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Abstract:

An algorithm is given to process a given
query in a fragmented distributed data base en-
vironment. Unlike previous algorithms, it has the
following desired features.

(1) It makes use of redundant relations to

reduce communication cost;

(2) a copy of each relation referenced by the
query is selected so that the set of
relations are contained in the minimum
number of sites;
an efficient algorithm to process frag-
ments is provided;
all relations that need not be sent to
the assembly site to produce the answer
are identified. Thus, unnecessary send-
ing of these relations across sites and
processing on these relations, which are

1€))
4)

common iIn earlier algorithms, are
avoided;
(5) useless semi-joins are discarded and

"worse” semi-joins are replaced by better
ones;
a process to estimate the cost and the
benefit of a semi-join, based on dynamic
execution of semi-joins 1is 1introduced.
It 1is expected that the new process is
more accurate than earlier estimation
process.

The algorithm 1is easy to implement and is
operational.

6)

1 Requirement

We are implementing a front end distributed
query processing strategy that will exist on top
of existing data management systems. The underly-
ing data management systems may be heterogeneous
and may be of any structural data model, although
in our initial implementation all of the databases
are relational. The user views the data as a
single unified database through a uniform global
schema which is relational [Codd, Date].

The physical relations may have redundant
copies at different sites, or a logical relation
may be split horizontally, based on a predicate
applied to some field, with each fragment of the
relation stored at a different site.

In this paper we assume that the cost to send
an amount of data from one site to another is
independent of the sending or receiving site.
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This is consistent with early papers on’
distributed query proc¢essing [HeYa, ‘' SDD1l, YLCC,
Chani, etc] and is consistent with the behavior of
the network on which this query processing strat-
egy is being implemented. '

It has been shown that optimal processing for
even some restricted types of queries is NP-hard
[Hevn, GoSh, YLCC]. We now design a heuristic
strategy which processes queries efficiently in
the above environment and which is simple enough
to be impleménted easily.

None of the existing query processing
stategies fits our requirements in the following
senses. )

Early strategies [SDD1l, ChHo, HeYa, Chanl,
YuLO] do not use the redundant copieés of relations
and assume that a copy of each relation referenced
by the query has been pre-selected. It is obvious
that the selection of a copy for each relation
affects the performance of processing the query.
In fact, optimal selection ‘¢can be shown to be
NP-hard [YLCC]. In this paper, we give a simple
algorithm to solve the copy selection problem and
to identify the primary copy and a number of sec~-
ondary copies of each relation referenced by the
query. i T

Most query processing algorithms [BeCh, HeYa,
Chanl, SDD1V2] did not discuss the processing of
fragments. While version one of the SDD-1 al-
gorithm [SDD1V1] mentioned how fragments camn be
handled, the discussion was left out in the second
version of the algorithm [SDD1V2]. Furthermore,
it was pointed out by [Chan2] that such processing
of fragments can be very inefficient. In -this
paper, we give a simple strategy to process frag>
ments efficiently. :

Other processing algorithms [ChHo, YLCC],
while obtaining optimal sequences of semi-joins
[BeCh] for certain type of queries, are not
general enough to process queries in our environ-
ment and they are more complicated to implement.
The R* system [WDHL] enumerates many strategles
and chooses the one with least cost. This may be
appropriate for embedded queries which are likely
to be executed repeatedly. In ‘our ' envirooment,
the users are expected to submit ad-hoc queries.
Furthermore, it was pointed out in [BlLu] that for
a query referencing only a few relations, there
are over a billion possible strategies to answer
the query. Thus, our aim is to design a simple
and yet reasonably efficient algorithm that yields
good performance.

Most existing query processing algorithms
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processing phaaea. The first phase consists of
using semi-joins [BeCh] to reduce the relations
referenced by the query, while the second phase
joins the relations together to produce the an-
svwer. It turns out  that some of the relations
involved in the semi-joins are unnecessary in
producing the answer 1in the second phase. As a
result, these relations need not be sent to a
common site and communication cost {s saved.
Furthermore, even some of the semi-joins involved
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replaceable by better semi-joins. In this paper,
we give a methodology to identify relations not
needed to produce the answer, to delete redundant
semi-joins and . to replace semi-joins by better
semi-joins. While a partial solution to the above
tasks have been given early by {SDD1, Luk2, Chanl,
YLCC], the treatment given here 1s much more
general and substantial.

The estimation of the size of an intermediate

relation produced as a result of the .execution of
a semi-join has a significant impact on the per-
formance of a distributed query processing strat-
egy. Earlier estimation algorithms [HeYa, SDD1,
Chanl, Chan2, YLCC, YulLO] are based on certain
uniform distribution and independent distribution
assumptions. The use of such assumptions may
produce some errors. . While the error produced on
the first intermediate relation may be small and
be tolerated, the error will tend to become larger
as more intermediate relations are produced. 1In
order to control .the magnitude of the error, we
propose that semi-joins be executed dynamically.
That 1is, after executing a semi-join, the size of
the reduced relation is obtained exactly and this
information is passed back to our algorithm, which
then estimates the size of the next reduced rela-
tion. Since the sizes of all current relations
are known exactly, we .expect the error in the
estimation of the next reduced relation to be
small. An estimation procedure in the environment
of executing the semi-joins dynamically, is prov-
ided in this paper.
‘ When a semi-join on attribute A from relation
Ri{ to relation RJ is executed, data from the site
containing. Ri(A) 4s sent to the site containing
Rj. We note that if Ri(A) contains more than half
of all the possible distinct values, it is cheaper
to send its complement. This fdea is incorperated
into our algorithm.

In subsequent sections, we will outline the
solutions to the problems given above: i) the copy
identification problem, 1i) the elimination of
unnecessary relations in the second phase, 1ii)
the elimination of redundant semi-joins and the
replacement of semi-joins by better semi-joins in
the first phase, iv) the processing of fragments,
v) the estimation of relation size using dynamic
selection of semi-joins, and vi) the use of send-
ing relations in complements. The solutions to
the problems are integrated to form the core of
our distributed query processing algorithm.
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2  Notations and Definitions

A query has two components: the target compo-
nent and the gqualification component. The
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. (R3.A=Rk.A);

qualification component selects the tuples of the
referenced relations that satisfy the  qual-
ification, while the ‘target compounent specifies
the attributes of the selected tuples to be out-
putted to the user. Specifically, queries discus-
eed here are of the form eimilar to those in
[SDD1, HeYa etc].

{(R1.A11, ...,Rj.AJ1) |
(Rk.Akl=Rt.At1)AND ...AND(Ru. Aul-Rv.Avl)}

where the qualification component is a conjunction
of .equality clauses of the form (Rk.Akl=Rt.Atl)
AND....AND (Ru.Aul=Rv.Avl) and the target compo~
nent is (R1i.A11, ..., Rj.Ajl). If a clause invol-
ves a relation with a constant. or it involves 2
attributag of the same relation, it is eliminated
by local processing [HeYa, Weng]. . For the sake of
simplicity, let us rename all qttribute names 80
that two attributes have the same name iff they
are related by either . an. equality clause or a

number of clauses through  tramsitivity of
equality. For expaples, (Ri.A=Rj.B) AND
(Rj.B=Rk.C) will be renamed - (Ri.A=Rj.A) AND

(Ri.A=Rj.A) AND (Rk.A=Re.A) will be
renemed (Ri.A=Rj.A) AND (Rk.B=Re.B), ' because the
A’s in the two clauses are not related. .

. If a relation R has attribute A, then R(A) 13
the projection of R  on attibute A. |R| is the
size of relation R. - tbu A

A semi-join from Ri to Rj on attr te s
denoted by Ri-A-DRj, is the join of Ri and Rj on
attribute A, then projected on the attributes of
Rj. It can be executed by sending the distinct
values of Ri on attribute A to the .site(s) con~
taining Rj and then eliminating those tuples of RJ
which do not contain a value in Ri(A). Here, A
can be either a single - attribute or a set of
attributes. .

A semi-join Ri-A->Rj is 1mplied by the quegx
if either (Ri.A=Rj.A) appears in the qualification
component of - the query or the clause can . .be
deduced from the qualification. For example, the
semi- join Ri~-A-DRJ is implied by (Ri.A=Rk.A) AHD :
(Rk.A=Rj.A).

A database state is the assignment of con~
tents to the relatioms.

3 The copy identification Problenm

In our environment, a relation may have a
number of horizontal disjoint fragments or may
have a number of coples but mot both. 'If it {s
fragmented, then since the fragments are disjoint,
all fragments of the relation have to be chosen to
process the query. If a relation-has a number of
copies, the problem is how to select one copy of
each relation referenced by the query so that the
cost to process the query is minimized. Following
early papers [HeYa, SDD1, YLCC, Chanl, etc]; the
cost to send X amount of data from one site to
another is CO + Cl X, where CO and Cl are con-
stants, and the cost to process a query is the
summation of costs for sending data among :sites.
It can be shown that the copy. identification
problem is NP-hard for processing

simple queries,
where a simple query [HeYa] is one referencing
relations having a single joining attribute only.



Proposition 3.1: The copy selection problem, even
for simple queries is NP-hard [YLCC].

When data transmission cost is dominant as
compared to local processing cost, it is 1likely
that the wminimization of sites containing the
referenced relations will reduce the traffic cost.

Example 3.1: Let a query be {R2.C|Rl.C=R2.C}.
Assume site S1 contains relations Rl and R2 and
site S2 contains relation R2. Suppose one copy of
each relation is to be selected. One can select
(1) the 'Rl in S1 and the R2 in §2, or (ii) both
the Rl and the R2 in S1 to perform semi-join R1-C-
>R2 (or R2-C->Rl) to obtain the answer. 0ob~
viously, the f£first selection incurs data trans-
mission from Sl to S2 (or S2 to 'Sl) while the
gecond one does not require any data transmission
between different sites: [1

Unfortunately, to find a minimum number of
sites covering a set of all relations referenced
by the query is also NP-hard, as the Minimum-
subset-problem {AHU] 1is reducible to it.

We propose to find a primary copy and a num .,

ber of secondary coples of each unfragmented rela-
tion which 18 referenced by the given query. The
primary - copy of 8 unfragmented relation, say Ri,
has the characteristics that (1) if R1 1is to be
reduced (i.e., semi-join of the form Rk-->Ri is to
be executed), the primary -copy of Ri should be
used. No secondary copy of the relation is wused.
(2) After Ri has been reduced, no secondary copy
of Rt should be used to :reduce other relations. A
secondary copy of Ri may be used to reduce another
fragmented or unfragmented' relation, if Ri has not
been reduced. : (Condition (1) and (2) can be
Telaxed to allow some secondary copies of Ri to be
reduced with same minor changes in section 6.)

3.2: Let a query be {R1.D|R1.C=R2.C}. Rl

fragments F1l and F12 with fragment Fll at
site S1 and the other fragment F12 at site S2. R2
has two copies, one at site Sl and the other copy
at sgite S2. Existing algorithms (e.g. [Chan2],
[HeYa], [SDD1l], etc.) do not address the issue of
using redundant copies but select one copy of R2.
A possible semi-join to be executed is of the form
R1-C-DR2 or R2~-C->Rl. As a result, Fl1(C) or
F12(C) or R2(C) has to be transmitted across
sites. Suppose both coples of R2 are chosen with
one  copy designated as the primary copy and the
otheér as a secondary copy. Then -the semi-join
R2-C->R1 can be executed with no data transfer
across sites. This saves communication cost.
Furthermore, the reduction of the two fragments of
Rl by the two copies of R2 can take place in
parallel. [}

Example
has two

We now give a -simple algorithm: to find a
primary copy of each relation referenced by a
query such that the set of primary copies of the
relations are contained in the minimum number of
sites. Additional copies of the relations in the
chosen sites are designated secondary copies. The
algorithm runs in exponential time, although the
number of sites and the number of copies of the
relations referenced by a query is usually not
large enough to generate a large running time.
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Clearly, all fragments referenced by the
query have to be chosen. The relations in the
sites containing the fragments are chosen and -are
eliminated before Algorithms Pre-Processing and
Opt-Site which will be given later are executed.
If the answer site contains ‘a fragment and a num-
ber of relations, then the copies of the relations
are  designated as primary coples.

Let F be a subset of gites each containins a
fragment of a relation referenced by the query.
Assume {Rl, ..,Rm} is the set ‘of relations left
after the elimination of all fragments and rela-
tions in F. Assume further {S1, ..,Sn} is the set
of sites each containing at least a relation “in
{Rl, ..,Rm}. The following algorithm finds :the
minimum number of sites from {Sl, ..,Sn} to . cover
the set of relations {R1l, ..,Rm}.

Algorithm Opt-Site

Step 1 For each relation Ri, let Sil, ...., Sij.
be the sites, each containing a copy of Ri.
The fact that any one of these sites can -be
used is denoted by (Sil OR S12 OR ....
OR S1];).
Step 2 Since all relations referenced :§bthe»query
have to be covered, we compute A (511 OR’
$12 OR .... OR §ij.). e .
Step 3 The above expression is re-written in
disjunctive normal form with eath component
being the conjunction of a8 number of
S-literals.

Choose a component having the minimum
number of S-literals. If the answer site
i8 contained in a component having the
winimum number of literals, then chooae
the component. :

Step 4

It is easy to see that a:S~literal corre-
sponds to a site and a component corresponds to a
set of sites containing a copy of each of the
referenced relations. Thus, the minimun number of
sites covering all the referenced relations can be
obtained by choosing a component having the min-
imum number of S~literals.

Since the above algorithm runs in exponential
time, we now  reduce the number of sites and the
number of relations by the following' method.

Definitions: Relation Ri dominates relation Rj if -
(the sites containing Ri) C (the sites containins

RY.

Site Sk dominates site S1 if (the relations
in site S1) C (the relations in site Sk). If (the
relations in Sk) = (the relatioms in S1), then
both Sk dominates S1 and S1 dominates Sk. If Sl
is the answer site, then we choose to let S1 dom-
inate Sk but not conversely (i.e., we eliminate
Sk).

Suppose Ri dominates Rj. By definition, each
site containing a copy of Ri contains a copy of
Rj. Since a copy of Ri must be chosen, the site
containing .that copy of Ri must contain a copy of
Rj and therefore the covering of Rj need not be



considered. This allows us to eliminate a
dominated relation. The primary copy of the dom—
inated relation is at the same site of that of the
relation that dominates, which may not have been
determined. :

Suppose site Sk dominates site S81. If a
solution consists of site 51 and some other sites,
we can replace site S1 in the solution by aite Sk
without losing the . covering of any relation and
having no more sites. Thus, a dominated site can
also be eliminated. A dominated site does not
contain a primary nor a secondary copy of a rela-
tion for the processing of the query.

Finally, we note that if s relation has a
single copy only, then the site that contains the
copy must be chosen. Such a relation is called an
esgential relation. The primary copy of an essen-
tial relation is unique.

The following algorithm eliminates the dom—
inated sites and the dominated relations . and
selects the essential relation. It should be
executed before the algorithm Opt-Site.

Aigorithm Pre~Processing

while (there is a relation or a site dominance)

eliminate the dominated site
or the dominated relation;

while (there 18 an essential relation)

select the site containing an essential
relation; .

The following proposition states that the
optimal solution 1s . obtained by using . Pre-
Processing before Opt-site,

Proposition 3.2: Algorithm Pre-~Processing

together with Algorithm Opt-Site gives the small-
est number of sites..

Sketch of proof: It is easy to see that Opt-Site
‘obtains the smallest number of sites from {51,
++,8n} containing the set of relations {Rl,
«+,Rm}. Consider the three operations defined in
Pre-Processing: site domination, relation dom—
ination and selecting essential relation. It: can
be proved by induction on the number of applica-
tions of the operations that the optimal . solution
is preserved after an.application. []

If local processing cost is significant, it
will be beneficial to perform local processing . in
parallel.. In this case, the maximum number of
sites may be desirable. Algorithm Pre-Processing
and . Opt-Site can be modified slightly to give the
maximum number of sites.

After the execution of Pre-Processing, the
primary copies of essential relations are iden-
tified, the location of the primary copy of -each
dominated relation 18 restricted to that of the
primary copy of. the relation that dominates.
After the execution of Opt-Site, the component
having the minimum number of S-literals determines
the primary coplies of
All other copies of the relations in the chosen
sites are secondary copies.

the remaining relatioms.:
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4 Elimination of Unnecessary Relations

A query Q, which references a set of rela-
tions Rl, R2, ..., Rn, is given. After a sequence
of semi-joins act on the relations to produce R1”,
R2°, ..., Rn”, the problem is to identify those
relations that. are not needed to answer Q.

It hag been pointed out in {YLCC, Chanl] that
certain relations that are involved in the execu-
tion of some seni-joins in the first phase need
not be used 1in the sécond phase to produce the
answer. However, their results are only. ap~
plicable to certain sequences of _semi-joing. The
result presented-here applies to any sequence of
semi-joins. It is known [YulO, YLCC] that optimal
processing of a certain type “of querien would
involve the execution of semi-joins on one attrib-
ute and then a switch to another attribute before
completion of semi-joins on the first attribute,
The strategy in [Chanl] dées not allow such swit-
ching. Thus, if an éptinal or ¢close-to optimal
sequence of semi-joins are to be desired, the
elimination of useless relations by the results in
{Chanl] is not appiicable. -Furthermore, {Chanl]
does not allow a relation having a target attrib-
ute to be eliminated, while in this proposed al-
gorithm, such a relation can be eéliminated. ~ The
observation. that some such relations can be elim-
inated was made when examining our test queries.
The theory developed ‘here is applicablé to both
multiple attribute semi-jJoins and single attribute
seai-joins while ([Chanl]’ uses single attribute
semi- joins only. ) ]

After our algorithm executes one semi-join,
the number of tuples of the reduced relation 1is
returned so that the estimation is accurate. Imn
order’ that this component of our algorithm 1o~
tegrates smoothly with the estimation conponznt,
the following solution is proposed.

The query Q consists of two components, the
qualification QUAL " and the target TL. ' After a
sémi- join is executed, 'both ‘the ‘qualification  and
the target may change. Let the new query be Q° =
{TL- |QUAL”}. Clearly, the answer produced by Q on
the relations {R1,R2, ...,Rn} must be the same as
that produced by Q- on the relations {R1”,R2",
+«s,Rn"} where one of the R"s 1is nodified due to
the semi-join and the other (n-1l) relations are
unchanged. If both QUAL gand TL” do not reference
Ri‘, then Ri” ‘can ~be eliminated from Q. Our
method consists of finding QUAL” and TL® and elim-
inating any relation which occurred in Q before
the semi-join but disappears from Q° after the
semi~join is executed. . :

Definitions: The joining attributes of a relation
R, denoted by J(R), are the set of attributes of R
appeating in QUAL; the tut;et attributes of R,
T{R), areé the set of attributel’of R appearing in
TL.

Let 5: Ri-A-DRj be the semi-join ‘executed
(both Ri and Rj have not been eliminated).

Algorithm Elim(S)
If COND-= (A=J(R1i)) AND (T(Ri) C A) is true

then /* Ri can be elininated from the query */
{ modifyQL(S);



if T(Ri)%$ then modifyTL(S); }

Procedure modifyQL(S) /* modifying QUAL to

) QUAL” */
for each attribute X in A, eliminate the
clause (Ri.X=Rj.X) if exists in QUAL and
replace each clause of the form (Ri.X
*Rk.X), if exists, by (Rj.X=Rk.X), kii,j,
if the latter does not already exist;

Procedure modifyTL(S) /* modifying TL to TL” */
’ for each attribute X in A, replace Ri.X in
TL by Rj.X;

Example 4.1: Q = {R2.D|(R1.C=R2.C)AND(R2.D=R3.D)}.
QUAL = (R1.C=R2.C) AND (R2.D=R3.D)

TL = R2.D
Let the sequence of semi-joins executed be
Sl: R1-C->R2
$2: R2-D->R3
83: R3-D->R2
S4: R2-C->R1.

Initially, J(R1)={C}, J(R2)=(C,D} and J(B3)=(D}.

After executing S1, since J(R1)={G} and T(Rl)=¢,
Rl is eliminated.

new QUAL = (R2.D=R3.D)

TL remains unchanged.

It should be noted that since attribute C does
not appear in the new QUAL, J(R2) becomes {D}
only. .

After executing S2, since j(R2)={D} and T(R2)
. ={p} ¢ {D}, R2 18 also eliminated.
Since T(R2)={D}*@#, TL is modified.
new QUAL = ¢ ’
_new TL = R3.D.

At that point, since QUAL becomes null, semi-
Joins S3 and S4 will not be executed. {]

Definition: Two queries ) and Q°, which reference
relations {Rl, ...,Rn} and {R1", ...,Rn"} respec-
tively are equivalent if their answers are iden-
tical for every database state for {Rl, ...,Rn},
where {R1l”, ...,Rn"} are obtained from A {Rl,
«++,RN} through a sequence of semi-joins implied
by Q. : :

Proposition 4.1: After the semi-join S: Ri-A-DRj
is executed, if condition COND is satisfied and
the gemi-join S 1s implied by Q, then Q which
references {Rl, ...,Rn} is equivalent to Q” which
references {Rl, .., Ri-1,Ri+1l, ..., Rj-1,R}",R}+1,
.+, Rn} where R}” 1s obtained from Rj by S and Q”
is obtained from Q as given in Algorithm Elim.
Sketch of proof: Let Q be {TL{QUAL}. Since semi-
Jjoin  Ri-A->Rj is implied by Q, we can transform Q
to an equivalent query Ql={TL|QUALl} by the fol-
lowing procedure
(1) apply modifyQL(Ri-A->R})
obtain QUALL; :

to . QUAL - to
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(2) for every attribute X in A, add a clause
(Ri.X=Rj.X) to QUALL.

When J(Ri)=A, the - above transformation
guarantees that Ri in QUALl appears only in the
clauses of the form (Ri.X=Rj.X), where X in A.
Thus, when the query-graph of QUALl 4is construc-
ted, Ri' 1s adjacent to Rj only. By the leaf-to-
root reduction introduced in [BeCh], if we con-
sider the subtree with Rj as the root and Ri as
its leaf; Rj is fully reduced (see [BeCh]) by Ri
with respect to the sub-qualification Ri.A=Rj.A
after the execution of Ri-A->RjJ (i.e. R1i -can be
eliminated from the entire qualification). When
T(Ri) C A, Ql can be transforimeéd further to an-
other ~ equivalent query Q2={TL1|QUALL} by
modi fyTL(Ri-A->Rj). Thus, Ri can be ‘eliminated
from both the qualification 'and the target.

(-

Proposition 4.2: After the semi-join S is execu-
ted, 1f COND is not satisfied, for Q which refer-
ences {Rl, ...,Rn} and every Q” “which referentes
{Rr1, Ri-1,R1+1, ..., R}", .., Rn}, there ex-
ists a database state for {Rl, ...,Rn} such that
Q” and Q are not equivalent, where Rj”~ 1s obtained
from Rj by S. -
Sketch of proof: If COND is not gatisfied, then
at least one of the following cases arises.

case 1: T(Ri) is not'a subset of A, {.e.
there exists an attribute B which is in T(Ri) but
not in A.

If Ri is eliminated, obviously applying any
Q” on {R1, .., Ri-1,Ri+l, ..,Rj", ..,Rn} 1s unable
to answer anything under Ri.B. Thus, the answer
obtained will not be identical to that obtained by
applying Q on {R1l, ..,Rn}.

case 2: AWJ(Ri), 1i.e.,
attribute C which is not in A. »

Since attribute 'C has not been eliminsted,
there is at least one other relation, say Rk,
having C. A database for {Rl, ..,Rn} can be as-
signed such that the values of Ri.C are -disjoint
from those of Rk.C and the set of tuples sat-
isfying the qualification on {Rl, .., Ri=1,Ri+l,
.+,R37, ‘..,Rn} 18 non-empty. Thus, Q” which réf-
erences the n-1 relations will yield a non-eémpty
answer, is not equivalent to Q which yields null,
since (Ri.C=Rk.C) cannot be satisfied. 8]

J(RL) contains an

Proposition 4.1 states that after executing
seai-join S, 1if the condition COND is satified,
then the answer on the original query Q, which
references Ri is the same as“that of the new quéry
which  does not reference Ri. Thus, Ri can be
eliminated. Proposition 4.2 states that 1if' COND
is not: satisfied, then there 1s no equivalent'
query which does not reference Ri. )

In example 4.1, the SDD-1 algorithm [SDD1vi,
SDD1V2] may execute the sequence of 4 semi-joins
and ‘then: send the reduced relatfon Rl, R2 and R3
to an assembly site to produce the answer, while
our algorithm, after executing the first two semi-
joins, would have the ansvwer as tHe reduced R3.
Clearly, if the answer site is not the ‘same &s ‘the '
site containing R3, then only the reduced R3 needs
to be sent, otherwise no relation needs to be
shipped. ' Thus, a substantial saving is -achieved.
Chang”s algorithm [Chanl] would send R2 and R3 to
the assembly site, if semi-joins S1 and S2 are



performed.
not be sent.

In example 4.1, there is only one relation in
the target component and the query is a tree query
[BeCh, YuOz], As a result, algorithms in [ChHo,
-YuLO] using dynamic programming can be very effec-
tive in obtaining the answer. When the number of
relations having target attributes is more than 1
or the query is a cyclic query [BeCh, YuOz], the
above algorithms [ChHo, YuLO] are not applicable.

The algorithm to eliminate a relation 1is a
minor variation of the algorithm to determine
whether a given query 1s a tree query [YuOz,
Grah]. That algorithm has been used in construct-—
ing acyclic database schemes in logical database
design [BFMM, FaMU].

If S3 is also performed, then R3 needs

5 Replacement of Semi-joins by Better Omnes and

Identification of Useless Semi-joins

Example 4.1 {llustrates that certain semi-
joins can be discarded. We now identify those
semi-joins that can be discarded and those semi-
joins which can be replaced by better ones.

Given any sequence of sgemi-joins, our in-
tention 18 (1) to find a better sequence of semi-
‘Jotns, (2) to identify the useless semi-joins in
the better sequence and discard them. It turns
out that 1f a semi-join 1involves an eliminated
relation (which 1is identified by the result of
section 4), then we can construct a better semi-
Join, without knowing subsequent gemi-joins to be
executed.

To facilitate the discussion, a special type
of graphs are defined. A Q-graph G=(V,E) is a
connected graph containing both directed and un-
directed edges; V is the set of relations of the
query and E represents the qualification; the
graph contains one connected component of undirec-
ted edges and zero or more rooted trees of direc-
ted edges. The connected component represents the
relations which have not been eliminated - and the
clauses in the qualification referring to those
relations. Each rooted tree conaists of the rela-
tion at the root which has not been eliminated
(the root also appears in the connected component)
and other nodes representing eliminated relations.
Initially, the Q-graph is the same as the query-
graph of the original query [BeGo, YuOz], where
each edge (Ri,Rj) with label A denotes the joining
condition Ri.A=Rj.A. After executing a semi-join,
if the semi-join does not cause a relation to be
eliminated, then the ' Q-graph remains unchanged.
If the semi-join, say Ri-A->Rj, causes R1 to be
eliminated, then: Ri ig marked elfminated and the
undirected edge between Ri and Rj in the Q-graph,
1f exists, 1s replaced by a directed edge with
label A from Ri to R] and every edge between a
relation R, which i8 not Rj and has not been el-
minated, and Ri with label B (B 1is a subset of A)
is replaced by a undirected edge with the same
label between R and Rj. If two or more edges with
different labels exist between a pair of rela-
tions, - then they are represented by a single edge
with a label which:is the union of the "labels in
the  edges. Figure 5.1 shows the changes of the
Q-graphs of a query after a sequence of semi—joins
i8 executed.
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Definition: Root(R) is R, 1f R has not been

eliminated and is the root of the tree containing
R if R has been eliminated. For example, in
Figure 5.1(b), Root(Rl) is R2, and in Figure
5.1(e), Root(Rl) is R3.

Q={R2.D| (R1.C=R2.C)AND(R4.C=R1.C)AND(R2.DP=R3.D)}
semi-joins: R1-C-DR2, R2-C-DR4, R4-C->R2

and RZ-D->R3
initial after R1-C~->R2 after R2-C->Ré
Rl--C--R2  RI--C->R2--D--R3 the ssume as
| | |- (b)
c D c
| | I
R4 R3 R4
(a) (b) (c)
after R4=~C-DR2 after RZfD->R3
R1--C->R2--D--R3 R1—~C~>R2-~D->R3
A ' 4
c c
| I
RG Ré&
() " (e)

Figure 5.1 Traﬁsfo;mation of Q-jrqphs

Since an eliminated relation will no longer
be used in producing the answer, intuitivaly, ic
1 not wisé to execute any semi-join reducing &n
eliminated relation or using an eliminated rela-
tion to -reduce another relatiom. What we will
establish 1s to replace an eliminated relation by
its root whenever it is involved in a sequence of
seni-joins, so that a better sequence of semi~
joins 18 obtained.

In SDD-1, the cost of a semi—?oin S: RL-A-
SRj, cost(S), is defined to be |Ri(A)| 1f . RL .and
R] are at different siteés, otherwisé the cost is
zero. The benefit of the semi-join is defined to
be lold Rjl™= Inew Rjl, where the new R} is the R3
after being reduced by S.

Let M be the set of telationa referenced by
the query. Let SQl be a sequence of semi~joins
executed on the relations in M and sQ2 be another
such sequence. The cost of a sequence of * semi-

. joins is defined to be the sum of the cost of each

semi—join in the sequence.

Definition: SQ2 is a be;ter sequence of semi-
joins than SQl if (1) coet(5Ql) > cost(SQZ) (ii)
El C E2, where Ei is the set of eliminated rels-
tions after the execution of SQi, 1<1<2. and
(i11) for each relation R in M-E2, R after execu-
tion of SQ2 C R after execution of SQl. )

Condition (ii) and (iii) are to ensure that
the cost to send the relations, which have not
been eliminated by the semi-joins, to assembly
site is smaller if SQ2 is used instead of SQl.

The following algorithm maps a given sequence
of semi~joins to a better one.



Algorithm Better(S) /* assume S is Ri-A-D>Rj */
replace S by S1: Root(Ri)-~A-DRoot(RjJ),
where if Root(Ri)=Root(Rj), then the semi-join
Sl is not executed.

The following result can be proved.

Proposition 5.1: Let SQl be a sequence of semi-
joins, which does not eliminate any relation. 1f
8Q2 is the corresponding sequence obtained by
Algorithm Better, then SQ2 is better than SQl.
Sketch of proof: Let n be the number of semi-
joins in SQL. Algorithm Better transforms SQl
into a corresponding sequence of n semi-joins,
SQ2. Let M be the set of all relations referenced
by the query. Let E2i be the set of relations
that have been eliminated after executing the
first 1 semi-joins in the sequence SQ2; El and E2
be the set of relations that have been eliminated
after - executing SQl and SQ2 respectively. Since
SQl doesn”t eliminate any relation, it is clear
that E1 1s null. Thus, El C E2n=E2. It cen be
proved by induction that
(1) for every relation u which have not been
‘eliminated by SQ2 i.e. u is in M-E2i,
then u in $Q2 C u in SQ1, and
(11) for every relation e in E2i, 1f Y, the
common joining attributes in the original
query between relation e and relation
Root(e) 1s not null, then  Root(e)
projected on Y in SQ2 C e projected on Y
4n sqQl. )
Consider a semi-join $: Ri-A->Rj in SQl wap-
‘ped to the semi-join S1: Root(Ri)-A->Root(Rj) in
8Q2. If Ri has not been eliminated, then
Ri=Root(Ri). By (1), cost(Sl) £ cost(S). If Ri
‘has been eli-inated and Rj is in the same subtree
as Ri, then Sl is not executed and clearly
cost(81) < cost(S). If Ri has been eliminated but
Rj’'is outside the subtree, then Root(Ri) can be
proved to contain attribute A. Let Y be the join-
ing = attributeés in common between Ri and Root(Ri).
Y is not null, because A C Y. By (ii), Root(Ri)
projected on Y in SQZ C Ri projected on Y in SQi.
Since A C ¥, Root(RI) projected on A in SQ2 C RM
~ptojected on A in SQl. Thus, cost(Sl) £ cost(S)
in all cases. Since the above statement “1s true
for any semi-join in SQl and the corresponding
semi-join in SQ2, cost(5Q2) { cost(SQl). Condi-
tion (1) guarantees that the cost to transfer data
to the assembly site after the execution of SQ2 is
no larger than that to transfer data to the assem
bly site after the execution of SQl. Thus, SQ2 is
better than SQl. i1

Example 5.1 Q = {I1.D|(I1.C=I2.C)AND(Il.D=I2.D)
" AND(I1.C=C1.C)AND(C1.C=C2.C)}

Let the sequence of .eii—joins executed be SQl:

S1: Cl-C->IL
$2: I1-D->I2
§3: 12-C->C2
Sh: C2-C->C1
§5: Cl-C->12

By Algorithm Better, the above sequence is

transformed to SQ2:

S1l: Cl1-C->I11
$2: Il-D~->I2
83: 12-C->C2
854: C2-C->I1
§85: Il1-C~>I2

(C1 i8 eliminated; Root(Cl)=Il)

(C2 48 eliminated; Root(C2)=Il)

Since SQl and SQ2 differ only at the last 2 semi-

" joins, cost(S1,82,83 in SQl)=cost(S1,82,83 in 8Q2).

However, cost(S4)=cost(SS84) and
coat(55)>cost(S85) (since I1(C) C C1(C)).
Thus, cost(SQl) > cost(SQ2).

Moreover, SQl does not eliminate any relation
but $Q2 eliminates {Cl, C2}.

It is clear that after semi-joins S4 and SS4,
I1 in 8Q2 C I1 in 8Qi,
and the I2 in both sequences are the same.

But, after S5 and SS5, the Il in both sequences
remain unchanged and 12 in SQ2 C 12 in SQl.

Thus, SQ2 is better than SQl. {1

SDD-1 generates a sequence of gemi-joins,
which will be executed on the relations referenced
by the query. At termination, all relations are
sent to an assembly site to produce the answer.
1f the same sequence of semi-joins are fed ‘into
our algorithm, then the useless semi-joins sre
eliminated, some semi-joins are replaced by better
semi-joins and only a subset of the relations
which are really needed to produce the answer are
sent to the agsembly site. . As a result, fewer
seni-joins are executed; more costly semi-joins
are replaced by less costly semi~joins and there
are fewer relations, each of which is no ldrger

-than the corresponding one reduced by the SDD-1

algorithm, to be sent to the assembly site. -Thus,
our algorithm 1s less costly. The cost of an
algorithm is defined to be the sum of the costs of
sending data (This is referred to as total time
{HeYa]). -
cost(our

Proposition 5.2: algorithm) £

‘cost(SDD-1) for any query and any database state.

The inequality will be atrict for some queries and
some database states.

The concept of obtainins better sequences of
semi-joins was given in [Luk2, SDDV1, sDD1V2].
However, they refer to relations which are not
eliminated and the entire sequence of semi-joins
18 generated before improvement to the sequence is
made. In our approach, .each "worse” semi-join
involving eliminated relation is either discarded
or replaced by better one and we execute sémi-
joins dynamically.

6 Processing of Fragments

~ There are three ways to perform semi-joins:
gend one fragment to reduce another fragment, send
one relation to reduce another fragment or send
one relation to reduce another relation. As poin-
ted out by [Chan2], there 1s no benefit of



reducing a fragment by another one. Unlike the
method given by [Chan2] which reduces a fragment
by a relation, we propose the reduction of one
relation by another relation. This allows us to
eliminste unnecessary relations and useless semi-
Joins without any modification to the theory
;developed in early sections. Furthermore, there
is wore parallelism in the sending of data in
- implementing & relation to relation reduction than
& relation to fragment reduction.

. We now find the least cost strategy in per-
forming a semi-join Ri-A->Rj, where Ri and Rj may
be fragmented.

In our environment, a fragmented relation may
.have a placement dependency with another fragmen—
.ted relation. If such a dependency between Ri and
‘R exists, then a fragment of Ri has a non—empty
.'Join with a fragment of Rj if they are located at

Proposition 6.1: The minimum cost (among all
strategies given above) of executing a sgemi-join
from Ri to Rj is obtained by choosing s as given
by Algorithm ChooseS and those 8 sites are the
ones having highest weights.
Sketch of proof: It can be proved that

(1) 1f H(s+l)-H(s) 2 0, then H{t+l1)-H(t) 20,

for all t>s, and :

(11) 1f H(l)-ﬂ(s—l) < o, then H(u)-ﬂ(u—l) <

0, for all u<s.
Thus, we should find an s such that H(s+l)-H(s) >
0 and H(s)-H(s-1) < 0. Algoritham Chooses findl
such an s. {]

case 2: Ri is a relation and R} 1s a frus-
mented relation.

(a) Ri has not been reduced (i.e., mo ueli—_
Join of the form Rk--DRi has been executed). . The

she same site. As an example, if Rf and Rj are an
enployee relation and a relation containing the
dependents of the employees respectively, then it
is common that information about an employee and
his/her dependents are located at the same site.

There are -four cases to be considered in
perforning the semi-join: Ri-A-D>Rj.

. Case 1: Ri and Rj are fragmented relations.
If there 1is a placement dependency between them,
then the cost 1s 0, otherwise, we proceed as
fOllW‘ .

Let the fragments of Ri and Rj be {Fik,
--1<k<n} and {Fje, 1<e<m} respectively. A strategy
. to .perform the semi~join from Ri to Rj is to send

each fragment of Ri projected on A to each of a
subget of s sites containing the fragments of Rj
and gending the remaiaing (m-s8) fragments of Rj to
one of the & sites, where the value. of s and the
subget of s sites are to'be determined so that the
cost of sending is minimized.

Assuning that the value of s has been deter-
mined, the choice of the s sites 1a given as
follows.

For each site containing a frag-ent of Rj,
say Fje and possibly a fragment of Ri, say Fik,
define the weight of the site to be

|Fjel+IFik(A) | 1f the site contains Fje and Fik
iPsel if Fik 1s absent from the site

- Arrange the sites containing the.fragments of
R} in ascending order of weight and rename them
i.e. - weight(Sjl) < . weight(5j2) < ... <
weight(Sjm). Then the subset of s sites contain-
ing the fragments of Rj are {Sim.gifs+--, Sim}.
It is easy to see that the cost of sending for
this subset of s sites is H(s) = s* %IFik(A)I +
1R3! n-%s eight (Sjk) and .this cosf {s less than
or equal. to the cost of sending for another subset
of s sites.
To determine the proper value for s,
voke the following algorithm:

we in-

Algorithm Chooses

s =1;
vhile (erik(A)l 4 velght(s:] D) smstl;

return. (-),
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dary copies of Ri, if exist, will be used to
save transmission time. If data transmission s
nécessary to perform the semi-join, a strategy
similar to that given in case 1, with minor mod-
ification of parameters, is applicable. The
details are not given here.

(b) If Ri has been reduced, then we can  use
the primary copy of Ri only (i.e., all other cop-
ies of Ri, which may have dlfferent contents will
not be uaed)

case 3: BRi is a fragnented relation and R]
is a relation without fragments. Send all frag-
ments of Ri to the site containing the primary

copy of Rj. ;
case 4: Both Ki and Rj are unfraglgntcd
relations. If Ri has been reduced, then the pri-

mary copy of Ri should be used to reduce the pri-
mary copy of Rj, otherwise either the primary copy
of Ri or a secondary copy of ‘R1 18 used to reduce
the primary copy of Rj, depending on which is less
in cost.

7 Estimation of Size

As wmentioned early, our algorithm, after
executing a semi-join will return the number. of
tuples of the reduced relation. Thus, before each
seni-join is executed, the exact size of each
relation and therefore the ‘exact cost of the semi-
join, are known. It remains to estimate the size
of a relation Rj, to be reduced by a semi-join

Ri-A->Rj.

Let ANj and BNj be the nunber of tuplea of RJ
after and before the semi-join 1is performed,
Akj(A) and BRj(A) be the estimated number of
digstinct values of RJ on A after and before the
seni-join is performed. '

Then ANj is estimated to be

BN3 * ARj(A) / BRj(A)

= BNJ * AS)(A) / BSI(A),
where ASj(A) and BSj(A) are the selectivities of
relation Rj on A after and before the semi-join is
exécuted and the selectivity of a relation on A is

‘the number of distinct values of the relation on A

divided by the total number of possible distinct
values of A [HeYa, SDDl, etc.}. The estimation of
the selectivity of a relation on an attribute has
been given early -{SDDl, Lukl]. Howvever, unlike
their methods, we make use of the exact numbers of
tuples of Rj and other relations (involved in
previous semi-joins) to obtain more accurate



estimates for ASj(A) and BSj(A). Furthermore, BNj
is obtained exactly. Thus, we expect our estima-
tion to be more accurate. The size of the reduced
Rj 1s given by the estimated number of tuples of
the reduced Rj times the size of each tuple of Rj.
If attribute A is eliminated after the semi-join
is executed (for example, in example 4.1, after Sl
has been executed, attribute A 1s eliminated), the
size of a tuple of Rj needs to be modified and the
nuaber of tuples of Rj on the remaining attributes
can be obtained using the result of [Yao].

Let Rl, R2 and R3 be three single-
attribute relations. Let C be their common at-
tribute having the values {0,1, ..,9}. Assume
R1={0,5,9}, R2={0,2, 3,5,7,8,9} and R3={0,1,2,3,4,
5,6,8,9}. After the execution of R1-C-D>R2 and
R2-C->R3, R3 hae 3 tuples {0,5,9}. However, by
[sDD1, HeYal, R3 18 estimated to have
10%0.3%0.7%#0.9 = 1.89 tuples. By our proposed
estimation method, before the execution of R1-C-
>R2, BN2=7, BS2(C)=0.7 and AS2(C)=0.3%0.7 = 0.21.
S0, R2 reduced by Rl 1s estimated to have AN2 =
BN2#AS2(C)/BS2(C) = 7%0.21/0.7 = 2.1 tuples.
After the execution of R1-C-DR2, the returned R2
has 3 tuples {0,5,9}. The selectivity of the
reduced R2 on attribute A is 0.3. Before the
execution of R2-C->R3, BN3=9, BS3(C)=0.9 and
AS3(C) = 0.3%0.9 = 0.27. Thus, R3 reduced by Rl
and R2 is estimgted to have AN3 =
BN3#AS3(C)/BS3(C) = 9%0.27/0.9 = 2.7 tuples. It
is clear that our estimation method is more ac-
curate. []

Exinple 7.1:

8 Sending in Complement

If a relation has more than half of all the
possible attribute values in a given attribute, it
18 cheaper to send its complement, which has fewer
attribute values, than the actual relation values
on the attribute. In fact, it was demonstrated in
[YuCC] that the improvement in data transmission
cost of sending relations in complement or not 1in
complement over sending the relations not in com~
plement is gigantic in processing simple queries.
The average improvement can range from twenty
percent to a few hundred percent for simple
queries referencing two to three relations, depen-—

ding on the selectivities of the relations. As.

this type of querles occur rather oftem in prac-
tice, the technique of sending a relation in com-
plement 1is worthwhile incorporated into a distrib-
uted query processing algorithm.

The cost of a semi-joln Ri-A-DRj can now be
computed as follows.

When Ri 1is partitioned into a number of
sites, for each fragment of Ri under attribute A,
say Fij(A), 1f the number of distinct values of
Fij(A) is more than half the distinct values of
attribute A, then F1j(A) is sent in complement;
otherwise it is sent not in complement. When Ri
18 not fragmented, Ri projected on attribute A is
gent in complement if there is a saving in data
transmission. This process should be invoked only
1if the saving in data transmission is more than
the local processing cost in converting a relation
‘on certain attributes to its complement.
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9 5 Integration

We now integrate the varfous techniques given
in the previous sub-sections into one algorithm.

The first step 1is to choose a primary copy
and a number of secondary copies of each relation
referenced by the query using the algoritham
developed in section 3. The cost: of each semi-
join from one fragmented or unfragmented relation
to another is computed by the results of section 8
and 6. The benefit of each possible semi-join is
computed using the estimation technique of section
7. Then a semi~join to be executed . next 1is
generated. For example, SDD-1 version 1 uses the
least cost semi-join - with benefit > cost, while
SDD-1 version 2 chooses the semi-join with highest
(benefit — cost). Other algorithms [HeYa, ChHo,
YLCC, etc] use different criteria to select the
next semi-join to be executed. Before the execu-
tion of the semi~-join, the results of section S
are used to check whether. the semi-join is useless
or replaceable by a better semi-join. If 1t  is
useless, then it is discarded and the next seai-
join will be selected. If there i1s a strictly
better semi-join, then it is replaced by the bet-
ter semi-join. If the semi-join 18 not useless
and there 18 no strictly better semi~join, then
the semi-join is cheched whether it can be execu-
ted with less cost by sending in complement.
After the semi-join, say Ri-A-DR}, is executed, Ri
may be eliminated by the result of section 4. - The
cost and the benefit of the affected semi-joins
are updated and the next semi-join is generated.
This cycle of generating and executing a semi-join
is repeated until no profitable semi-join can- be
obtained [SDD1l] or some other criterion is used.
Then all relations which have not been eliminated
(section 4) are sent to a site to produce the
answer.

10 Conclusion

We have sketched an algorithm to process

queries in a fragmented database environment.

The algorithm has the properties:

(1) It is extremely simple. There 18 no
difficulty in implementing the algorithm.

(2) It makes use of redundant copies of rela-
tions to reduce communication cost and
selects a primary copy-and some secondary
copies of each relation to process a
given query. This feature is not discus-
sed in early papers.

(3) An efficient algorithm 1s given for frag-
ment processing.

(4) All relations that participate in the
sequence 0f semi-joins ' executed in the
first phase and need not be sent- to the
asgembly site .in the second phase are
identified.

(5) Semi~joins involving eliminated relations
are either useless or replaced by better
semi-joins. As a result of (4) and (5),
the algorithm 1s more efficient than
SDD-1 in minimizing total cost.

(6) An estimation procedure, based on dynamic
execution of semi-joins 1is provided.
This allows more accurate estimation than
those given in early papers.



A version of the algorithm described in this
‘paper 1ig operational at System Development Cor-
poration. Numerous variations of this algorithm
are tested 1in performance which is defined in
terms of total time, response time and local proc-
essing cost.
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