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Abstract : 

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

(1) It makes use of redundant relations to 
reduce comunlcation 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; 

(3) an efficient algorithm to process frag- 
ments is provided; 

(4) all relations that need not be sent to 
the assembly site to produce the answer 
are identified. Thus, unnecessary pend- 
ing of these relations across sites and 
processing on these relations, which are 
common in earlier algorithms, are 
avoided; 

(5) useless semi-joins are discarded and 
“worse” semi-joins are replaced by better 
ones ; 

(6) a process to estimate the cost and the 
benefit of a semi-join, based on dynamic 
execution of semi-joins Is introduced. 
It is expected that the new process is 
more accurate than earlier estimation 
process. 

The algorithm is easy to implement and is 
operational. 

1 Requirement 

We are implementing a front end distributed 
query processing strategy that will exist on top 
of existing data management systems. The underly- 
img data management systems may be heterogeneous 
and may be of any structural data model, although 
in our initial Implementation all of the databases 
bre relational. The user views the data as a 
single unified database through a uniform global 
schema tich 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 munt 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 processing [BeYa, ‘SDDl, TLCC, 
Chanl, etc] and Is consistent with’the behavior d 
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 implemented easily. 

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

Early strategies [SDDL, Chflo, HeYa, Chanl, 
YuLO] do not use the redundant copies of relations 
and assume that a copy of each relation referenced 
by the query has been pre-selected. Ii Is obvioue 
that the selection of a copy for each relaiion 
affects the performance of pro&being the qirery. 
In fact, optimal selectidn can be shown to be 
NP-hard [YLCC] . In this paper, we give a simple 
algorithm to solve the copy selection probr& and 
to identify the primary copy and a number of sec- 
ondary copies of each relatiod referenced by the 
wry- 

Most query processing algbrithms [B&h, HeYa, 
Chanl, SDDlVZ] did not discuss the processing of 
fragments. While version one of the SDD-1 al- 
gorithm [SDDlVl] mentioned how fragments can be 
handled, the discussion was left out in the second 
version of the algorithm [SDDiVZ]. Furthermore, 
it was pointed out by (ChanZ] 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 [Chlio, YI&], 
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 strategies 
and chooses the one with least cost. This may be 
appropriate for embedded queries which are likely 
to be executed repeatedly. In ‘our environment, 
the users are expected to submft ad-hoc queries. 
Furthermore, it was pointed out ,in [BlLu] that for 
a query referencing only a few relations, there 
are over a billion posrible strategies to answer 
the query. Thus, our aim,is to design a simple 
and yet reasonably efflcfent algdrithm that yields 
good performance. 

Most existing query processing algorithms 



(SDDl, Chanl, HeYa, YLCC] consist of two main 
processing phases. 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- 
swer . It turns out that some of the relations 
involved in the eeml-jaine are unneceeeary in 
producing the answer in the second phase. As a 
result, these relations need not be sent to a 
conon .slte and comunlcatlon cost is saved. 
Furtharmore,, even some of the semi-joins involved 
in the first phase are either redundant or 
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 earl-joine by better 
remi- joins. While a partial solution to the above 
tasks have been given early by [SDDl, L&2, Chanl, 
YLCC], the treatment given here is 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- Wrlier ertimetion algorithms [HeYa, SDDl, 
Chanl, Chan2, YLCC, PuLO] are based on certain 
uniform distribution and independent distribution 
assumptions. The use of such aseumptions 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. In 
order to control the magnitude of the error, we 
propose that semi-joins be executed dynamically. 
That is, after executing a semi-join, the site of 
the reduced relation is obtained exactly and this 
information is passed back to our algorithm, which 
then estimates the eise 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) is sent to the site containing 
a. We note that If R&(A) contains more than half 
of all the possible distinct values, It is cheaper 
to send its complement. This idea is lncorperated 
Into our algorithm. 

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

2 Rotations and Definitions 

A query har two componenta: the target campo- 
nent and the qualification component. The 

qualification component eelectr the tuples of the 
referenced relations that satisfy the qual- 
ification, while the target component specifies 
the attributes of the selectad tuples to be out- 
putted to the user. Specifically, queries diecus- 
sed here are of the form rimilar to those in 
[SDDl, ReYa etc]. 

{ (lti .Ail, . . ..Rj.Ajl) ] 
(Rk.Akl-Rt.Atl)ARD . ..ARD(Ru.Aul=Rv.Avl)} 

where the qualification component Is a conjunction 
of equality clauses of the form (Rk.Akl-Rt.Atl) 
ARD....ARD (Ru.Aul=Rv.Avl) and the target compo- 
nent Is (Ri.Ail, . . . . Rj.Ajl). If a.clauee invol- 
ver a relation with a constantor it involves.2 
attributes of the same relation, it is eliminsted 
by local processing [HeYa, Uong]. ..Por the sake of 
climplicity, let us rename all attribute names se 
that two attributes have the same name lff they 
are related by either. an equality cleuse or a 
number of clauses through tranpitivity of 
equslity . For excIple*s (Ri.A=Rj.B) AW 
(Rj.B-Rk.C) will be renamed (Ri.A-Rj.A) AUD 

. (Rj.A-Rk.A); (RLA-Rj.A) AND (Rk.A-+A) will be . 
renamed (Ri.A=Rj.A) &ID (Rk.NRe.B), because the 
A’s in the two cleuser era not related. 

If a relation R has attribute A, then R”(A) is 
tha projection of R on attibute A. 1Ri.i~ the 
sire of relation R. 

A remi-join from RI to Rj on ettribute A, 
denoted by RI-A->Rj, is the join of Ri and Rj on 
attribute A, then projected on the ettrikutea 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 ellmineting those tuplea of Rj 
which do not contain a value in Ri(A).. Iiere, A 
can be either a single attribute or (L set of 
attributes. 

A semi-join Ri-A->Rj Is implied by the query 
if either (Ri.A=Rj.A) appear8 la the qualification 
component of the query or the clause can be 
deduced from the qualbfication. Ppr example, the 
semi-join Ri-A->Rj Is implied by (Rl.A-Rk.A) @ID 
(WA-Rj.A). 

A database state’ Is the assignment of COP 
tents to the relations. 

3 The copy identification Problem 
. 

In our environment, a reletion may have a 
number of horixontal disjoint fragments or may 
have a number of copieo but not both. If it 1s 
fragmented, then rince the fregmcnts 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 -qf 
each relation referenced by the query SO that the 
cost to process the query is minimized. Following 
early papers [.HeYa, SDDl, 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 qan- 
atants, and the cost to procesr a query Is the 
summation of costa for sending deta among sitar. 
It can be shown that the copy identiflcetion 
problem is RP-hard for proceasing 
where a simple query [EeYe] io 
relationa having a eingle joining attribute only. 
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Propogition 3.1: The copy selection problem, even 
for simple queries is NP-hard [YLCC]. 

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

Example 3.1: Let a query be {R2.CIRl.C-R2.C]. 
Assume site Sl contains relations Rl and R2 and 
site S2 contains relation R2. Suppose one copy of 
each relation is to be selected. One can select 
(i)' the Rl in Sl and the R2 in S2, or (ii) both 
the Rl and the R2 in Sl to perform semi-join Rl-C- 
>R2 (or R2-C->Rl) to obtain the answer. Ob- 
vlourly, the first selection incurs data trans- 
miruion from Sl'to S2 (or S2 to 'Sl) while the 
second one does not require any data transmission 
between different sites; I1 

Unfortunately, to find a minimum number of 
rites coverlng a set of all relations referenced 
by the query is also IQ-hard, as the Minimum- 
rubeet-problem [ARU] is reducible to it. 

We propose to find a primary copy and a num-. 
ber of secondaq copies of each unfragmented rela- 
tion which is referenced by the given query. The 
primary copy of a unfragmented relation; say Ri, 
has the characteristics that (1) if Ri is 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 used. 
(2) After Ri has been reduced, no secondary copy 
of Ri should be used to reduce other relations. A 
secondar)t copy of Ri maybe used to reduce another 
fragmented or unfragmented relation, if Ri has not 
been reduced. (Condition (1) and (2) can be 
relaxed to allow some secondary copies of Ri to be 
reduced.with same minor changes in section 6.) 

Example 3.2: Let a query be {Rl.D]Rl.C-R2.C). Rl 
has two fragments Pll and F12 with fragment Fll at 
site Sl and the other fragment F12 at site 52. R2 
has two copies, one at site Sl and the other copy 
at site S2. Existing algorithms (e.g. [Chan2], 
[HeYa], [SDDl], 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 
Rl-C->I(2 or R2-C->Bl. As a result, Fll(C) or 
P12(C) or R2(C) has to be transmitted across 
sites. Suppose both copies of R2 are chosen with 
one. copy designated as the primary copy and the 
other as a secondary copy. Then .the semi-join 
R2-C->Rl can be executed with no data transfer 
across sites. This saves communication cost. 
Furthermore, the reduction of the two fragmente'of 
Rl by the two copies of R2 can take place in 
parallel. [I 

We now give e 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 eecondary copies. The 
algorithm runs in exponential time, although the 
number of eltee and the number of copies of the 
relations referenced by a query is usually not 
large enough to generate a large running time. 

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 copies. 

Let F be a subaet of sites each containing 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 rele- 
Clone in F. Assume further {Sl, ..,Sn] is the set 
of sites each containing at least a relation -in 
tR1, ..,Rm]. The following algorithm findrthe 
minimum.number of eitee from [Sl, ..,Sn] to cover 
the set of relations {Rl, ..,Rm]. 

Algorithm Opt-Site 

Step 1 For each relation Ri, let Sil, .,.., Stj. 
be the sites, each containing a copy of &ii 
The fact that any one of.theee sites can abe 
used is denoted by (Sil OR Si2 OR . . . . 
OR Sij;). , _ 

Step 2 Since all relations referenced b the query 
have to be covered, we compute db 

iSI 
(Sil OR 

Si2 OR . . . . OR Sij;). 

Step 3 The above expression Is re-written in 
disjunctive normal form with eahh component 
being the conjunction of a number of 
S-literal*. 

Step 4 Choose a component having the minimum 
number of S-literala. If the answer site 
is contained in a component having the 
minimum number of literals, then choose 
the component. 

It is easy to see that aS-literal corre- 
sponds to a site and a component corresponds to a 
set of sites containing a copy of each of the 
referenced relations. Thue, the mlnlmupr .mnber of 
sites covering all the referenced relations can be 
obtained by choosing a component having the .min- 
fmum number of S-literale. 

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

Dafinitions: Relation Ri dominates relation Rj if 
(the sites containing RI) 2 (the sites containing 

Rj) l 

Site Sk dominetes site Sl if (the relations 
In site Sl) C (the relations in site Sk). If (the 
relations in-Sk) = (the relations in Sl), then 
both Sk dominates Sl and Sl dominates Sk. If Sl 
is the answer site, then we choose to let Sl dam- 
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 muat,contain a copy of 
Rj and therefore the covering of Rj need not be 
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considered. This allows us to eliminate a 
dominated relation. The primary copy of the dom- 
inated relation is at the same cite of that of the 
relation that dominates, which may not have been 
determined. 

Suppose site Sk dominate6 site Sl. If a 
solution consists of site Sl and some other sites, 
we can replace eite,Sl in the solution by site Sk 
without losing the covering of any relation and 
having no more sites. Thus, a dominated site can 
also be eliminated. A dominated 6ite does not 
contain a primary nor a secondary copy of a rela- 
tion for the prqce6atng of the query. 

Finally, we note that if 6 relation hae a 
eingle copy only, then the.site that contains the 
copy mu6t be chosen. Such a relation is called an 
essential relation. .The primary copy of an eeeen- 
tial relation is uniaue. 

The following -algorithm eliminates the dom- 
inated sites and the dominated relations and 
selects the essential relation. It should be 
executed befor'e the algorithm OptTSite. 

Algorithm Pre-Proceeeing 

while (there ie a relation or a site dominance) 
t 
eliminate the dominated site 

or the dominated relation; 
I 

while (there is an essential relation) 
t 
select the site containing an essential 
relation; 

I . 

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

Proposition 3.2: Algorithm Pre-Processing 
together with Algorithm Opt-Site gives the emall- 
eat number of sites. 
Sketch of proof: It is easy to see that Opt-Site 
obtains the snalleat ntiber of sites from (Sl. 
. . ,Snl containing the set of relations @l i 
-a, Rm}. Consider the three operations defined in 
Pre-Proceseing: 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 opti@ solution 
is preserved after ai application. [I 

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 modifiad slightly to give the 
maximum number of sites. 

After the exe&ion of Fre-Proceesing, the 
primary copies of essential relations are iden- 
tified, the location of the primary copy of -each 
daminated relation is restricted to that of the 
primary copy of the reletion that dominates. 
After the execution of Opt-Site, the comgnent 
having the minimum number of S-literal* determines 
the primary copies of the remaining relations. 
All other copies of the reletione in the chosen 
sites are secondary copies. 

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 Rl', 
R2' , . . . . Rn', the problem is to identify those 
relations that.are not needed to answer Q. 

It has been pointed out in [YLCC, Chanl] that 
certain relation$ that are involved in the execu- 
tion of some deli-joins in the first p&se need 
not be used in the second pha'ri to produce the 
answer. However, their results are only. ap- 
plicable to certain sequences of,semi-joins. The 
result preaented+here applies to any sequence of 
semi-joins. It Is known [PULO, TLCC] t&t optimal 
processing of a certain type 'of gueries would 
involve the execution of semi-joins on one ettrib- 
ute and then a switch to another attribute before 
completion of semi-joins on the first attribute. 
The strategy in [Chanl] hoer not allow such ekit- 
thing. Thus, if an dptimal or close+0 optimal 
sequence of semi-joins are to be desired, the 
elimination of useless relation6 by the reaultr in 
(Chanl] is not appficabl&. -Furthemore, ‘(Chanl] 
does not allow a relation having a taqget attrib- 
ute to be eliminated, while in two propoied el- 
gorithm, such a relation can be elim$n&ted. The 
observation. that some such relatione'can be elir 
inated was made when examining our test. queries. 
The theory developed 'here is applicable to both 
multiple attribute semi-joins and 6iqle attribute 
6emi-join& while (ChAnl]' uses single attribute 
semi-joins only. 

After our algorithm exucutes ace eeml-join, 
the number of tuplee of the reduced relation is 
returned so that the estimetion is accurete. In 
order that this component if ‘our algorithm -in- 
tegrates smoothly with the estimation compoynt, 
the following solution is proposed. 

The query Q consists of two components, the 
qualification QUAL and the target TL. ' After a 
semi-join is exe&ted, 'both *the'que.lification ed 
the target may change. Let the ndw.querp be Q' - 
{TL'IQUAL']. Clearly, the anaver produced by Q on 
the relations {Rl,R2, . . ..Rn) must be the’sare as 
that produced by Q' on the relations {Rll,R2*, 
. . ..Rn'] where one of the R-6 18 modifi&d ,due to 
the semi-join and the other '(n-l) relations are 
unchanged. If both QUAL'.and TL'.do not reference 
M', then RI' can %e eliminated from Q’.,, Chw~ 
method ~coneiete of fInding QUAL' and TL' and‘eIiw 
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 ralation 
R, denoted by J(R), are the set of attributes of B 
appearing in QUAL; tti &get attribu$&s 'of 8, 
T(R), a&the set of attribudr of R appearing in 
mt AU. 

Let' S: RI-A->Rj be the eemi- join ‘executed 
(both RI and RJ have not been eliminated). 

Algoritlm8 Elim(S) 

If COND-= (A=J(Ri)) 'AND (T(Ri) C A)'10 true 
then /* RI can be elimirute~ from the query l f 

t modifyQL(S); 
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if T(Ri)ti 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 clauae of tha fov (R1.X 
-Rk.X), if exists, by (Rj.X-Rk.X), k'li,j, 
if the latter does not already exist; 

Procedure modffyTL(S) if modifying TL to TL' */ 
for each attribute X in A, replace Ri.X in 
TL by Rj.X; 

Example 4.1: Q - @2.Dl(Rl.C-R~.c)ARD(R~.D=R~.D)). 
QUAL - (Rl.C-R2.C) AND (R2.D-R3.D) 
TL - R2.D 

Let the sequence of semi-joins executed be 
s1: Rl-C->R2 
s2: R2-D->R3 
s3: R3-D->@ 
s4: R2-C->Rl. 

Initially;, J(Ri)={C}, J(aZ)={C,D) and J(iu)=(D}. 

After executing Sl, since J(Rl)-{C} and T(Rl)-Q, 
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) 
-ID} C {D), Rq is also eliminated. 
'Since-T(R2)-{DIM, TL is modified. 

new QUAL - 0 
new TL - R3.D. 

At that ppint, since QUAL becomes null, semi- 
join6 S3 and 54 will not be executed. I.1 

Definition: Two queries\ and Q', which reference 
relations {al, . . ..Rn} and {al-, . . ..Rn*} respec- 
tively are equivalent if their answers are iden- 
tical for every database state for {Rl, . ..&I). 
where {Rx-, . . ..Rn') are obtained from ! {Rl, 
. . ..Rn} through a sequence of semi-joins implied 
by Q- 

Proposition 4.1: After the semi-join S: RI-A->Rj 
is executed, if condition COND iq aetfsfied and 
the semi-join S is implied by Q, then Q which 
references {Rl, . . ..Rn} is equivalent to Q' which 
references {Rl, .., RI-l,.Ri+l, . . . . Rj-l,Rj',Rj+l, 
a*, Rn} where Rj' is obtained from Rj by S and Q' 
is obtained from Q es given in Algorithm Elim. 
Sketch of prooft Let Q be ITLIQUAL). Since semi- 
join Ri-A->Rj is implied by Q, we can transfom Q 
to an equivalent query Ql-{TLlQUALl} by the fol- 
lowing procedure 

(1) apply modifyQL(Ri-A->Rj) to QUAL to 
obtain QUALl; 

(2) for every attribute X in A, add a clause 
(R~.xIB~.x) t0 QI&~. 

When J(W-A, the above transformation 
guarantees that Ri in QUALl rppears only in the 
clauses of the form (Ri.X*Rj.X), where,X in A. 
Thus, when the query-graph of QUALl is construc- 
ted, Ri is adjacent to Rj only. By the l&f-o- 
root reduction introduced in [BeCh], If we ‘con- 
sider the eubtrec with Rj asthe root and Ri ea 
it6 leaf, Rj is fully reduced (see' [BeCh]) by Ri 
wfth respect t@ the nub-qualification Ri.A-Rj.A 
after the execution of RI-A->Rj (1-C. RI 'can be 
eliminated from the entire qtilificarion). When 
T(Ri) 2 A, Ql can be tranrfori6ed further -to an- 
other equivalent query Q2-{T&1lQUALl) by' 
modifyTL(Ri-A->Rj). Thue, Ri can b;e 'elimfnated 
from both the qualification and the target. 
[I 

Proposition 4.2: After the semi-join 5 ie execu- 
ted, if COND is not ratiified, for Q which refer- 
ences {Rl, . . ..Rn) and every Q' which referen~ar 
{al, .., RI-l,Ri+l, . . . . Rj', .., Rn), there ex- 
ists a database state for {Rl, . . ..Rn) such that 
Q- and Q are not equivalent, where Rj' is obtained 
&or Rj-by S. - 
Sketch of proof: If COND ie not satisfied, then 
at least one of the following cases arieee. 

case 1: T(Ri) is net~a- 6ubset of A, 1.6. 
there exists an attribute B which is in T(Ri) but 
not in A. 

If Ri is eliminated, obviously applying any 
Q' on {Rl, .., RI-l,Ri+l, ..,Rj', ..,Rn) is unable 
to answer anything- under R1.R. Thus, the anawer 
obtained will not be identical to that obtained by 
applying Q on iR1, ..,Rn). 

case 2: A+J(Ri), i.e., J(Ri) contains an 
attribute C which la not in A. 

Since attribute C has not been eliminated, 
there is at least one ether ielation, *aY % 
having C. A database for {Rl, ..,Rn) can a as- 
signed such that the values of R1.C are‘~&irjoint 
from those of Rk.C and the bet of tuples 66t- 
idying the qualification on {Rl, .., Ri-l,Ri+l, 
..,aj-, d..,Rn)'ir non-empty. Thus, Q' which r&f- 
erences the n-l relations will yield a non-empty 
answer, is not equivalent fo Q which yields null, 
since (Ri.C=Rk.C) cannot be satisfied. [I 

Proposition 4.1 stites that after executing 
semi-join s, if the condition CO!iD is Batified, 
then the answer on the original query Q,, which 
references RI is the aam& ai,‘that of the q6w qtiry 
which' does not reference Ri. Thus, RI can be 
eliminated. Profisition 4.2 6tate6 that ifs'COh 
is not satisfied, then there is no equivalent! 
query which does not reference RI. 

In example 4.1, the SDD-1 algorithm [SDdlVl, 
SDDlVZ] may execute the sequence of 4.iai-joins 
and'thena sand the reduced relation Rl, R2 and R3 
to an a6sembly sit.6 to produce th6 annrdr, while 
our algorithm, after executi* the first two semi- 
joins, would have the answer as tie reduced 83. 
Clearly, if the answer 6ite is Got the.rire da 'the 
site -containfdg R3, then only the'reduced R3 needs 
to be sent, otherwise nb relation needs to be 
shipped.' Thus, a rubutantial saving is achieved. 
Ch6ng'r algorithm rChanl] would send 82 and R3 to" 
the aasemblp situ, if semi-joins 51 and S2 are 
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performed. If S3 is also performed, then R3 needs 
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, 
YuLC] 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 [Chlio, YuLO] are not applicable. 

The algorithm to eliminate a relation is a 
minor variation of the algorithm to determine 
whether a given query is a tree query [YuOz, 
Crah ] . That algorithm has been U6ed in construct- 
ing acyclic database schemes in logical database 
design [ByMM, PaMU]. 

5 Replacement of Semi-joins by Better Ones and 
Identification of Useless Semi-joins 

Example 4.1 illustrates that certain eemi- 
joiqo can be discarded. We now identify those 
semi- join6 that can be discarded and those semi- 
joins which can be replaced by better ones. 

Given any sequence of semi-joins, our in- 
tention is (1) to find a better sequence of eemi- 
joins, (2) to identify the useless semi-join8 in 
the better sequence and discard them. It turns 
out that if a semi-join involves an eliminated 
relation (which is identified by the result of 
section 4), then we can construct a better eemi- 
join, without knowing subsequent semi-joins to be 
executed. 

To facilitate the diacuasion, a special type 
of graphs are defined. A Q-graph &(V,E) 1;. a 
connected graph containinn both directed and un- 
directed edges; V is th; set of relations of the 
query and E represents the qualification; the 
graph contains one COnO6ctUd component of undirec- 
ted edgee and zero or more rooted trees of direc- 
ted ,edgae. The connected component represents the 
relations which have not been eliminated and the 
claueee in the qualification referring to those 
relations. Each rooted tree coneiate of the rela- 
tion at the root which has not been eliminated 
(the root also appears in the connected component) 
and other nodes repraaentfng 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 RI to be 
eliminated, then RI is marked eliminated and the 
undirected edge between Ri and Rj in the Q-graph, 
if exists, is replaced by a directed edge with 
label A from RI to Rj and every edge between a 
relation R, which is not Rj and has not been el- 
minated,,and RI with label B (B is 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- 
tiona, then they are represented by a single edge 
with a label which~iu 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 
is executed. 

Definition: Root(R) is R, if R has not been 
eliminated and is the root of the tree containing 
R if R ha8 been eliminated. For example, in 
Figure 5.1(b), Root(R1) la R2, and in Figure 
5.1(e), Root(R1) is R3. 

Q-{R2.DI(Rl.C-R2.C)AWD(R4.C-Rl.C)AWD(R2.D-83.D)] 
semi-joins: Rl-C->R2, R2-C->R4, R4-C-%2 

and R2-D->R3 

initial after Rl-C->R2 after R2-C-1R4 

Rl-C--R2 Rl--C->R2--D--R3 the same ai 
I I 

!:’ 
0) 

C D 
I I I 
R4 R3 

(a) ’ OF4 (cl 

after R4-C->R2 after R2-D->R3 

RI--C->R2--D--R3 
+ 
C 
I 

My4 

Rl-C->R2--D->R3 
Jr 
C 
I 

(ey4 

Figure 5.1 Tranaformation of Q-graphs 

Since an eliminated relation wilt no ,longer 
be used in producing the answer, intuitively, it 
is not wise to execute any semi-join reducfllg’an 
eliminated relation or using an eliminated rela- 
tion to reduce another relatioa. What we will 
establish is to replace an eliminated reletion by 
its root whenever it is involved in a sequence of 
semi- joine, so that a better se,quence of ‘remi- 
join6 is obtained. 

In SDD-1, the cost of a semi- oin S: Ri-A- 
>~j, cost(s), is definmo be ]RI(A) f if. Ri .end 
Rj are at different aitea; Otherwise the cost.ts 
zero. The benefit of the semi-join is defined CO 
be ]old Rjlx Rjl, where the new Rj is the -Rj 
after being reduced by S. 

Let M be the set of relations referenced’by 
the query. Let SQl be a sequence of semi~joinr 
executed on the relationa in W and SQ2 be another 
Buch sequence. The’ coat of a iequence of rui- 
joins is defined to-be the sum of the co@ of each 
semi-join in the SUqU6nC6. 

Definition: SQ2 ie a better sequence of semi- 
joins than SQl if (I) coet(SQ1) 2 coet(SQ2) (ii) 
El C E2, where El is the set of eliminated rela- 
tion< after the execution of SQI, l<is2. and 
(iii) for each relation R in H-E2, R after execu- 
tion of SQ2 C R after execution of SQl. 

Conditi% (ii) and (iii) are to ehsure that 
the cost to send the relations, which have not 
been eliminated by the semi-joins, to ersembly 
site is smaller If SQ2 is used inetead of SQl. 

The following algorithm map8 a given uequeoce 
of semi-joins to a better one. 

35 



Algorithm Better(S) /* aaeume S la RI-A-->Rj */ 

replace S by Sl: Root(Ri)-A->Root(Rj), 
where if Root(Ri)-Root(Rj), then the semi-join 

Sl is not executed. 

The following reault can be proved. 

Proposition 5.1: Let SQl be a iequence of aami- 
joina, which doer not eliminate any relation. If 
SQ2 ia the corresponding sequence obtained by 
Algoritlm Better, than SQ2 la batter than SQl. 
i&e:” ;; p;rof: Let n be the umber of aami- 

Algorithm Better transform SQl 
into a corresponding’ sequence of n aemi-joine, 
w. Let I be the eat of all relationa referenced 
by the query. Let E2i be the act of relation8 
thet have bean eliminated after executing the 
firer i aemi-joina in the sequence SQ2; El and E2 
be the aet of relationa th8t have been eliminated 
after c executing SQl and SQ2 respectively. Since 
SQl doaan’t qlirinate any ral8tion, it is clear 
that El la null. Thua, Bl CSZn=EZ. It ten be 
proved by induction that 

(i) for every relation u which have not been 
eliminated by 542 i.e. u is in M-E21, 
then u in SQ2 2 u in SQl, and 

(ii) for every relation e in E21, if Y, the 
common joining attributes iu the original 
query between relation e and relation 
Root(e) ia not null, than Root(e) 
projected on Y in SQ2 2 e projected on Y 
.in SQl. 

Cor+dek a a+-job S: Ri-A->Rj in SQl up- 
ped io the aemi-join Sl: Ro6t(Ri)-A->Root(Rj) in 

If RI hai not been 
2%oot(Ri).- 

eliniaated, then 
By, (i), coet(S1) < coat(S). If Pi 

haa been elimi&te~ and Rj ia.&n zhe aaae aubtree 
am RI,’ then Sl 
coat(st) < coat(S). 

ia not executed and clearly 
If Ri hae been eliminated but 

Rj’ia outride the eubtree, then Root(Ri) can be 
proved to cont8in attribute A. Let Y be the join- 
sing attributer in commod between Ri and W.ot(Ri). 
Y la not null, beceuae A C Y. By (ii), Root(Ri) 
projected on Y ,in SQ2 C h projected on Y in SQl. 
Since A C P, Root(gi) pFojected on A in SQ2 2 Ri 
‘projectax on A in SQl. Thua, coat(S1) 5 coat(S.) 
in all caaea. Since the,8bove l tatement ia true 
for any aami-join in SQl and the corresponding 
semi-join in SQ2, coat(SQ2) 5 coat(SQ1). condi- 
tion (i) gu8ranteea that the coat to tranafar data 
to the aiaembly rite after the execution of SQ2 ia 
no larger than that to tranafer data to the aeear 
bly aite after the execution of SQl. Thus, SQ2 18 
better. than SQl. iI 

I 
Example’5.1 Q - {Il.dl(Il.C-I?.C)AND(Il.~I2.D) 

AND(Il.c-cl.c)ARD(c1.c-c2.c) 

Let tha sequence of aemi-join8 executad be SQl: 

Sl: Cl-C->11 
S2 : IL-D->12 
s3: 12$->c2 
s4: cz-c->Cl 
s5: Cl-C->12 

By Algorithm Better, the above sequence ie 

transformed to SQ2: 

Sl: Cl-C->11 (Cl ia eliminated; Root(Cl)-11) 
s2: 11-D-)12 
s3: I2-C-X2 

ss4: cz-c->I1 (C2 is eliminated; Root(11) 
ss5: 11-C-)12 

Since SQl and SQ2 differ only at the laat 2 aemi- 
‘joins, coat(Sl,S2$3 in SQl)-coat(Sl,S2,S3 in SQZ). 

However, coet(S4)lcoat(SS4) and 
coet(S5)>coat(SS5) (aince Xl(C) 2 Cl(C)). 

Thua, coat(SQ1) > coat(SQ2). 

Moreover, SQl doee not eliminate any relation 
but SQ2 eliminate8 {Cl, C2). 

It ia clear that after semi-join8 S4 amd 564, 
11 in SQ2 2 11 in SQl, 

and the 12 in both sequence8 are the aaaa. 

But, after S5 and SS5, the 11 in both aequencea 
remain unchanged and 12 in SQ2 2 I2 in SQl. . 

Thua , 542 is better than SQl. [I 

SD&l generates a sequence of eami-joina, 
which will be executed on the relation8 referenced 
by the query. At termination, all relation8 are 
sent to an aaaembly site to produce the anawer. 
If the aame eequence of aemi-join8 are fed into 
our algorithm, than the uaeleaa aemi~joina are 
eliminated, some semi-joins are replaced by b&tar 
semi-joins and only a aubaet of the relationa 
which are really naeded to produce the abawer are 
aent t? the a8eembly rite. Aa a raault, fewer 
semi- join8 are executed; more coetly semi-j&a 
are replaced by leas costly aemi-joins and @hare 
are fewer relationa, aech of which ia no Urger 
than the corresponding one reduced by the SDD-1 
algorithm,, to be sent to the l aaembly rite. T?iua, 
our algo+thm ia lea8 coetly. The coat of an 
algorithm is defined to be the aum of the c6& of 
rending data (This ia referred to a8 totai tima 
[liena]). 

Propoaition 5.2: coat(our algorithm) < 
coet(SDD-1) for any query and any database atate- 
The inequality wili be strict fok aome queriea and 
acme database atatee. 

The concept of obtaining better sequencer of 
aki-join8 wee given in [L&2, SDDlVl, SDDlV?]. 
However, they refer to relation8 which are nbt 
eliminated and the entire sequence of semi-join8 
ia generated before improvement to the sequence ia 
made. In our approach, uch “worea” earl-jqin 
involving eliminated relation ia either discarded 
or replaced by better one 8nd we execute a&i- 
joine dynamically. 

6 Proceaeing of Fragment8 

There are three way8 to perform semi-joina: 
send one fragment to reduce l wther fragment, rend 
one relation to reduce another fragment or rend 
one relation to reduce another relation. Aa poin- 
ted out by [ChanZ], there ie no benefit of 
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reducing a fragment by another one. Unlike the 
method given -by [Ch&] which reduces a fragment 
by a relation, we propose the reduction of one 
relation .by another relation. This allowa ua to 
eliminate unneceaaary relationa and uaeleaa eemi- 
joina without any aodification to the theory 
developed in eerly sections. Furthermore, there 
is more parallaliam in the samding of data in 
implaemting a relation to relation reduction than 
e relation to fragment reduction. 

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

In our environment, a fragmented relation may 
.have a placaaant dependency with anothar fregman- 
ted relation. If much a dependency between Ri and 
Rj aiata, than a fragment of Ri ham a nom-ampty 
join with a fragment of Rj if they are located at 
the same mite. Aa an example, if Ri and Rj era an 
employee relation and a relation containing the 
depemdenta of the employees respectively, then it 
la cuaon that information about an employee end 
him/her dependents are located at the same mite. 

There are -four cases to be coneidered in 
parforming tha aemi-join: Ri-A->Rj. 

Care 1: RI and Rj are fragmented relatione. 
If there la a placement dependency between them, 
thea tbc coat la 0, otharwiae, we proceed am 
f olloua . 

Let the fragments of Ri and Rj be (Fik, 
lskAn] and {Fje, l<e<m] raapectively. A strategy 
to .parfon the aeZli’;join from Ri to Rj is to mend 
eech fragmant of Ri projected on A to each of a 
subset of a aitea containing the fragments of Rj 
and mending the remaiming (m-a) fragmknta of Rj to 
one of the a rites, where the value of a and the 
subset of a mites are to>be determined so that the 
coat of sending la minimized. 

Aaauming that the value of a ham been deter- 
mind, the choice of the a aitee la given am 
f oliowa . 

For each site containing a fragment of Rj, 
may Pje and poaaibly a fragment of RI, ray Fik, 
define the waight of the rite to be 

i 
I$!+] Fir(A) ] if the rite contains Pje and Fik 

e if Fik la absent from the mite 

Arrange the mites containing the.fragmente of 
Rj in ascending order of weight andrename them 
1.8. weight(Sj1) < weight(Sj2) < . . . < 
weight@ ja). Than tEe aubaet of a ait<a contain= 
ing the fragments of Rj are {Sjaa-s+l ,..., Sjm). 
It is eaay to see that the aoat o mending for 
this subset of a rites la E(a) * 

-a,&* eight(Sjk) 
a* IPikU) 1 + 

bjl P; and .thia coat” a leas then 
or equal. to 1 he coat of rending for another subset 
of a aitea. .- 

To determine the proper value for a, we in- 
voke the following algorithm: 

Algorithm ChooaeS 

s-1; IL 
while (FLIFik(A)l < weight(Sj,c) ) a-a+1 ; 5 
return (a); 

Proposition 6.1: The minimum coat (among all 
strategies givan above) of executing a ,aemi-join 
from RI to Rj la obtained by choosing a am given 
by Algorithm ChooaeS and those a mites are the 
ones having highest weights. 
Skatch of proof: It can be ,proved that 

(I) if H(a+l)-Ii(a) 2 d; than R(t+l)-H(t) 2 0, 
for all t>a, and 
(ii) if H(a)-H(e-1) < 0, then R(u)-H(u-1) < 
0, for all u<e. 

Thus, we should find an a much that R(a+l)-E(a) > 
0 and H(e)-R(a-1) < 0. Algorithm Chooses findi 
much an a. II 

came 2: RI la a relation.and ,Rj is a frag- 
mented relation. 

(a) RI ham not been reduced (i.e., no me& 
join of the form Rk-->Ri has been executed). 
ae,condary copies of Ri, if exist, will ba used to 
save tranamieaion time. If data trcnamiwion !I 
nisceaeary to perform the semi-join, a strategy 
similar to that given in came 1, with‘ minor mod- 
ification of parameters, la applicable. The 
details are not given here. 

(b) If RI ham been reduced, then we can use 
the primary copy of Ri only (i.e., all other cop- 
fee of RI, which may have different sontante will 
not be uaed). 

case 3: RI la a fragmented relation and.Rj 
la a relation without fragments. Send all fra(p 
mta of RI to the mite bontaining the priury 
copy of Rj. 

case 4: Both RI and Rj are unfragmented 
relatione. If RI ham been reduced, then the pri- 
mary copy of Ri should be uaed to reduce the pri- 
mary copy of Rj, otharwiee either the primary copy 
of RI or a secondary copy of Ri la used to reduce 
the primary copy of Rj, depending on which la leas 
in coat. 

7 Estimation of Size 
L. 

Aa mentioned early, our algorithm, after 
executing a semi-join will return the number of 
tuplea of tha reduced relation. Thus, before each 
semi-join is executed, the exact else of each 
relation and therefore the exact coat of the aemi- 
join, are known. It remains to estimate the aiae 
of a relation Rj, to be reduced by a semi-join 
Xi-A->R j . 

Let ANj and BNj be the number of tuplee of Rj 
after and before the semi-join la performed, 
ARj(A) and BRj(A) be the estimated number of 
distinct values of Rj oniA after and before the 
semi-join is performed. 

Then ANj la estimated to be 
BNj * Nj(A) / BRj(A) 

- BNj * ASj(A) / BSj(A), 
where ASj(A) and BSj(A) are the eelectivitiaa of 
relation Rj on A after and before the semi-join la 
executed and the selectivity of a relation on A ia 

‘the number of distinct values of the relation on A 
divided by the total number of ,poaaible distinct 
values of A [EeYa, SDD&, etc.]. The estimation of 
the aelectiviiy of a relation on an attribute ham 
been given early ‘[SDDL, Lukl]. Eowever, unlike 
their methode,,we make uae of the exact numbers of 
tuplea of Rj and other relations (involved in 
pravioua semi- joins) to obtain more accurate 
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estimates for ASj(A) and BSj(A). Furthermore, BNj 
la obtained exactly. Thus, we expect our eetims- 
tion to be more accurate. The size of the reduced 

,Rj la 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 
la, executed (for example, in example 4.1, after Sl 
ham been executed, attribute A is eliminated), the 
sire of a tuple of Rj needs to be modified and the 
number of tuplee of Rj on the remaining attributes 
can be obtained using the result of [Yao]. 

Ex&ple 7.1: Let Rl, R2 and R3 be three aingle- 
attribute relationa. Let C be their common at- 
tribute having the values {O,l, ..,9]. Assume 
Rl-{0,5,9], R2-{0,2, 3,5,,7,8.9} and R3-{0,1,2,3,4, 
5,6,8,91. After the execution of Rl-C->R2 and 
R2-c->R3 ) R3 ham 3 tuplea {0,5,9]. However, by 
[SDDl, EeYa], R3 la estimated to have 
10*0.3*0.7*0.9 = 1.89 tuplea. By our proposed 
estimation method, before the execution of Rl-C- 
>u, BNZ-7, BS2(C)=0.7 and AS2(C)=0.3*0.7 - 0.21. 
So, 82 reduced by Rl la estimated to have AN2 - 
BNZ*ASZ(C)/BSZ(C) - 7*0.21/0.7 - 2.1 tuples. 
After the execution of Rl-C->R2, the returned R2 
ham 3 tuplea {0,5,9}. The selectivity of the 
reduced R2 on attribute A la 0.3. Before the 
execution of R2-C->R3, BN3=9, BS3(C)=O.9 and 
AS3(C) - 0.380.9 = 0.27. Thus, R3 reduced by RI 
and R2 is estimated to have AN3 - 
BN3*AS3(C)/BS3(C) - 9*0.27/0.9 = 2.7 tuples. It 
la clear that our estimation method is more ac- 
curate. [I 

8 Sending in Complement 

If a relation ham more than half of all the 
possible attribute values in a given attribute, it 
la 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 tranemieeion 
coat of mending relations in complement or not in 
complement over mending the relatione not in com- 
plement is gigantic in processing eimple queries. 
The average improvement can range from twenty 
percent to a few hundred percent for aimple 
queries referencing two to three relations, depen- 
ding on the eelectivitiee of the relations. As 
this type of queries occur rather often in prac- 
tice, the technique of sending a relation in com- 
plement la worthwhile incorporated into a dietrib- 
uted query proceeaing algorithm. 

The coat of a semi-join RI-A->Rj can nov be 
computed am follows. 

When RI is partitioned into a number of 
mites, for each fragment of RI under attribute A, 
*aY W(A), if the number of distinct values of 
Fij(A) la more than half the distinct values of 
attribute A, then 'Fij(A) la sent in complement; 
otherwise it is sent not in complement. When RI 
IS not fragmented, RI projected on attribute A la 
sent in complement if there is a saving in data 
tranemiaaion. This process should be invoked only 
if the saving in data transmiaaion is more than 
the local processing cost in converting a relation 
on certain attributes to its complement. 

9 3 Integration 

We now integrate the various techniques given 
in the previous sub-aectione into one algorithm. 

The first step la to choose a primary copy 
and a number of secondary copier of each relation 
referenced by the query using the algorithm 
developed in section 3. The coat of each aai- 
join from one fragmented or unfragmented relation 
to another la computed by the results of section 8 
and 6. The benefit of each poaaible semi-join la 
computed using the estimation technique of section 
7. Then a semi-join to be executed. next la 
generated. For example, SDD-1 version 1 uses the 
least coat semi-join with benefit > coat, while 
SDD-1 version 2 chooses the semi-join With highest 
(benefit - coat). Other algorithma [HeYa, Chlio. 
YLCC, etc] use different criteria to aelect the 
next semi-join to be executed. Before' the execu- 
tion ,of the eemi-join, the reeulte of section 5 
are used to check whether the semi-join la uaeleaa 
or replaceable by a better semi-join. If it la 
uaeleaa, then it la discarded and the next.eemi- 
join will be selected. If there la a strictly 
better semi-join, then it la replaced by the bat- 
ter semi-join. If the semi-join la not uaeleaa 
and there is no strictly better se@-join, then 
the semi-join is cheched whether it can be execu- 
ted with less coat by mending in complement. 
After the semi-join, say Ri-A->Rj, la executed, Ri 
may be eliminated by the result of, section 4. The 
coat and the benefit of the affected aemi-joins 
are updated and the next semi-join te,generatad. 
This cycle of generating and executing a semi-join 
is repeated until no profitable semi-join can be 
obtained [SDDl] or some other criterion la uaed. 
Then all relations which have not been eliminatad 
(section 4) are sent to a mite to produce the 
anawer. 

10 Conclusion 

We have sketched an algorithm to process 
queries in a fragmented database environment. 

The algorithm ham the propert$ee: 
(1) It la extremely simple. There, la no 

difficulty in implementing the algorithm. 
(2) It makes use of redundant copies of rela- 

tions to reduce coPrunication coat and 
. selects a primary copy and some secondary 

copiee of each relation to process a 
given query. This feature la not diacua- 
aed in early papers. 

(3) An efficient algorithm la given for frag- 
ment proceaaing. 

(4) All relations that participate in the 
sequence .of semi-joins executed in the 
first phase and need not be sent’ to the 
assembly mite in the aacond phase are 
identified. 

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

(6) An eetimetion procedure, baaed on dynamic 
execution of semi-joins la provided. 
This allows more accurate eetimetion than 
those given in early papers. 
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A version of the algorithm described in this 
paper is operational at System Development Cor- 
poration. Numerous variations of this algorithm 
are tested in performance which is defined in 
terms of total time, response time and local proc- 
eeeing coat. 
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