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ABSTRACT
The representative instance has been proposed as a
query answering device in systems using the Universal
Relation Interface. One approach is to use the total
projections of the representative instance to generate
the answer for a query. Associated with this approach
is the problem of how to generate the total projec-
tions of the representative instance cfficiently. We
proposc a generalization of cxtension joins, called
chase join expressions, as a means to compute the
total projections when functional dependencies are
given as constraints. In particular, we identify an
important subclass of chase join expressions called
simple chase join expressions and show that the total
projections with respect to 8 set of functional depen-
dencies can be computed by unions of simple chase
join expressions when an independent scheme is
assumed. We also find a simple and efficient algo-
rithm that minimizes the number of join operations in

& union of simple chase join expressions.
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1. Introduction

In recent years, the Universal Relation Interface
has been proposed to enhance user performance by
relieving users from specifying logical connections
among relations in their queries
[CK][KUIMUV]O][(S1)SP]. A fundamental problem
facing systems using the Universal Relation Interface
is the problem of defining and computing the connec-
tion among a set of attributes XCU. Schenk and
Pinkert [SP] implicitly assumed all join sequences con-
taining X C U return the same result and an algorithm
to find such a join sequence was given. In fact the
join sequences produced are extension jofns [H1].
With a 3NF, cover embedding and lossless join decom-
position database scheme, Osborn [O] derived an algo-
rithm which generates a union of extension joins to
compute the connection among a set of attributes X,
for any XCU. In the experimental query system “q”
in Bell Laboratories, a list of stored relations and pro-
cedures for computing virtual relations must be
specified. The connection among a set of attributes X
is found by scarching the list for the first relation R
such that X CR and letting =z(r) be the connection
among X [AK]. In System/U, it is assumed that all
relations are joined completely and the connection

2
among X is defined by wx (‘P_er,) [KUJU]. The expres-

sion is then minimized under the weak cquivalence.
However, this heuristic does not secem to work when
the database scheme is cyclic. In this case, maximal
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objects are used to break up cycles and limit the range
of connections [MU]. It was argued that dependency
constraints arc not sufficient to capture all the seman-
tic requircments of an application. A data model was
proposed to allow a database designer to specify expli-
citly connections among sets of attributes [MW]. The
model is known as the Association-Object Data
Modecl. In this model, associations are the basic units
of updates and storage. However not all meaningful
connections are contained within associations and
objects are used to specify meaningful connections
that cannot be captured by associations. The concept
of objects is essentially a generalization of maximal
objects in [MU]. The connection among X in this
mode! is defined by the union of projections on X of
all objects containing X [MW]. Yet another approach
is based on the total projections of the representative
instance, as was first proposed in [S1][S2]. In this
approach, the representative instance is believed to be
a correct representation of the information content of
a database. For any tuple in the representative
instance, the nonnull portion is assumed to be related
in a significant way. Hence, the nonnull portion or
the X -total projection is assumed to represent the con-
nection among a set of attributes X.

Example 1: R = {Ry(Course, Tutor, Instructor,
Dept), Ry(Course, Tutor, Room, Dept)}. F = {Course

~ Instructor , Course - Dept}.

Consider the following database state:

ri={<cy, t1, i, d>}, ra={<cy, 12, ry, d1>}. Suppose
we want to know who are the instructor and tutors of
a course. That is, we want to know the
Course_Instructor_Tutor relationship. In the total pro-
jection approach, we first set up the tableau for the

database state T, as follows:

Course Tutor Instructor Dept Room
r PO
d,

<1 [ [

cy 173 fl

We then perform a chase [MMS] on it to obtain the
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representative instance. From the functional depen-
dency Course - Instructor , every course has a unique
instructor. Since both tuples in T, have the Course-
component equsl, we can infer that 5 is also working
for instructor i;. Since no more inference can be
made from the state and the constraint, the represen-
tative instance of the state is as follows:

Course Tutor Instructor Dept Room
c1 [ i da
cy [ 73 iy d, ry

Hence the Course_Instructor_Tutor relationship is
defined by {<c,, iy, 11>, <cy, i, 1>} O

In this approach, the most straightforward way
of finding the X-total projections is to gencrate the
representative instance and perform total projections
on it. However, this takes time and space polynomial
proportional to the size of the database even if func-
tional dependencies are given and this may take
cxponential time and space if the full join dependency
QR is given as a constraint. If the constraints are a
sct of functional dependencies plus s full acyclic join
dependency PR, then chasing the representative
instance can be done in polynomial time proportional
to the size of the database [Y1]. Sagiv considered
certain classes of database schemes and showed that
the X -total projections can be computed using unions
of extension joins [S1[S2].

We believe Sagiv’s approach is an interesting
and attractive one, since generating the representative
instance may be too costly. Furthermore, existing sys-
tems do not provide facilitics to support the chase
procedure. In this paper, we generalize the concept of
cxtension joins [H1] and propose a class of expressions
called chase join expressions’ as a means to compute
the X -total projections of the representative instance
when functional dependencies arc given as con-

straints. This class of expressions provides a tool to

’lndependenﬂy, & similar class of expressions called FD-joins
was peoposed in [MRW].



simulate the representative instance without physically
constructing the tableau. For instance in Example 1,
we can find out the instructor of a course in r; by
joining r; With Wcars,maracer (R1), Since from the
functional dependency Course- Instructor, we know
each course has a unique instructor associated with it.
analysis,  the
Course_Instructor_Tutor -total projection can be com-

Therefore by a simple

puted by the following expression:

W Course, Instructor , Tutor (RI)U W Course, Instructor , Tutor (Rl

N T Course , Instructor (R l)) i

In fact the expression is a union of an important
subclass of chase join expressions called simple chase
join expressions. To illustrate that chase join expres-
sions are a natural way to simulate the representative
instance, we show that for any X C U, the X -total pro-
jection with respect to a set of functional dependen-
cies for an independent scheme can be computed by a
union of simple chase join expressions. This general-
izes the results in [S1)[S2]. Since the join operation is
the most expensive operation in a relational system
and since efficiency is our prime concern, a simple
and efficient algorithm is derived to minimize* the
number of join operations in a union of simple chase
join expressions.

Having defined the necessary notation in Sec-
tion 2, in Section 3, we derive an algorithm that gen-
erates unions of simple chase join expressions to com-
pute the X-total projection with respect to a set of
functional dependencies when an independent scheme
is given. In order to optimize a union of expressions,
we need a characterization of containment and
equivalence of expressions. The equivalence problem
has been studied in [GM1] and in Section 4, we
extend their results and characterize when one
expression contains the other over the consistent

states. Having known how to test containment and

HMinimization {oc optimization) of an expression means finding
an equivaleat cxpression with the minimal number of join
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equivalence of expressions, we show how to optimize
a union of simple chase join expressions efficiently in
Section 5. Finally in Section 6, we conclude with a

discussion of some remaining problems.
2. Definitions and Notation

2.1 Basics

We fix a finite set of attributes U =
{A, ....A} and call it the universe. A rtuple defined
on R ={A,,...,A;} is a function p that maps each A,
to a value, 1sis j. The value can cither be a blank,
a constant or a variable taken from an infinite set of
uninterpreted symbols. If p isatupleon R and X is a
subset of R, u[X] denotes the restriction of p to X.
We say p|X] is soral if u[A;] is a constant, for all
A;€X. Let w3 be the restricted or total projection
operator which is defined as =wy(I)={sr[X]is€l and
t[X] is total}. Let m denote the usual projection
operator.

2.2 Cenisistency, Expressioa Values, Equivalence and
Containment of Expressions

Let R = {R,,....R]} be a database scheme. A
database state 7 on R is said to be consistens with a set
of dependencies ¥ if 8 weak instance exists for the
state with respect to 3 [GMV][H2[V]. Let
WSAT (RX) = {r | r is defined on R and r is con-
sistent with 3}.

We shall consider relational expressions in
which the only operators are sclect, project, (natural)
join and union. If only the operators select, project
and join are involved, the expressions are called SPJ-
expressions. The operands are relation schemes in a
databasec scheme. Let £ be a rclational expression
with operands in R = {R,;,...,R}. Then E(r)
denotes the value returned by E if a database state
,n> on R is substituted into the
corresponding relation variables in E and the opera-
tors applied according to the usual definition. Let E,
and E; be two relational expressions with operands
defined on R. E; is said to comain E,, denoted by

r=<ry...



E\DE,, if for all consistent states r on R,
E;(r);)Ez(r). E, is said to be equivalent to E,,

denoted by EymE,, if E\QE; and E,DE;.

2.3 Tableaux and Containmeat Mappings

A tableau is a relation defined on U. Each
column of a tableau corresponds to an attribute in U.

The domain of the i

column of the tableau,
corresponding to some attribute A,, consists of the dis-
tinguished variable (dv) a;, countable many nondis-
tinguished variables (ndv's) {b;} and constants taken

from the domain of A;.

The first row of a tableau (if there is any) is
called the summary and only contains dv's, constants
and blanks. The attributes corresponding to nonblank
columns of the summary definc the targer relation
scheme of the tableau. All the other rows in a tableau
are simply called rows. A row of a tableau may con-
tain dv’s, ndv’s and constants. No variables can
appear in two different columns» in a tableau, and a dv
does not appear in a column unless it also appears in
the summary of that column {ASU1]. Each row in a
tableau is optionally tagged with some relation scheme
R.

A valuation function v : $,~ S, is a functional
mapping on symbols in set §; to symbols in sct S, with
the following restrictions:

® v maps a ndv to a ndv, a dv or a constant.
© v maps a dv to a dv or a constant.

© v is an identity mapping on constants.

If v is also an identity mapping on tags then v is
called a tag preserving valuation function. Unless oth-
crwise stated, all valuation functions are tag preserv-
ing. A comtainmens mapping v from tableau T, to
another tableau T, is a valuation function on the set
of symbols in rows of T, to those in rows of T, such
that if 1, is a row in Ty then v(r;) isarow in T,. A
tableau T, is said to contain T, written T DT, if they
define the same target relation scheme and there is a
containment mapping from T, to T, [ASUl). T, is
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said to be equivalent to T,, denoted by T' =T, if
712 T; and Tz:Tl.

Given a database state r=<r,....nn>, we
define a tableau T, on U {TAG} and call it the
tableau for the state r. For cach relation r, €r, and for
each tuple ¢ €r,;, there is 8 row s in T, corresponding
to it. The tuple s is said to originase from r; and is
defined as follows:

os[R]=1.

® s[A] = b;, b; is a ndv or mull symbol that
appears nowhere elsc in T, , A€U —R;.

® s[TAG] = R,.

The summary of T, is undefined. Let E be a SPJ-
cxpression. Then we can always construct a tagged
tableau T, for E. Furthermore, E(r) = T,(T,), for
any state r [ASUI].

2.4 Functional Dependencies, Transformations and
Chasing

Unless otherwise stated, the kind of constraints
considered here are functional dependencies (fd’s) [Co).
Given a set of fd’s, there are additional dependencies
implied by this sct. The sct of dependencies that is
logically implied by F is the closure of F, denoted by
F*. F is said to be nonredundams if there is no
X- A€F such that (F—{X- A})* = F*. Given a set
of attributes X, the closwre of X with respect to F,
denoted by X, is the set of attributes {A IX- A€F*}.

A fd X~ A is said to be embedded in a relation
scheme R if XACR. The projection of a set of fd’s F
onto R, denoted by F*IR,, is the set of projected fd’s
X~ ACF* such that XA is embedded in R,. A data-
base scheme R is said to be cover embedding for a set
of [d’s F if there exists a set of fd’s G with G*'=F*
such that for cach fd X+ A€G, X+ A is embedded in
some R, €ER. A database scheme is said to be depen-
dency preserving, if for any instance I definedon U, I
satisfies F implies Pwp(l) also satisfies #. By a
Theorem in [BMSU], R is cover embedding implies R
is dependency preserving.



of fd’s. We use

to represent a transformation

Let F be a set
=</, l;,,X- A>
applying to a tableau T, where /, and /, are rowsin T
and X~ A€F*. A transformation 7t is valid if /,[X] =
L[X]- A transformation 7 is applied to a tableau T,
denoted by +(T), if v is valid and T is changed

according to the following ways:

o If both /,[A] and /,[A] are distinct ndv’s then
replace the one with lower subscript with the
higher one. If one of them is a ndv but the
other is not, replace the ndv with the other. If
onc is a dv and the other is a constant, replace
the dv with the constant. If both are distinct
constants then 7(T) = & and T is said to con-

tradict T.

Let v=r;---1, be a sequence of transforma-
tions. Then 7(T) = 7,(v,1( - - - 7(T) ---)). Let T be
a set of dependency constraints. The representative
instance for a state r, denoted by CHASE x(T, ), is the
final nonempty tableau obtained from T, by applying
all valid transformations corresponding to X exhaus-
tively to T,. Given a representative  instance
CHASE (T,), the X-total projection on CHASE x(T,) is
defined as w;(CHASEx(T,)). A database scheme is
said to be bounded with respect to a set of dependen-
cies if for any XC U and for any tuple ¢ in the X-
total projection of the representative instance for any
consistent state r, ¢ can be derived from T, by at
most k applications of transformation, for some con-
stant k. It has been shown that R is bounded exactly
when every X-total projection of the representative
instance can be computed by a finite predetermined

relational expression [MUV][GM2].

2.5 Derivation Sequences and Chase Join Expressions

Given a set of fd’s F, a derivation sequence (ds)

of some relation scheme R, is a finite sequence of fd’s

{f1:¥Y~ 24,
ing conditions:

«oofm : Yu—~ 2.} satisfying the follow-
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oY, ~Z;€F* foralllsjsm.
j-1
E=1
it
(Unz:y R,o) =, foralllsj=m.
k=1
The ds is said to have a length of m. Essentially a ds
of R; o is a sequence of fd’s used in computing the clo-

sure of R,c. A ds of R‘o covering X is a ds of R; o such
»
that (UIYJZ,U R,o) 2X.
j-

A ds is said to be decomposed if for every fd
Y;~ Z; in the sequence, Z,=A;, for some A, €U. We
can always obtain a decomposed ds from a nondecom-
posed by Y- 2
Y- A‘n' S £ A,’, where Z,-=A,l .. -A,’, for all

one replacing with

Y¥,~ Z; in the ds. Two decomposed ds’s of R, o are said
to be equivalens if they are identical up to permutation
of fd’s in the sequences. Two ds’s are equivalent
exactly when their decomposed forms are. A decom-
posed ds of R; o covering X is said to be nonredundant
if for all 1sjsm, f,:Y;- A;, cither A;€X or
A €Y,, forsome k>j. A dsof R‘o covering X is said
to be nonredundans if its decomposed form is.

Example 2: R = {R((AB), R;(AC), Ry(BD)}. F =
{A- C,B~ D}.

The following are two ds’s of R; covering AD:
{A-C,B~-D}, {B~-D, A~-C}. The two ds’s are
equivalent. Consider the ds {A- C, B~ D}. A~ C is
redundant for C ¢AD and C+#B. Hence {B- D} is a
nonredundant ds of R, covering AD. O

Let R, and R; be a pair of relation schemes for
which there exists ¥ C R, - R, such that
RiNR,~ YEF*. The join of r; and “‘Fl“"z)U ,(r2) is
called an extension join [H1). A generalization of
extension joins is called chase join expressions (cje’s)
and are recursively defined as follows:

(¢)) R, isa cje defined on R, o for any R, €R.



Let E; and E; be two cje’s defined on R and §
respectively. Then E; Q =gy (E;) is a cje
defined on R|J Y, where XCRMS,YCS-R,
and X~ Y€EF*,

@

Given a ds {¥|~ Z,,...,¥a~ 2.} of a relation

scheme R, covering X, if each fd is embedded in
some cje, then we define the cje E for the ds as fol-

lows:

E=msRiMNwrz(E; )N -+ N wr 2z (E ),
where for each 1< j<m, ¥;Z, is embedded in E,J, for
some cje E,I. In particular, if each E,} is some relation
scheme R,l, 1s j<s m, then the cje for the ds is simple.

Otherwise it is a complex cje. In the subsequent dis-
cussion, we use cje to mean cje for some ds of a rela-

tion scheme covering X, for some X C U .

The following example demonstrates how cje’s
can be used to compute the X -total projections when

a sct of fd’s F is given as the constraint.

Example 3: R = (R(Course, Teacher),
Ry(Course, Hour , Room), R(Teacher , Hour , Phone)},

F = {Course -~ Teacher , Teacher Hour - Room}.

R, represents the Course_Teacher relationship.
R; keeps track of the time and place a course is held.
The phone number a teacher can be reached at a
specific time is stored in R;. The constraints that each
course is taught by a unique teacher and that a
teacher can be in only one place at a time are

by

Teacher Hour - Room

Course - Teacher and
Let T, be a
CHASE,(T,) is

obtained from T, by applying transformationsto T, .

represented
respectively.

tableau for a consistent state r.

Suppose t; is a tuple in CHASE,(T,) that ori-
ginates from r,. Since r,{Hour Phone] are assigned
with distinct null symbols in T, and there is no fd of
the form Y- Hour or of the form Y - Phone,
t\[Hour Phone] are distinct nulls in CHASE.(T,).
Since ¢,[Hour ] is a distinct null symbol, any transfor-
will not involve the fd

mation involving ¢
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Teacher Hour - Room. Therefore t,[Room] is also a
distinct null symbol in CHASE,(T,). Hence the
Course_Teacher components of ¢; are the only com-
ponents containing constants in CHASE,(T,) and all
other components are distinct nulls.

Consider a tuple ¢, in CHASE,(T,) that ori-

ginates from r;. Clearly Cowurse_Hour_Room-
components are constants. The Teacher -component of
t; is constant if and only if there exists a tuple ¢, that
originates from with
t;[Phone] cannot be constant for there is no fd of the

form Y - Phone in F. Therefore for any tuple ¢, that

ry 11[Course =t {Course].

originates from r; in CHASE,(T,), the nonnull por-
tion can be obtained by applying at most one transfor-
mation to T,. In particular, the transformation is of
the form <t;, t;, Course—~ Teacher>, where t, is a

tuple that originates from r,.

Consider a tuple 75 that originates from ry in
CHASE,(T,). Clearly the Teacher_Hour_Phone-
components arc constants in CHASE,(T,). The
Course -component can never be constant for there is
no fd of the form Y- Course in F. The Room-
component of ¢35 is constant if and only if there exists
a 7, that originates from 7, in CHASE, (T, ) such that
t)[Teacher Hour |=ty[Teacher Hour). Since ty[Teacher)
could become constant after application of one
transformation, fy{Room] can be derived by applying
two transformations to T,. Therefore any constant
components of any tuple in CHASE,(T,) can be
obtained by applying at most two transformations.
Hence R is bounded.

we want to compute the

Suppose
Teacher_Hour_Room_Phone -total projection. That is
we want to find the teacher, time, place and phone
in CHASE,(T,) whose

Teacher_Hour_Room_Phone <components are constants

relationship. Any tuple

are those tuples that originate from r;. From the
analysis presented above, the following complex cje
returns the Teacher_Hour_Room_Phone -total projection
for those tuples that originate from rj:



"!’m}n,!ﬁ.lm.?ﬁaw(klm W Taocker, Howr , Room ( R2
” T Course , Toacher (R l)))'

The  subexpression Troscher , How, Room (R2 P
T Courre, Teacher (R1)) rCturns the Teacher_Hour_Room-
total projection on those tuples that originate from 7.
Hence the subexpression R3 P T reacker, Hour, toom (R2 P4

returns the

T Courre, Teacker (R1))
Teacher_Hour_Room_Phone -total projection on tuples
that originate from ry. Since tuples in the representa-
tive instance whose Teacher_Hour_Room_Phone-
components are constants must originate from rj, the
above expression is an expression to compute the

Teacher_Hour_Room_Phone -total projection. O

3. Computing Total Projections for Indepeadeat
Schemes with Unions of Simple Chase Joia Expressions

In this Section, we show that there is an algo-
rithm which generates unions of simple cje’s to com-
pute the X -total projections with respect to an embed-
ded cover F when an independent scheme is con-
sidered. Before we give the algorithm, some funda-
mental properties of independent schemes are needed.

Independent schemes were defined in [GY] and
a polynomial algorithm was given to recognize an
independent scheme when X = H | {MR} is given as
the constraint, where H is a set of fd's. A database
scheme R is independent if verifying that cach rela-
tion is consistent with its projected dependencies
suffices to ensure the state is globally consistent. In
fact, the set of projected dependencies is a set of fd’s.

Theorem 3.1: The following are equivalent.

(1) R isindependent with respect to X.

(2) R is independent with respect to F, where F is
the set of fd’s implied by X.

(3) If for each r;€r, r; satisfies F*IR;, then r is a

consistent state for any r defined on R.

[Proof): See [GY). O
In fact, R is cover embedding with respect to F.
I [GY]) an algorithm was derived to find an embed-
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ded cover F if R is independent with respect to X. In
the subsequent discussion we assume the embedded
cover is given when an independent scheme is con-
sidered. In the rest of this Section, we derive the
algorithm by showing that the representative instance
for any legal state defined on an independent scheme
can be obtained by chasing the tableau for the state
in a particular way. Without loss of generality, we
assume F =L‘) F,, where F, is a nonredundant cover

for F*IR,, for any R, €R. Also, all ds’s are assumed to
be decomposed. The following algorithm will convert
T, to CHASE,(T,).

Algerithm 1: Chasing the tableau for an independent
state.
(1) Finish = false. Loop until finish = true: If there
isan X~ A€F and ¢y, ¢ in T, such that ¢,[XA]
arc constants, £,[X] = ¢,[X] and r,{A] is a null
symbol then #,{A ] is equated to £,{A ], else finish

= true.
(2) Let the resulting tableau after step (1) be T,.
Chase T, to get CHASE,(T,). O
During step (2) of Algorithm 1, only null sym-
bols are equated.

Lemms 3.1: Let R be an independent scheme
with respect to an embedded cover F, where F is a
set of fd’s. Let r EWSAT (R, F). Consider the chasing
of T, using Algorithm 1, then in step (2) of the Algo-
rithm only null symbols are equated.

[Proof]: See [C]. D

The following Lemma shows that cach derived
value in CHASE,(T,) is "uniquely” derived from a
relation for an independent scheme.

Lemma 32: Let R be an independent scheme
with respect to an embedded cover F, where F is a
set of fd’s. Let r €WSAT (R, F) and for any non-
redundant cover F; of F*IR;, for any R;€R and for
any X~ A€F;, wys(CHASEx(T,)) = mxs(r;)-

[Proof]: See [CM]. O



Let r €WSAT (R, F) and let ¢t €CHASE,(T,),
where ¢ originates from r;. Define T = {A | ¢[A]
becomes constant in the chase process} = RA; - - - A;,
k=0. Using Algorithm 1 and by Lemma 3.1, there
exists a sequence of transformations x that changes
t[A; -+ -A,] from nulls to constants. Without loss of
generality, we assume ¢[A; - - - A;] become constants
in the order A; ---A;. Clearly cach entry ¢[4,] is
changed by exactly one transformation. Therefore
ixI=k and let the fd’s involved in x be
Xi~Ap...5h=-A) = {f1i.....[fa}, k=0. By the
assumption of F, cach f; is embedded in some rela-
tion scheme. In an independent scheme, each f; is
embedded in at most onc relation scheme. Hence
cach f, is embedded in exactly one relation scheme,
let the relation scheme be R, x '

It is clear that {f1,....f.} is a ds of R, cover-
ing {A;, ...,A:}. This follows directly from step (1)
of Algorithm 1. We claim that the following simple
cje E for the ds {f, ...,.f1} produces a relation
containing ¢[T'],

E=RNR '“X‘At(RIJ o RN o 'X‘A‘(R[‘), where
R‘, embeds f;.

Lemma 33: Let ¢, T and E be defined above.
t[T)EE(r).

[Proof): Prove by induction on the number of
transformations that change ¢ during the chase pro-
cess.

Basis: k=0. T =R;. E =R; and since ¢ originates
from r;, ¢t[T ]J€E (r). Hence the basis is established.

Induction: k>0. Suppose the induction
hypothesis is true for all tuples #€7T, such that
t[RiAy - - -A,_;] are constants after ¢ is changed by
k-1 transformations in step (1) of Algorithm 1. Sup-
pose ¢[R;A; - + - A;] become constants in the chase pro-
cess. Let x=<s, 1, X;~ A,> be the transformation
that transforms ¢[A; ] from null to constant in step (1)

of Algorithm 1, where X, - A, is embedded in R,. By
the induction hypothesis, #[R;A; - - - A, _i] is contained
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in some simple cjc E for a ds of R;, where £ =
RN 13‘41(&1) N ---N wx‘_‘,,._l(k,k_‘). We want
to show that 7[R;A; - - - A, ] is contained in the simple
cic E M wr,a, (R,).

Before x is applied s[X,A,] are constants. By
the assumption of F and by Lemma 32,
sXA)€my (ry,). tRA---AJE N

wx,4,(r,). This completes the induction proof. O

Hence

Next, we want to show that in general given any
simple cje for a ds of R;, it only produces total tuples
CHASEy(T,). Let a ds R; be
{F1X~ AL ... [1X- A). Let E =
RN w,t,l(k.l) [ TR | w,‘,“(&‘) be a simple cje.

in of

Lemma 3.4: Let r € WSAT (R, F), R is any data-
base scheme. Let E be defined above. For any
t€E(r),t = s[T), for some s in CHASE,(T,).

[Proof]: This can easily be proven by a simple
induction on the number of joinsin E. O

By Lemmas 3.3 and 3.4, the set of all simple cje’s
for ds’s of R;’s produces cxactly the set of total tuples
in the representative instance. Hence we have an algo-
rithm to compute the X -total projections with respect
to the embedded cover F for an independent scheme.
The method is as follows. First, find a cover
F =L‘J F,, where F; is a nonredundant cover for

F*R,, for every R, €R. Then for each R, €R such that
R*2X, find all nonequivalent ds’s of R, covering X .
The ds’s are of the form {X;~ Ay, ..., X.~ A,}, where
X;~ A;€F, for all 1< jsm. For cach of these ds’s,
construct a simple cje for it. It is worth mentioning
that the simple cje constructed is in fact unique. The
union of all these simple cje’s is an expression for
computing the X -total projection.

Theorem 32: Let R be an independent scheme
with respect to an embedded cover F and let XCU.
Then the X-total projection of the representative
instance is given by E = L‘J wx(E;). That is E is the

union of all simple cje’s obtained as described above.



[Proof): Follows from Lemmas 33 and 34. O

In computing the X -total projections, we do not
have to enumerate all ds’s of R; covering X, R, €R. In
fact we will show that we only need to consider the

nonredundant ones. This follows from a more general

result.

Suppose R'DX and let
={f1:¥Y1~ A, ...,fm :Yu~ A.} be a redundant ds
for R; covering X. Let
x={fr:¥’~A/' ....f:¥,~ A,'} be a nonredun-

dant ds of 7. Let the redundant fd’s removed from =
ber’ ={g:Zy~By....8 :2Z,~B,}). Let E, be acje
for v. Let E, be a nonredundant cje for x and is
obtained from E, by deleting those subexpressions
corresponding to redundant fd’sin 7’.

Lemma 35: Let E, and E, be a redundant and
its corresponding nonredundant cje respectively.
Then E,DE,. .

[Proof}: This can ecasily be proven by using the
fact that joins are associative. O

Example 4: R = {R{(AB), Ry(ABCDEF)}. F =
{AB~-D,BC~E,B~-C,D~F,E~F}.

R is an independent scheme and F = F, is a
nonredundant cover for F*IR,. Supposec we want to
find the ABCF -total projection. Since R{" D ABCF and
R$ DABCF , we consider them individually. With F,
the following are all the nonequivalent and non-
redundant ds’s of R, covering ABCF .

(1)B-C,BC~-E,E~F.

(2)AB-D,D-F,B~C.

The simple cje’s for them are

Ey = macr(Rr N wac(R2) M mwacz (R2) N

wer (R2)). ‘

E; = mpcr(Ry M map(R) M wor(R) N

mac (R2)).

Since R,DABCF, the only nonredundant ds is the
empty sequence and hence the simple cje for R, is
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Ea = macr (R)).

Therefore the ABCF -total projection is computed by
E\W\JE:|JEs O

As a consequence of Theorem 3.2, independent
schemes arc bounded with respect to the embedded
cover F.!

Corollary 3.1: Let R be an independent scheme
with respect to an embedded cover F. Then R is
bounded with respect to F .

Although the expression E generated by our
method is used to compute the X-total projections
with respect to F, this method can still be used when
I =F | {KR} is given as a constraint. It is proven in
[CM] that given a dependency prescrving scheme R,
for any RER, XCR;,
wx(CHASEr(T,))=ny(CHASE 3(T,)). Since indepen-
dent schemes are cover embedding and hence depen-

and for  any

dency preserving, the X -total projection with respect
to ¥ can be computed by our method for any X CR;,
and for any R, €R. Also, if the independent scheme is
a lossless join decomposition [ABU], it is easy to ver-
ify that wy(CHASE,(T,))=nx(CHASEx(T,)), for any
XCU. Hence our method is still applicable in these
cases.

4. A Characterization of Equivalence and Contain-
ment of Expressions '

In [GM1), a characterization of when two
cxpressions are equivalent over the consistent states
was derived. We extend their work a bit here and
characterize when one expression is contained by the
other. As in [GM1], the set of constraints ¥ con-
sidered is a set of equality generating dependencies and
total tuple generating dependencies [BV][F]. Also all
cxpressions are assumed to be defined on the same set

of attributes.

Theorem 4.1: Let E,, E; be two SPJ-cxpressions.
EmE, if and only if CHASE 3(T¢ )= CHASE;(T;).

t Independently Maier et al [MRW] obtained a similar result.



[Proof}: See [GM1]). O
Lemma 4.1: Let T be any tablcau. Then there
exists a containment mapping from T to CHASE x(T ).

[Proof): This can be proven by a simple induc-

tion on the number of transformations appliedtoT. O

Lemme 4.2: Let T, T’ be two tableaux and v a
containment mapping from T to T’ x is a valid
scquence of transformations for T. The transforma-
tions x, are forme;d by composing x with the mapping
in v. Then x, is valid for T’ and v is a containment
mapping from x(T ) to x,(T"), provided x,(T ")+ @.

[Proof): See [GM1). O

Lemma 4.3: Let r be a consistent Qtate. For any

SPJ-expression E, Te(T,)
CHASE 5(Ts (CHASE 5(T)).

[Proof]: See [GM1]. O

Lemma 4.4: Let E,, E, be two SPJ-cxpressions.
E\QE, implics T; 12 CHASE;(T;,).

[Proof}: See [GM1]. O

Theorem 4.2: Let E,, E, be two SPJ-expressions.

The following are equivalent.

(1) E2E.,
(2) CHASEy(T; )2 CHASEx(Ty ).
(3) . Tp 2 CHASEx(T¢).

[Proof]): (1)=(2). (If) Given any consistent state
By Lemma 43
=

CHASE 3(Tg 2)(CHASE i(T,) =T, 2(T,). Hence E D E,.

r, we want to show that E,DE,.
T (T,)=CHASE (¢ )(CHASEx(T.))

(Only if) By Lemma 44, T, = CHASE;(ng).
Hence there exi-sts a containment mapping v from Te,
to CHASEx(Ty,). Apply a scquence of transforma-
tions x to T , to obtain CHASE (T, l). Let x, be the

sequence of transformations obtained by composing x
with the mapping v. By Lemma 42, there exists a
containment mapping v from CHASEx(T, l) to
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CHASEx(T:.).

(2)=(3). (If) Using an argument similar to
(Only if) above, there exists a containment mapping

from CHASE;(TEI) to CHASE;(TEZ). Hence

CHASE (T l):,) CHASE (T, 2).

(Only if) There exists a containment mapping
from CHASE 3(Tg l) to CHASE;(T,Z). By Lemma 4.1,
there exists a containment mapping from Tgl to
CHASE (T, 1). Since composition of containment
mappings is still a containment mapping, T‘x =2

CHASE3(T ). O

5. Efficient Optimization of Unions of Simple cje’s

Before we show how to test containment and
how to minimize simple cje’s, we need to know some
properties of this class of expressions. Let us consider
a more general class of expressions. Let v =
{f1:Y1 2y, ....fm :¥Yu=2.} be a ds of Ry, Let

E=ny (R R 7w RN -+ K 7w, (R,)),

k=m and for cach f; in 7, there exists at lcast a W,

where

such that W,DY,Z;. Furthermore for each W,, there
exists a nonempty subset {¥; ~ Z; , . .. 2 Z,’} of t

such that Wj =Yllzjl e Y/’Z]’ and W]CR[J. Let T,

be a tagged tableau for E. We use Iy, ..., to
denote the set of rows in T; corresponding to the
subexpressions R, ... .w.‘(R,‘) respectively. In par-
ticular, if there is a one-one correspondence between

fd’sin T and W;’s in E, then E is a simple cje for 1.

Given a tableau T, and A €U, a symbol /,[A] is
said to be significans if cither /,[A] is a dv or is a
repeated symbol. A symbol is said to be repeared if it
appears in more than one row. Let /, and /, be any
two rows in Tz. I, is said to contain I,, denoted by
L=, if for all A€U, L[A] is a significant symbol
implies I,[A] is also a significant symbol. The follow-
ing is a way to obtain CHASE, (T;).
Algorithm 2: Given T; and a set of fd’s F, return
CHASE,(T;).



Input: A set of fd’s F and the tableau Tz, wherc E is
an expression defined above.

Output: CHASE; (Tg).

Method: We chase T in the following way:
(1) Apply transformations to Tz such that for all
1sj=m, Io[Z;] is sct equal to [,[Z;], where W,
embeds Y,Z; and no other entry is changed.

Let the resulting tableau be T;’.

(2) Apply transformations to T,;’ to obtain

CHASEp(Tg). O

Lemma 5.1: In step (1) of Algorithm 2, we can
always get T’ from T, by applying m transformations
Xt*°*Xm to Tg, where x; = <l l,j, Y;-2,>,

1s j=sm and for any W’/ contains Y, Z;.

[Proof}: This can be proven by a simple induc-

tion on the number of fd’sint. O

By the way T is defined, if there are two W,,
W, embed f;¥;~ Z;, then L[Y;Z;]=,[Y;Z;] in T,.
Therefore after step (1), for all W,’s embed Y,Z;,
L{Y,Z;]=1Y;Z;), for all fd’s f;
W.=Y,Z, --- Y,'Z,', after step (1), I, [W, ]=1([W,], for

in 7. Since

alliss<k.

Lemmsa 5.2: Let I, be a row in CHASE,(Tg),
p=1. Forall ACU, if A¢W," then [, [A] is a distinct
ndv in CHASEy (Tg).

[Proof]: Since transformations in step (1) only
change entries in I, this can be proven by an induc-
tion on the number of transformations applied to T’
in step (2). See [C] for detail. O

The following Theorems and Corollaries sum-
marize some fundamental propertics of the chased
tableau CHASE (T ).

Theorem 5.1: Let /, be a row in Tz, p=1. Then
the following are equivalent.

(1) Aew,.
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@
(€)

1,[A]=1{A) in CHASE,(T¢).
1,[A]is a significant symbol in CHASE,(T¢).
[Proof): (1) => (2). After step (1) of Algorithm
1, ,[W,]=1[W,], for all 1sp=<k. Hence if A€W,",
1,[A]=14A] in CHASE, (T:).

(2) => (3). Follows directly from the definition
of significant symbols.

(3) => (1). IfA¢W,", by Lemma 52, [,[A] is a
distinct ndv in CHASE, (Tz). O

Corollary 5.1:
CHASE,(Tg), there is at most one significant symbol

For each column A in
in it.

[Proof]: See [C]. O

A tableau is said to be simple if in any column
with a repeated ndv there is no other repeated symbol

in that column [ASU1)JJASU2].
Corollary 5.2: CHASE, (T ) is a simple tableau.
[Proof]: See [C]. D
Theorem 52: IgJA] is a significant symbol in

]
CHASEp(Tg) if and only if A€ W," or AC€(X M) R ).
=1

[Proof): (If) For any attribute A€(X M R),
lofA] is a dv and hence a significant symbol in Ty.
Suppose A €W,', for some 1<spsk. By Theorem 5.1,
we know Io[A]=i,[A])in CHASE,(Tg). Therefore IA]
is a significant symbol.

(Only if) Suppose there exists A (X (M R;)) and

A
A¢dU W, but IgA] is a significant symbol. Since
=1

AdX N R,o), 1gJA] is a repeated symbol in
CHASEy(T;). This mecans there exists /,, 1spsk,
such that /¢{A]=],[A]. By Theorem 5.1, A€W,". A
contradiction. O

Corollary 5.3: Let /,[A] be a repeated symbol in
CHASEy(Tg), for some 0sp=<m. Then there exists /,
in CHASEr(T:) such that p+#gq, I, and I,
different tags and /,[A] = [ [A].

have



[Proof}: See [C]. O

We are now ready to show how to optimize a
union of simple cje’s. Given two simple cje’s E;, E;
for some ds’s of some relation schemes covering X,
the following Theorem characterizes when E 2 E; in
terms of their chased tableaux when a set of fd's is
given.

Theorem 5.3;: Let E; and E, be two simple cje’s
for some relation schemes covering X. E,DE, if and
only if for each row s; in CHASEy (Tg,) there exists a
row t; in CHASE, (T;z) such that s, and 7; both have

the same tag and ¢, = 5;.

[Proof]): By Theorem 42, EQE, if and only if
CHASE, (T, l)';> CHASE, (T,z). We want to show that
CHASE, (T, l)2 CHASE, (T, 2) if and only if the condi-
tion in the Theorem is true.

(If) Define a containment mapping v as follows.
For cach row s; in CHASE, (T'x)’ there exists ¢; in
CHASE, (1‘,_»2) such that ¢;=5;. Then map symbols in
s; to the corresponding symbols in 7;. It is easy to
prove that the mapping is a containment mapping.

(Only if) Since CHASEp(Ty )2 CHASEr(Te,),

there exists a containment mapping from

CHASE; (Tg l) to CHASE, (ng). Let s; be a row in
CHASEy (Tg l) and let ¢; be the row to which s; is

mapped. Clearly s; and ¢; have the same tag. Let
A €U. Consider the following two possible cases.

Case (1): s;[A] is a dv. In this casc ¢;{A] must be
a dv.

Case (2): s;{A] is a repeated ndv. By Corollary
5.1, there is no dv in column A, hence A¢X. Since
A¢X, there is no dv in column A in CHASE,(T,z).
We claim #;[A] is also a repeated ndv. Since s;[A]isa
repeated ndv, by Corollary 5.3, there exists another
row s, in CHASEp(Tg)) such that s,[A]=s5{A] and
they have different tags. If ¢;[A]is a distinct ndv then
s, is mapped into ¢;. This implies the valuation func-
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tion is not a tag preserving one. Hence for each
A €U, s;[A] is a significant symbol implics #;[A] is also
a significant symbol. Therefore 1;,=5,. O

Although the above Theorem characterizes con-
tainment of simple cje’s in terms of their chased
tableaux, it is not necessary to generate the chased
tableaux physically at all. By Theorems 5.1 and 5.2,
we know exactly which columns in a row of a chased
tablean contain significant symbols. Clearly, the test-
ing can be done in O(m*a* |F |), where m and n are
the space needed to write down E, and E, respec-
tively. The following Corollary characterizes when
one simple cje contains the other if both are simple

cje’s for some R covering X .
Corollary 54: Let v« = {Y,- ¥, ...,V o~ Y.
andx ={Z~Z,,...,2,~ Z,"} be two ds’s of R‘o cov-

Let
and

ering XcU.
E.=ax(Ri,MN wrr (R )N - N wy r (R )
Ey=ny(RigM w2 2 (Si )R -+ M B2,z 45,)).
E.2E, if and only if for cach Y;~ Y;’ in v there
exists a Z,~ Z,’ in x such that Z,"2Y;" and R, }es,k.

[Proof): See [C). D

Example 5: R = {R|(AB), R(ABCDEF)}. F =
{AB-D,BC~E,B~C,D~F,E-F}.

In Example 4, we showed that the ABCF -total
projection is computed by E,| ) E,|J E; where

E; = mpcr (Ri R mac(R2) R wacz(R2) N

wer (R2)).

E; = mucr(Ri M mam(R)) M mor(R2) M

wac (R2)).

E; = wascr (R2).
Let us consider E; and E,. Since ABD* = ABCDEF =
U, by Corollary 54, E;DE,. Since T, ' has a row with
tag R; and 1’,3 does not, by Theorem 5.3, E; cannot

contain E;. E;DE, if and only if one of the closures
of BC, BCE or EF contains ABCF.
BC*=BCEF , BCE *=BCEF and EF *=EF , E, does not

Since



contain E;. Hence E;| J E; is an equivalent expres-

sion to compute the ABCF -total projection. O

Having showed how to test containment of two
simple cje’s cfﬁcienqy, we are now ready to show how
to minimize a simple cje. By Corollary 52, simple
cje's can be optimized by methods
[ASU1]JJASU2J{ASSU](S3]. However, due to the res-
tricted nature of this class of expressions, a simpler

method is possible.

Algorithm 3: Minimizing a simple cje.
Input: A simple cje E
Tx (Rlo g “szn(R‘l) [ IR 2 | ‘ll’r_z_(Rl.»-

Output: E’ - A minimal expression equivalent to E .

Method:

(1) Initialize threc arrays of length m as follows,
where m is the number of fd’s in the ds. For j
=1tom do:

TAGLlj) = R‘,‘
SUBEXP[j] =Y;Z;.
CLOSURE([j] = (¥;)".

(2) For j=1tom do:

If there exists k, k#j, 1<sk=m, such
that TAG[k] = TAG[j] and
CLOSURE][k ]2 CLOSUREJ;] then
SUBEXP(k] =  SUBEXPRk] U
SUBEXP{j] and TAG[j] = 2.

(3) Construct an expression T as follows. T =R, .
For j =1 to m do:

If TAG[j] T+ D then
T =T X wsuzexry (TAGLi ])-
(4) The final expression returned is E’ = wx(T). O

Theorem 5.4: E’ produced by Algorithm 3 is
equivalent to E and is minimal in the ndmber of join
opcrations. The time complexity of Algorithm 3 is
O(m*(IF1+1U 1% log U 1)+m*(m~-1)* U I).

[Proof): See [C). O

lel

Knowing how to optimize and test containment
of simple cje’s efficiently, we have an algorithm to
optimize 2 union of simple cje’s. We first eliminate
redundant subexpressions (ic. simple cje’s) from the
union using Theorems 5.3, 5.1 and 5.2.7 We then use
Algorithm 3 to optimiu'each of the remaining simple
cje’s. Since cach stage can be done efficiently, optimi-
zation of unions of simple cje’s can be done
efficiently. By a Theorem in [SY], the expression
returned is minimal both in the number of subexpres-

sions and the number of join operations.

Example 6: R = {R\(AB), Ro(ABCDEF)}. F =

{AB~D,BC~E,B~C,D~F,E~F}.
In Example 5, the expression to compute the

ABCF -total projection is

E =E(JEs = wascr(R1 14 wac(R2) M macz (R2)

R 7er R wascr (R2).
Since E; cannot be minimized any more, let us con-
sider E;. BC*=BCEF, BCE*=BCEF and EF*=EF.
Hence in step (2) of Algorithm 3, TAG[1] and TAG][3]
are set to & and SUBEXP[2] = BCEF. Hence
7 cr (R1 M Tacer (R2)) is returned in step (4) of the
Algorithm. Therefore an expression with the minimal
number of subexpressions an_gi' join operations that
computes the ABCF -total projection
wascr (R1 P macer (R2))J Bancr (R2). O

6. Conclusions ]
_We proposed and defined cje’s as a means to

simulate the representative instance when fd’s are
given as constraints. This kind of expressions can be
considered as a generalization of extension joins [H1).
We showed that for any X C U, the X -total projection
of CHASE, (T,) can be computed by a union of simple
cje’s when an independent scheme [GY] is assumed.
This demonstrated an application of simple cje’s. Also
cje’s can be used to compute the X -total projections
with respect to a set of fd’s F for other bounded
schemes that are not independent, as illustrated in
Examples 1 and 3. We also derived an efficient and



simple algorithm to optimize unions of simple cje’s.
Even though Algorithm 3 returns an equivalent
expression that is minimal in the number of join
operations, ﬁfe size- of intcrmediate relations in the
minimal expression may not be optimal. For instance
in Example 6, since B~ CF ¢F* and BCF* = BCEF*,
it is ecasy to verify that = ecr(R) P wacr(R2)) is
equivalent to mwaacy (R1 P wpacer (R2)). It is interesting
to find a systematic way to obtain such optimal expres-
sions. Since computation of the X-total projections
for somec bounded schemes require complex cje’s, as
was illustrated in Example 3, it is natural that we
should study the optimization of this class of expres-
sions. Also it has been hypothesized that the full join
dependency PQR is essential in most applications
[FMU]. Hence it is interesting to know if cje’s can
still be used to compute the X -total projections when
the full join dependency MR is included as part of the

constraints,

Recently several rescarchers have pointed out
that in somc cases the answer generated by the total
projection approach may not be intuitively appealing
[LIMUV][Y2). They argued that instcad of applying
the query to the intersection of all weak instances,
the query should be applied to cach weak instance
individually and then the intersection of the resulting
answers taken. Generating the answer using this
alternative approach is considered in [Y2], when the
full join dependency R is given as a constraint. It
would be interesting to know if cje’s can still be used
to gencrate answers in this alternative approach when
fd’s arc given as constraints.
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