I

RJ[KJ]ERitKJ] are both logical consequences of the
INDs 1n C We use [l,n]/ER to indicate the parti-
tion of [1,n] 1nto Sp-equivalence classes

To simplify the description of the optimization

procedure, we assume that 1f K = K_ then U nU_ =K
1 3] 1 ] 1

Since the keys are independently given, and by
conditions i1mposed on C, we may simplify the notation
of the dependencies in C An IND Rl[KJ]ngJ[KJ] 1s
denoted by R_cR an EXD R [K JIR [K 1 1s de-

A I 1Ky TR K

noted by R |RJ, and an UFD <R11 K11+A1, ,

R K1 A > 1s denoted by {R1 [A1], R [Am]}
m m 1 m

Moreover, we may assume that Rl[A] occurs 1n at
most one UFD, by definition of restricted schema
(condition (iv))

The optimization procedure 1s shown 1n

Figure 4 1



FIGURE 4 1

OPTIMIZATION PROCEDURE

oc OPTIMIZE(R,R')

3_!'__

* input

*/

1
2
3

10.
11.

12
13

14

15

16
17
18,
19.
20

21.

23.
24,
25

26.

end

R = ($,0,K) - a restricted schema, where
8 = (R (U], ,Rn[Un]}

output R'= (§',C',K') - a restricted schema which 1s

optimized and equivalent to R

. begin set S' and C' to § ,

_S_el:_ ki3 52 [l,n]/ER »

set % to be the set of INDs in C ,
/* goal (1) modify UFDs that imply a dependency
of the form R1[KJA]ERJ[KJB]

*/
for each 1,7 in [1,n] such that 2|=f Rl[KJ]gRJ[KJ]gg

for each UFD F 1in C such that there 1is R].[A]’ RJ[B] in F do

begin for each A& 1n U1 such that Rl[A]EF do
7* by condition (1¥) on C, R_[A] Gccurs in no other UFD
by condition (11) on C ald condition (v), A occurs 1in
no IND or EXD 1n C
*/
begin delete A from U1 s
delete Rl[A] from F ,

end
if F 1s reduced to a singleton
then delete F from C ,
end
/* goal (11) create a new relation scheme i1n S' by combining
all relation schemes 1n S that are forced to be equal
*/

for each TTk in T do
1 ' at | A
begun add Rk[U k] to §' wvath U k= 1g_"kU1 and Kk Kl, for some iem,

for each F 1in C do
add F' to C' where F' 1s obtained from F by replacing

1]
end RlbyR.k,lflE’lT R

/* goal (111) create new relation schemes 1n S' to eliminate
dny remaining UFD in C'

*/
for each F = {R) [A;],. ,R} [A 1} 1nC'do
1 m
begin add a new scheme R{)[Ul')] to §' with U!') =K u {Al} and K; =K,
delete F from C' , 1 !
for each UFD F' in C' do
1if F' 1s of the form {R' [B,1,. ,R' [B 1}
— 1 1 L,m
then begin add B1 to UI’) ,
delete F' from C' ,
end
for each 3 1in [1l,m] do
add R'[K'TcR'[K'] to C',
- IJ P PP
end

7% goal (1v) delete any relation scheme 1n S' that 1s forced to be
empty by C' and create key FDs for each remaining scheme
*/

for each R; in §' do
1f C' implies a vacuous EXD over R;
then delete Rl[Ui] from S' and all constraints in C' over R; .

else add R' K'sU' to C',
—_— = 1 11

40



The optimization procedure can be easily imple-
mented, except for lines 2 (see the definition of
ER), 4 and 24, which involve testing logical 1impli-—
cation Moreover, we must also prove that it
achieves the four goals proposed at the end of
Section 3  This will be discussed in Section 5

We note at this point that lines 14 to 22
can be modified to eliminate all UFDs from arbitrary
simlar

schemas The resulting procedure 1s quite

to the algorithm that creates a schema in 3NF from
an arbitrary schema whose dependencies are just FDs
(see [U1])

the creation of INDs on lines 21 and 22, which we

The only sensible difference lies 1n
believe should exist in the algorithm of [Ul]

We conclude this section with a brief discussion
about the relationship that exists between
R = (8,C,K) and the optimized schema R' = (8',C',K')
We can easily modify the optimization procedure so
that, for each R1EU1]€ S, 1t produces a relational
expression e over S' involving only natural joims
and projections and, for each R;[Ui]e 8', 1t produ-
ces a relational expression ei over S 1nvolving only
natural joins, projections and unions. Moreover,
these collections of expressions have the following
properties Let D = {rl, rn} be a database for
S that satisfies C
D  Then, D' = {D(e}),
8' that satisfies C'

Then, D = {D'(ei),

Let D(e;) be the value of e; in
,D(e;)} 1s a database for

Now, let D'(el) be the value

,D'(e;)} That

of e 1in D'
1

1
1’
state of S to a consistent state of S', whose 1inver-

18, e ,e; i1nduces a mapping from a consistent

se 15 exactly the mapping induced by s 5€

n

It 1s 1n this sense that we say that R and R' are

equivalent (This notion of equivalence 1s discussed

in [Col)

Rl[Ull can be treated as a

Finally, observe that e indicates that

view of S'

5. SOME RESULTS ABOUT INDs, EXDs, UFDs and FDs

When attempting to use INDs, EXDs, FDs and UFDs
in any (automated) database design method, we have
to face two difficulties First, the decision pro-
blem for INDs alone 1s PSPACE-complete [CFP], which
i1mplies that most likely a design algorithm that

accepts any set of INDs will be computationally

hard

problem for INDs and FDs 1s decidable or not, let

Second, we do not even know 1f the inference

41

alone when EXDs and UFDs are also considered

We show 1n this section how to overcome these
difficulties in the context of restricted schemas
Our tactics 1s to present general results about de-
pendencies and then derive corollaries that help
understand the optimization procedure Our results
are somewhat more general than 1t 1s actually needed
1n the hope that they can be reused in other con-
texts or 1in connection with other classes of schemas

Section 5 1 indicates how to construct the
equivalence relation ER used 1n line 2 of the proce-
dure Section 5 2 shows how to detect vacuous EXDs
1n restricted schemas Finally, Section 5 3 contains
results that indicate that the optimization procedu-
re achieves each of the four goals proposed at the

end of Section 3
5 1 RESULTS ABOUT INDs

We describe 1n this section an easily solvable
case of the decision problem for INDs Recall from
Section 2 that, 1f X and W are sequences, then XcW
i1ndicates that X 1s a permutation of a subsequence
of W We also recall that I Ffo indicates that I

logically 1mplies O for finite databases

THEOREM 5 1 Let S = {R,[U,3, LR [U 1} be a set
171 non

of relation schemes and I be a set of INDs over S

Suppose that 1f Rp[W]s;Rq[Z] 1s 1in L then W = Z

Then, for any IND 0 = Rl[nggRJ[Y] over S,

we have that ch 1ff 0 1s trivial, or

(1) X =Y, and

(11) there 1s a path from R1 to RJ in the digraph

GX = (V,E), where V = {Rl’ ,Rn} and

(R ,R)€eE 1ff there 1s R [WIcR [W] in I
P q P q

such that XcW

(All proofs appear in Appendix B)

Let R = (§,C,K) be a restricted schema Recall

that 13,3 1ff T implies both R [K JcR [K_ ] and
R 1377
RJ[KJ]:;Rl[KJ], where I 1s the set of INDs in C

Now, since L satisfies the conditions of Theorem 5 1,

by definition of restricted schema, we can use GK
to detect 1f R [K JcR [K_J and R_[K JcR [K_ ] are
1] J 1 J ]

implied by I and, consequently, 1f 1 ER 3 holds

We may do better, though Recall from Section 4



that 1n a restricted schema Rl[KJJEQRJ[Kj] 1s abbre-

viated as ng RJ . Then, we directly obtain the

following corollary

COROLLARY 51 Let R = (5,C,K) be a restricted

schema  Suppose that § = {RIEUIJ, ,RnfUn]}

Let I be the set of INDs in C.

1ff ¥ implies both R <R and R _cR
173 i} 1

1ff 1

strongly connected component of G = (V,E),

where V = {1, ,n} and (1,)) €E 1ff ngRJe c a

Define 1 ER 3

Then, 1 ER h] and 3 1lie 1n the same

Corollary 5 1 then solves one of the problems
raised by an implementation of the optimization

procedure (line 2)
5 2 RESULTS ABOUT INDs AND EXDs

We 1nvestigate 1in this section the interaction
between INDs and EXDs
detect when the INDs and EXDs of a restricted schema

Our ultimate goal 1s to

1mply a vacuous EXD, since this 1is needed to imple-
ment our optimization procedure
We begin our investigation by presenting in

Figure 5 1 an axiom system for INDs and EXDs

THEOREM 5 2  The axiom system for INDs and EXDs
1s sound and complete (with respect to finite

and unrestricted implication)

AN AXIOM SYSTEM FOR INDs AND EXDs

11
R(X] cR[X]
2 R[A1 An]ES[Al An]
RCA A Jles[B . B ]
1 1 1 1
1 m 1 m
13 R[X1cslyl, slylcTl2Z]
R[X]cTlZ]
Fl RCXD | sf1)
sfyl | r(X]
RIA. . A ]lstA1 A1]
E2 1 ' 1 m
R[A; An] Isms1 Bn]
E3 RXJ | RIWD 1f R[X] | RIW] 1s vacuous
R(Y] | s(z]
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IE1  R[X] | R[W] 1f R[X] | RIW] 1s vacuous
R[Y]c s[z]
IE2  R[XJcsSlyl, Tlwlgulzl, SCyi|ulZ]
R[X] | TLW]
note 1n rules I2 and E2, 1 1, 18 any permuta-

1°

tion of any subsequence of 1, ,n

FIGURE 5 1

COROLLARY 5 2 Let I be a set of INDs and A be a

set of EXDs  Suppose that 1if Rp[W]gRq[Z] 18

in I then W = Z and that 1f Rk[U]l Rm[V] 1§ 1n
A them U =V
Then, Zu A

an EXD Rl[X] lRJ[X] 1n A such that there 1s a

implies a vacuous EXD 1ff there 1s

node Ra of GX such that there 1s a path from

R to R and a path fromR_ to R 1n G 0
a 1 a ] X

Given a restricted schema R = (S,C,K), since
all INDs and EXDs in C satisfy the conditions of
Corollary 5 2, we can efficiently detect when they
imply a vacuous EXD By a result of Section 5 3
(Theorem 5 4 - Part (1)), we can then use Corollary
5 2 to implement line 24 of the optimization proce-

dure

5 3 SOME RESULTS ABOUT THE INTERACTION BETWEEN
FDs, UFDs, INDs AND EXDs

We now turn to the question of showing that
the optimization procedure achieves the four goals
set at the end of Section 3 We will again state
results about dependencies that have as a corollary
the desired conclusions

Let € be a class of dependencies and CcC
We denote by C+ the set of all dependencies in C
that are logical consequences of C with respect to
finite databases Thus, 1f Z 1s a set of INDs, gt
indicates the set of all INDs that are logical con-~
sequences of I with respect to finite databases

Given mutually disjoint classes of dependencies,

Cl’ ’Cn’ a separability condition states when sets
+ n o+
Cljgcl , 1€1<n , are such that (C1U UCn) ,9 C

We first state a separability condition for INDs
and FDs (Appendix B contains an additional defini-
tion and a lemma that we need to prove the results

1n this section)



THEOREM 5 3 Let I be a set of INDs and T be a set
of FDs  Suppose that , 1f R[X1cS[Y]eZ and 1f
S WZel, then we have that Y = W
Then, (ZuT)* = ¥ ur”* 0

When we also consider EXDs, we can extend the -
results in Theorem 5 3 to a near separability condi-

tion

THEOREM 5 4 Let I be a set of INDs, A be a set of
FDs and T be a set of EXDs
1f R[XJ<cS{Yle? and 21f S WZel, then Y =W

Suppose that,

Then, we have
(1) for any EXD 8§, LuTuA Ffé 1ff Zy A Ffd

(11) for any IND 0, ZuTuA Ffo 1ff

either I Ffo or there 1s a vacuous EXD §
such that ZuA Ffé and § Ffo

(111) for any FD vy , ZuTuA FfY 1ff

erther T ny or there 1s a vacuous EXD §
such that ZuA Ffd and § ny

(1v) for any UFD § of the form

R XY, LR

X »>Y >
1 m m

1
we have that

(a) T }=f R XJ-*YJ

J
vacuous EXD over R1 , for any je[l,ml,

ZUFUA|=f¢v 1ff

or LuA 1mplies a

(b) 2uA}=f RIJ[XJ] | legxk] ,
for any j,kell,m] with 3 #%k 0O

This last theorem gives us enough understan-

ding about FDs, UFDs, INDs and EXDs to prove that

the optimization procedure achieves the goals set

at the end of Section 3

THEOREM 5 5 Let R' = (8',C',K') be the schema
produced by the optimization procedure when the
input 1s a restricted schema R = (S,C,K)

Then, we have

(1)
(11)

C' implies no vacuous EXDs,

all INDs implied by C' are of the form
R;_[X]sR_'][X] ,where XcK'

(111) C' 1implies no INDs of the form R;[K;]ER;[KSJ
and R;[K;]ER;[K;] at the same time,

1f C' i1mplies a UFD <R11 X1+Y1, ,

' R
le X oY > then C' also implies RIEXJ]I 1£Xk]
for any 3j,kell,m] with 3 # k O

(1v)
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This last theorem completes our study of the
optimization procedure and the results we wanted to

present about dependencies

6 CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

We have shown how certain classes of dependencies
can be used to place view integration on solid foun-
dations This was accomplished by dividing view
integration 1nto view combination and optimization
View combination uses dependencies to capture
assoclations between different views The optimiza-
tion step tries to reduce redundancy and the size of
the schema We have also shown that, under certain
circumstances, the optimization step can be automated

Our ability to construct optimization procedures
1s largely limited by two problems the complexity
of the inference problem for INDs and the tight in-
teraction between INDs, EXDs, FDs and UFDs Both
problems have to be overcome 1n the context of the
design methodology 1in question That 1s, one should
seek easily solvable special cases of the decision
problem for these dependencies that help the design
method Of special 1nterest are separability
conditions since all logical consequences of the
constraints defined i1n a schema should be easy to
antecipate

Further work should be directed towards extending
the optimization procedure given in Section 4 to more
general schemas, perhaps using other types of inter-
relational constraints The software engineering
aspects of view integration should also be stressed,
since the combination step depends entirely on

dictionary facilities to help locate redundancies
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APPENDIX A

AN EXAMPLE

(a)

students that, after uniformization of nomenclature

Suppose that different users observe sets of

can be represented by four relation schemes

(1) STLSN,NAME] ~ students

(2) USTL SN, UNAME,MAJOR] ~ undergraduates
3 GST[§§,GNAME,ADVISOR,GDEPT] ~ graduate stud
(4) TA[SN,TNAME,TDEPT] ~ teaching assist

In the combination step, 1t is detected that
UST, GST and TA define subsets of ST and that UST

and GST define disjoint sets This can be expressed

as
(5) USTL[SN] < STLSN], GSTLSN] c ST[SN], TA[SN]c ST[SN]
(6) USTLSN] | GST[SN]

It 1s also detected that NAME, UNAME, GNAME
and TNAME are synonyms, as well as GDEPT and TDEPT.

So, we must have

(7) <ST SN-NAME, UST SN-UNAME, GST SN-GNAME,
TA SN~TNAME>
(8) <GST SN>GDEPT, TA SN>TDEPT>

The result of the combination step 1s a schema
o = (5,C), where §
schemes (1) through (4) and C

consists of the relation
consists of the
dependencies in (5) to (8), plus FDs defining that

SN 1s the key of each of the four schemes

(b) We now observe that the INDs in (5) and the
UFD 1n (7) imply that

(9) UST[SN,UNAME] c ST[ SN,NAME]
(10) GST[SN,GNAME] c ST[SN,NAME]
(11) TA[SN,TNAME] c ST[SN,NAME]

Since the above dependencies indicate that
redundancies exist in ¢, the optimization procedure
deletes the UFD i1n (7) and transforms UST, GST and
TA to

(12) UST'[SN,MAJOR], GST'[SN,ADVISOR,GDEPT],
TA'[ SN, TDEPT]

Note that the attributes deleted can be recovered
from ST The optimization procedure eliminates the

UFD in (8) by creating a new relation scheme

(13) SD'[SN,DEPT]
by deleting GDEPT from GST' amd TDEPT from TA'

(14) GST"[SN, ADVISOR], TA"[SN]
and by adding two new INDs
(15) 6ST"[SN]1< SD'[SN]1, TA"[SN]c SD'[SN]

The 1initial schema 0 = (S,C) 1s then transformed

1nto o'= (8',C') where

(16) s'

{sT'[SN,NAME],SD'[ SN,DEPT],UST'[SN,MAJOR],
GST"[SN,ADVISOR], TA"[SN1}

{UST'[SN] < ST'[SN], GST"[SN]c ST'ISNI,
TA"[SN] < ST'[SN], TA"[SN]csSp'lsN],
GST"[SN1¢ SD'[SN], UST'[SN] | GST"LSNI,
GST" SN-ADVISOR, UST' SN-MAJOR

ST' SN-NAME , SD' SN-DEPT}

(17) ¢’

(e)

in 0 can be mapped into those of 0' , and vice-versa

Finally, we observe that the relation schemes

by the mapping below

(18) ST = ST'
TA = TA"*ST'*ST'
GST = GST"*ST'#*SD'
UST = UST'#ST'
(19) sT' = ST
TA" = TA[SN]
GST" = GST[SN,ADVISOR]

UST' = USTLSN,MAJOR]
Sp' TA[ SN, TDEPT] u GSTL SN, GDEPT]

APPENDIX B

PROOFS OF SELECTED THEQREMS

Proof of Theorem 5 1

Let S = {Rl[Ulj, ,Rn[Un]} be a set of relation

schemes Let I be a set of INDs satisfying the
conditions of the theorem Let 0 be an IND. If 0 1s
trivial, the result follows directly So assume that
0 1s not trivial Let A be the axiom system of [CFP]

(rules 11,12,I3) Since A 1s sound and complete, 1t
suffices to prove that ¢ 1s a theorem of I 1n A 1ff

(1) and (11) hold



(# ) We prove, by induction on n, that 1f there 1s

a proof of length n of o from I, then (1) and (11)

hold
basis assume that there 1s a proof of length 1 of
o fromZ Then, 0c€Z or ¢ 1s a trivial IND The

result then follows trivially
induction step assume that 1f there 1s a proof of
length m, m<k, of v from £, then (1) and (11) hold
Let 0 be such that there 1s a proof of length k

Let P = (Pl’

Assume that o 1s lex]gRJ[Y]

of ¢ from X ’Pk) be such a proof

case 1 Pk was obtained by transitivity (rule I3)

from Pr and Ps, for some r,s<k

Then, there are proofs of length less than k of
Pr from I and of PS from ¥ By the induction
1s R [XJcR [Y], P_ and
k 1 1 r
P must be of the form R [X]cR [Z] and R [2Z]cR [Y],
s 1 m m h|

Hence, X = Y

hypothesis, and since P

respectively, with X = Z and Z = Y
Moreover, there must be a path from R1 to Rm in GX
Hence, there 1s a path

X
This concludes the analysis

and from Rm to RJ 1n G
from R to R_ i1n G

1 1 X
of this case

case 2 P was obtained from Pr by permutation and

pfogectlon (rule I2) , for some r<k
Then, there 1s a proof of length less than k of
Pr from . By the assumptions of this case and
since Pk 1s Rl[lezRJ[Y], Pr must be of the form
Rl[Z]g;RJ[W], where X,Y are obtained by the same
permutation and projection from Z and W, respecti-
vely By the induction hypothesis, we must have
that Z = W and that there 1s a path from R1 to
RJ 1in GZ Therefore, Z = W 1mplies X = Y Moreover,
since XcZ, we have that GZ 1s a subgraph of GX
Hence, there 1s a path from R1 to RJ in GX This

concludes the case analysis and the induction

Therefore, 1f g 1s a theorem of I then (1) and

(11) hold

( %) Let 0=R1[X]5RJ[X] and assume that there 1s a

Let (R, , ,R. ) Dbe
o Tk
Then, by

X
= 1 and 1k =3)

path from R1 to RJ in G

such a path (with 1,

construction of GX’ for each me [0,k-1], there must

be R [X JcR [X ] e Z such that XcX Then,
1 "mT o1 m m
m m+1l
we can easily construct a proof in A of Rl[X]gRJ[X]

from I using these formulas to obtain R [X]g;R:L [x]
m m+l
by permutation and projection and then repeatedly
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applying transitivity

This concludes the proof [
DEFINITION 5 1 Let S = {Rl[Ull, ,Rn[Un]} be a
set of relation schemes and X be a finite set of
INDs over S

Let B' = {Sl’ ,s_} be a finite
n

database over § Let V = {vl/v1 1s a tuple over

R1[U1]’ for 1=1, ,n}

The completion or chase of B' with respect to I

and V 1s the finite database B = {rl, ,rn} over

S defined as follows

- 1nitially let ro=s for 1 = 1, sn

— add tuples to B by repeatedly applying the
following rule until no new tuples can be added
rule (*) 1f te rl
the form Rl[X] S_RJ[Y] then 1f t[X]¢ rJ[Y],

constructed as follows

and there 1s an IND in I of
add a new tuple u to rJ
ulY] = t[X] and ulAd = vJ[A], for all other
attributes A of RJ not occurring in X [J
LEMMA 5 1 Let B be the completion of B' with
respect to L and V
(a) B satisfies L,
(b) let T be a set of FDs and suppose that

1f R1[X] ERJ[Y] eX and RJ WVel thenY =W

Then, B satisfies [' 1ff B'also satisfies T

Proof

(a) Follows directly by construction of B
(b) Suppose that B' = {sl, ,sn} and B = {rl, ,
s . cr_ , for
1= "1
Hence, we 1mmediately have that 1f B

rn} Then, by construction of B,
1 =1, ,N
satisfies ', B' also satisfies I' To prove the

converse, suppose that B' satisfies T, but B does
not satisfy I' Then, there 1s an FD RJ W>V  which
1s not valid in B That 1s, there are two tuples
t,u€ rJ such that t[W] = ulW] but tlVv]l # ulv]
Since B' satisfies [, either t or u are not in

sJ Suppose that t 1s not in s Therefore, t was
introduced 1n B by rule (¥) Let Rl[X]g;RJ[Y] be

the IND 1n I used to introduce t By the
assumption on L and T, we then have W =Y
Therefore, t[Y] = ulY]

construction of B, since

But this contradicts the
t was unnecessarily
introduced 1n r Hence, we may conclude that B

satisfies all FDs in I, which was to be shown [I



Proof of Theorem 5 3

Let Z be a set of INDs and ' be a set of FDs Let
8 = {Rl[Ul],

question

,Rn[Un]} be the set of schemes 1n
Suppose that £ and T' satisfy the condition
Clearly, 2t uI*c zum)?
Let e (Zv F)+

of the theorem So, we

only prove the converse

case 1 assume that 0 1s an IND

We show that o€ st or, equivalently, that there 1s
a proof of ¢ from L in A, where A 1s the axiom
system for INDs of [CFP] (rules Il1, 12, I3 of

Am] <

,vn} be a set of

Figure 5 1)
Rb[B1
tuples such that v,

Suppose that O 1s Ra[A1

Bm] Let V = {vl,

1s over R (U ] and v =(0, ,0)
11 1

for 1 =1, ,n Let B' = {Sl’ ,sn} be the

database over S constructed as follows

- let t be a tuple over the attributes of Ra such
that t[Al] =1, fori1 =1, ,m , and t[A] = O,
for each remaining attribute A of Ra Let sa='t}

and s, = ¢ , for each remaining }

Let B be the completion of B' with respect to I
and V  Then, by Lemma 5 1, B satisfies ZuT
Since, by assumption, OE(ZLJF)+, the database B
satisfies ¢
Ra[Al Am] < Rb[ Bl Bm]
the tuple

That 1s, B satisfies the IND

But since ra contains

t, r. contains a tuple t', where

t'[Bl] =1, forbl =1, ,m
claim (*)
u[EP] = lp’ where 1p e[1,m], for each pell,k],
then Ra[All Alk] cR [E

We can prove that

1f r contains a tuple u such that

Ek] 1s a theorem

of Z 1n A

From claim (*) and since t' er,, 1t follows that

R [A A JcR.[B B ] 1s a theorem of T in A
a’l m ~"b 1 m .

Finally, since A 1s sound, we have that cel ,

which was to be shown

case 2 assume that 0 1s an FD

We show that 1f 0¢ T  then o¢ (Zu D), which
contradicts the assumption that oe (Z v F)+
Assume that o¢ I" and that ¢ 1s of the form
Ra X+Y We may suppose without loss of generality
that Y contains a single attribute A  Thus, since
c ¢ F+, we have that A ¢ DEP(X), where DEP(X) 1s
the dependency basis of X with respect to all FDs
in [ over R, Let V = {vl, ,vn} be a set of
tuples such that v, 1s over Rl[Ulj and v1=(0, ,0)

for 1 =1, ,0 Construct a database state
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B' = {sl,

- construct two tuples t

,sn} of $ as follows

and u as follows

. tlal = 1, 1f A€ DEP(X)
. t[A] =0, 1f AeU -DEP(X)
ulA) = 0 , for all Ac v,

- let s, = {t,u} and s, = @, for all other

relations

Let B be the completion of B' with respect to I
and V
Lemma 5 1 that B

Then, since B' satisfies [, we know by
satisfies ZuT But since

A ¢DEP(X), by construction of t and u, B does

not satisfy 0 Hence, we have that O¢ (ZLJF)+,
which was to be shown

This concludes the proof [J

Proof of Theorem 5 5

We first observe that R’ 1s a restricted schema
Moreover, by the test on line 24 and the transfor-
mation on line 25, C' does not imply any vacuous
EXD Now, the dependencies in C' satisfy the
conditions of Theorem 5 4 Therefore, since C'
implies no vacuous EXD, we then have that

(a) for any IND 0, C' Ff o 1ff Z Ff a,

(b) for any UFD ¥ of the form

<R1 Xleyl’ ’Rl

X > >
m m
1 m

we have that C' Ff Y aff
1 1]
c }=f R [xJ] lle[Xk]and c I=f R, XY

for any 3,kel1l,m] with 3 # k

Thus, using (a), Theorem 5 1 and the fact that R'
1s a restricted schema, we can show that C'
satisfies conditions (11) and (111) (to prove (111)
we have to use the transformation done on lines 10
to 12, which 1s not affected by the rest of the
procedure) Finally, condition (1v) follows
directly from (b)

This concludes the proof U
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