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i. Intrdducbion

In [YONG 761 we presented a general strategy for query pro-
ceésing knouwn as decomposition ., which had been designed for the
nonprocedural query language GUEL L[HELD 7?51 and was in the pro-
cess of being inplemented in the relational datebase management
system INGRES [STCHEBRAKER 761. In this approach the probles of
dealing with e nulti-relational query is seperated into two
stages. First, a query vwhich references several relations is
decomposed into siapler components, the main objective at this
point being to minimize the corbinatorial growth that nmulti-
relatioral queries entail. The information used to achieve this
" mininization concists mainly of the structure of the query and
size statistics of the relations used. Once‘the query is decon-
posed into "sufficiently sinple” conponents, the focus of the
strategy shifts from one of structural sinplification to that of
minimizing data access, and in this gend gane® phase of query
processing the information associated with storage structure

plays a dominant role.

Research‘spbnsored by the Joint Services Electronics Program Contract F44620-
76-C-0100 and the Army Research Office Grant DAAG29-76-G~0245.



One of the principal tactics that we proposed for breaking
up @ ouery intc simple pieces was reduction , a process which
night be described as separating a query at its netural joints.
On boeth intuitive and theoreticel érounds reduction appeared to
be a highly n&vontageous tactic. However, the overall procedure
of decorposition was too complex to permit a complete theoretical
analysis, and the efficacy of reduction required confirnation by
en empirical stuvdy. Such o study haes nowv been undertaken
{YOUSSEFI 783, end. a sunmmary of its mwajor findings will ©be

reported in this paper.

A second issue to be addressed in this paper is the strategy
of the "end game". In contrast to decomposition, a considerable
anount‘of work haz already been published on strategies for pro-
cessing two-variabtle queries. Our work differs from these both
in the way the prcblem is abstracted and in the specific assunp-
tions concerning the costs that the inplenentation environment

imposes.

In sectior 2 ve shall review the principal features of the
deconpocition procedures with an 2nphasis c¢n the tactic of reduc-
tion. In section 3 the results of our experimnents concerning
reducticn will bLe sunmaerized. 14 secticn 4 details of the end
game strotegy together with a sumiaery of some enpirical studies

will be presented.



2. Decompositior

The principal features of decomnposition are easily explained
by an exanple. Consider a database vhich contains the following

relations with the domain nanes appearing within the parenthesis!

supplier (snc, snane, city)
parts (pno, pnane. size)
prcject (jno, jnane, city?
inventory (sro., pno. qoh)
sugpply (sno., jno, pno. qty?

Suppose that we uant to find "the nanes of all those suppliers
each of whon supplies #6 bolts to some project located in the
same city in quantity greater than 1000 but less than its
qqantitg-on~hnnd‘. This query can be expressed in QUEL as fol-

lows!

range of
range of
range of is projects

range of i inventory

range of y is supply

retrieve intc result (s.sname)

where (s.sno = y.sno) and (s.city = j.city)d
ané (j.jno = y.jnod and (v.pno = y.pno)d
v

is supplier
i parts

€ e T

and (j.qty < v.qoh) and (v.pno = p.pneg)
andg (p.pname 'bolts’) end (p.size = 6)

The structure of this query is revealed by the following self-

explanatory graphical representation: fWONG 771



result (sname) +-~---=---- + city O —— +

{==-1 supplierl-===v--cn-- Iprojectl!

size = b

The following tactics for decomposition have been prcposed:

(a)

(b)

Query Transfermation - The query can be transformed into a
nurber of sgnnnticollg equivalent forns. 0f these, the
eddition of cne-variable conditicns by invoking transitivity
is probably the most useful. 1In our example, the conditions
(v.qoh > y.qty) and (y.qty > 1000) imply that C(v.qoh > 1000)
car be added as a condition. Since every ud&ed restriction
neans smaller intermediate results, one-variable conditions
due to transitivity should always be added.

/
Recuction - 6 query is said tc be reducible if it can be

separated into twc pieces whick overlap on a sipgte variable
and each cf wvhich has ot leazt two variables. #n irreduci-
ble unérg is one that is not reducible. In [WONG 761 we
shcwed thntA the irreducible components of a query are
unique. For our example. they can be représented graphi-

cally as follous:



(c)

qok>1000 +----==-=--"=< + pnho #------< +
f--=-=- | inventory l---=--- | parts 1----0 pnane = 'bolts’
prmcmmm— - + pommm——— + size = 6
| .
\
newinv (sno.pno,qoh)
o + qoh » qty +----=- Balatdd
| newinv l-=-==-=-=====< | supply l-=--=--- 0 qty > 1000
O el +

result (sname) +--
{(----1 supplier l--=-=-< | project |

Thus, there are three irreducible comnponents in our exanple,

one with three variables and two with two variables.

Dne-Vnr}able Subquery Processing - Often, one or nore rela-
tions referenced by ¢ query can be reduced in size by both
restriction (fewer rous) and projection (fewer columns).
Such an operation corresponds to o one-variable subquery
which can be detached and processed separately. In our
exonple, there are three such one-vnrinblé subqueries, and

they can be represented as follous!



phane = *bolts' bommmm e +
Domomomome-- | parts Jommmm e > neuparts (pno)
size = 6 fom e +
qty > 1600 P mmm +
B--m===-=<=--| supply l--------= > supply (pno,sne,jro,qty)
R et + A
gqoh » 1000 F A +
fromwemmemmm-- | inventory |--~~--~ > inventory (sno.pnc,qoh?
Fomm e +
(d> Tugle-Substitution - Supporse that one of the variables in a

query is replaced by the tuples in its range relation, tuple
at a time. Whaet results then is a collection of 'queries

{ore per substituted tuples sach with one less variable.

Bn intuitive grounds., the merits and denerits of each of
these tactics car be evaluated. Tuple substitution is a tactic
of Iﬁst resort. Successive substitution for every veriable but
one in the query is tantaemount to constructing a cartesien pro-
duct of all the rarge relatiorns. Such a procedure will always
work, but its efficiency is ceploruble. Reduction, on the other
hand, prévents corbinatorial grouth at little processing cost and
should probaebly bLe undertaoker uhenever possible; Whether or not
o one-wariable sutouery should be detuched depends on beth the
storage structure and the zemantics of the gquery, and it is a

decisicr fhat is kest left to Ehe.end yame .

The uzdvantages of reductior were e¢luborated in [WUGNG 7?61 and
can be briefly stated. It rep aces a queru by a sequence of

querie= w.th fewer variables end cwuliesr (usually auch - swmaller)
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relutionrs. It allows the difficult decision of choosing & vari-
able for tuple substitution te be deferred until a time uhen the

cho:ce is clearer and the potential for mictakes more limited.

One possible gisadvantage of reductior is that it constrains
ihe order in which the relations are accecsed. The grephical
representation of our exanple makes this clear. Once reduced,
the query consists of three ‘rredqucible cecnponents which must be

proceszed in the followving segquence!

tparts.inveniorg)---)(neuinv,supptg)---)(neusupplg,project,supplier)

It is cecnceivable that in some situations such a restriction on
the order of prbcessing would prevent an optinun strategy fron
being realized. Gf course, such an optinum strategy may be dif-
ficult to discover and may not ke realized anyway. Nonetheless.,
our hypothesis that the constreint on sequential order inposed by
reduction rarely entails a major sacrifice in efficiency required

empirical verification.

A second possible disadvantage of reduction is that if «a
joining variable is to |Dbe substituted it would appear to be
better done prior to reduction, since then @ single substitution
sinultnreouglg recuces the nunber of variables in two conponents.
However., a separate substitution for the joining veriable in the
second comnponent wsay be an advantage rether than a disadvantage
since its range will have been reduced &?ter the first conponent

is processed.



In sum, ve Tecund it impossible to completely evaluate the
effects of reduction by a theoreticel analysis. Thus, a series

of experiments were constructed for an empirical assessment.
3. Exgperinent on Reduction

Jur exﬁériﬁent consisted of running a series of wmultivari-
able queries, each of which was frere of ore-varieble subqueries,
using every possikle stratequ uwhicn conbined reduction and tuple
substitution. Fer each vrun the totel number of data pages
accessed was peasured, and the strategies uwere conéored solely on
the nurber of pagss accessed. Although there are othaer costs in
processing a Query. the mest significant conponent for a complex
gquery is the time for accessing the data. Furthernore, other
costs such as overhead do not differ significantly from one stra-

tegy to another.

A coltlection of 11 queriés vere choseﬁ. These range in the
number of vaeriekbles from 3 ta 4, and in the sizes of the rela-
Lions frow 15 tuples (2 poges: to 138 tuples (7?0 pages). The
structure of these queries together with the sizes of the relea-
tiens involved car be represerted graphically. Let each relation
be represented tu a node in o graph, end let an erc betueen tuo
nodes signt?g.the existence of a1 canjuncticn clause in wh.ch both
relations are referenced. The vcircled nodes are those which
uppear in the target list (i.e., in the relations referenced by

the resulid. The queriec for which measurementes wvere made can be
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Query 10
A
tA = 62 PA = 17
tB = 51 PB = 14
& :
tC = 62 PC = 32
tb = 5S¢ PD = 29
D
guery i1 ,
A

tA = 51 PA = 14

tB = 56 PB = 29
L | ©

tC = 62 PC = 17

tb = 62 PD = 32

The queries used in our experinent were free of one-variable
subqueries. Hence, the first nove in any strategy must be either
a tuple-substitution or a reduction. Ue wanted enswers to the
following questicrs from our series of experinents:

(1) Since reduction alwaye puts a conponent containing the tar-
get 1list near the end in the sequence of processing, is it
often the case that a targét list variable should be substi-
tuted for before reduction?

(2) Is it often the case that tuple-substitution for e joining
variable should precede reduction?

(3) Is reduction as the first move a good general strategy?

In Tablie 3.1 we have tabulated the page counts for the best stra-



o {ed

i,
(a) The first novwe i35 substitution P&r 'Y
ifb)':Tﬁgifirst move is substitution for.m
irﬁé fifét'move’is tuplevsubséitution
“the vurfuﬁle.: |
(d3 >The”firsb moue i8S reducéion.
’50p eack;chge puge counts for both keyed

structures are presented.

12

of-euch of the following four categories:

target list variable.
joining variable.

vithout restrictidn on

and non-keyed storage



R L L R R L R e LT Rl X Prmmr e e e +

| (a? i (b) | (c) t (d)

| target-list { joining ibest-tuple- subs! reduction
P fmmmmmm e c e pomrmmme e E et S L LD DLl dty +
iquery lkeyed non-keyedlikeyed non- kegedlkeged non- kegedlkeyed non-keyed|
R L L T O T el B R LR afiadadde +
1 | 892l 980 1 2551 793 l 25951 793 | 2081 744
$mmmm—- R e ke $mm———- tocmmmm—- pmmmmm— $rmmm - pomm—-— prmmm +
I 2 I 14501 2265 | 47291 2243 | 4791 2243 | 2631 1688
Pomm e pomm - R R foemmm - - I $rmmmem- $mmmmmm—- +
t 3 I 127131 144760 1| 6361 2201 | 6361 2261 | 3191 1944
Fommm—— tmmm - pmm $mmmm-—- pocm - pommmmm—- P me - pomm——- pommmm - +
i 4 5401 1986 | 1571 1083 | 1571 1083 1| 3541 354
$o----- trmm - P ——— R pmmmmmm Pommm—— S $mem—m— pmmmm e +
IS I 20541 2458 | 4691 1015 | 4691 1015 | 3231 $78
e R R - o R ek pem-m——- pommmeem- $mmmen $orm e +
U ) | 514201 128083 | 16371 3015 | 16371 3015 5191 519
e P $rmmmm—— $mm————- $memmmme— o= pomme $---m—- temmmmme- +
7 1 33571 3670 | 33571 3670 1| 33571 3670 | 6431 957
P po-m - - $------ pommmm—e—- tmm - pmmmm e - R +
I 8 I 22301 4257 | 22301 4257 | 22301 4257 | 4711 1302
+--mem- P $mmmmmmm T pomemm—-- $------ P tommem- $omm e mm +
t 9 I 884701 113296 | 31451 4329 | 314351 4329 | 30421 4458
P tmmm——— R $ocm-- $remmm———- L S o pmmmcem-- +
i 10 | 3571 927 | 3571 927 | 3571 927 | 4191 655
P pomm———- $mmmmm——— pomemm——— pmmm— - e - R +
11 | 340381 112716 | 147511 14751 | 147511 14751 1| 6451 1914
Pommma tmem— - R el $m-m-—- pommmmm— - $mmm——- R et tmmmmm tomme e +

Table 3.1 Reduction vs. Tuple Substitution

The implications of our experiments seem rather clear.
First, reduction as the first nove is the best in every single
case. The difference in sowe cases (e.g., 11) is vrather
dramatic. Second, if tuple substitution is to be selected as the
first move, then the best choice in every case is a joining vari-
able. Finally, the fact that reduction defers the access for the
target list variables till the énd had no unfavorable effect in
any of the queries of our experiment. Indeed, tuple substitution

for a target list variable as a first move often had disastrous
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consequences. (See ¢.q9., queries 3,6,9,11.)

be believe that the efficecy of reduction as o deconposition
tactic has beer well demonstreted by evidence. It is the one
tactic vhich is mcst responsible for the prevention of combina-

torial growth.
4. The End Gane

Decorpositicr in general and reduction in particular provide
a ﬁeans for reducing the complexity of a query to a point vwhen
the effects of stcruge structure on access efficiency beccme
clearer. Arn appropriate peint ot which to stop and focus ocur
sttention on the storage structure appears to be wvhen the nunber
of vnriabfes i two or lecss. Indeed, twc variable queries have
receivec o great deal of.ottention in the literature [ROTHNIE 735,
BLASGEN 753. 4n effort has beern nade in [YAD 761 to organize the
nany techniques uwkich have been suggested into a coherent theory.
The focus of our attention is socreuhat different, our objectives

being:

(a) to provide a cetailed evaluation of tvo-variable strategies

in the specific context cf the INGRES systen, and
(b) to present scre experimental results cn these strategies.

In INGRES access to stored deta is deferred ,untfl a one-
variable query is encountered. Thus, faced with « two-variable

query, we have to sake the following decisions.
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(a) If a one-variable subquery involving restriction and/or pro-
jection on one of the relations can be detached, should it
be detached and processed before the rest of the query?

(b)Y Since tuple substitution nust be nade for one of the two
variables, how should the selection be made?

(c) Should ihe storage structure for one or both of the rela-

tions be modified?
An exanple will nake these issues clear.

Corgsider the following two-variable query which is the first

irreducible coaponent of the example in section 2.

qoh » 1000 +--=---=----< + pno Fommmm—- +
0-==-=-- t inventory l=---=-====- { parts [------0
P + prmmmmm——- + pname = ‘bolts’
) gize = 6

newinv (sno.,pno.,qoh)

Faced with such a query, vwe have to decide vhether to take each

~ of the following possible actions:!

(a) WHe can restrict parts according to the condition (pname =
‘bolts’) and (size = 6) and\project the result on pno before
further processing. |

(b) UWe can restrict inventory on (qoh > 100) before further pro-
cegsing.

(c) We can tuple substitute for parts or for inventory.

(d) He can modify the storage structure of parts or inventory.

A1l these decisions are affected by the existing storage struc-

tures, and to determine how they are affected, we need to



i1e
ebstract the relevant factors of the storage structures.

Let R be a rélqhion and let B(r), r K, be a truth function
on :R.  Let q(R,E} be the number of tuples in R which satisfy B.
Let ﬁ(R,B) be the nunber of tup’tes. which have to be a;camined to
Adeternine the qualifying ones, and P(R.,B) be the number of pages
which have to be accessed tc determine the qualifying ones.
Storage étructures ootentially achieve one or both of two things:
(ni Keep'tfR.B) as close tc q(R,B) as possible. . (b) ﬁinfnize
P(R,BY. If t(R.B) & q(R,B), we shall say that R is indexed on B,
and if F(R,B) a.q(R;B)'(width of R/page size), we shall say R is

clustered on B.

be observe'thut for R to be clustered on B it is necessarily
indexed on B, but the converse is not true. Typically, a secon-
dary index on a dcnain “indexes” o‘ relation on any condition
referenciﬁg that domain, but does not cluster it unless the con-

dition is satisfied by at most one tuple.

-Qs an éxonp\e consider the relation parts (pno,pnane,size)
"hashed on pno” with a secondary index on ﬁnome. e shall assume
that to a given pnp torresponds at most e single tuple, but that
there mnay be several tuples with tﬁe sane pname. Consider the

conditicons

Bl ! pnc = 12345

B2 : prname = ‘bolts’

The relation parts is indexed onr both Bi and B2, but clustered
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only on B! and not B2. However, suppose that the roles of pno
end pname are reversed in the storage structure, i.e., parts is
hashed on pnare with a secondary index on pno. Then perts would
be clustered on BZ because the prirary structure is keyed on
pnare, end alsc clustered on Bl because there is a secondary

index on pno and Bl is satisfied by at most one tuple.

The first issue in the end game that we shall try to resolve
is the detachment of one-variable subqueries. A general two-

variable query in QUEL has the forn:

range of r is R
range of s is S

retrieve into result neme (TL(r,s)) vhere qualification

TL denotes the target list (i.e., the domains of the result rela-

tion), and the qualification has the general fora:
€1 ¢r) and C2 ¢(3) and C(r.,s)
uhgre €1 and €2 are one-variable clauses which can be detached.

Intuitively, the cost of processing a one-variable subquery
is linear in the cardinality of the relation involved, vhile the
cost of processing a two-variable query is super-linear in the
sum of the cardinalities. This line of reasoning suggests that
it is nearly always advantageous to restrict R on Ci and § on C2.
There is oné inportant exception to this rule. Suppose that R is

not clustered on C1 (r) but R is clustered on C(r,s) for every s.
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Then access tc K is best deferred until a variable is chcsen for
tuple-substitutior because shculd s be substituted, then access
to R using C(r.s’ and C1 (r) together is far nore efficient than

access using C1 (r) alone.

Corsider our exanple:

qoh > 1G0Q0 R R R Rk + pnre t-mm----- + pnane = ’‘bolts’

-+
'
]
]
1
t
!
t
]
1
t
i
t

-+

+
t
1
!
!
1
L]
i
'

-+

n

N

L
0

oy

rneviny (sno,pno.,goh?
RS ' )
Assune that inventory/stored in a keyed-structure with (pno,sno)

as key and parts is hashed on pname. Then, the one-variable
subquery
prare = ‘bolts’ it +
G--mmommmmmo e i parts l-=---- > newparts (gno)
SiZe = 6 R +

clearly should be detached, but the one- variable subqguery

qok > 1006 Frmmmm e ——— +
0- == I inventory f--~----- > inventory’ (sno,pro.qoh)
R +
should rot be detached. ARAccess to inventory is best made using

the condition cn gno rather than goh.

The second decision that we have to face is the selection of
e wvariable for substitution. Let G(r,si denote a two-variable
query, TL(r.,s) its target list and C{(r,s) its quelification. Let
iRl and ISl dernote the cardinalituy of R and 5 respectively. Sup-

pose that we substitute for r, then we .get IR one-variable
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queries on S. The total cost measured in pages accessed is

cost (substitute for r) = IRI + IRI P(S,8)
where P(S,R) is the average number of pages accessed to process @

for each substituted r. It follows that

costm"‘(ﬁb = min { IRl + (Rl P(S,@), 1St + 181 P(R, @)}
and the variable chosen for substitution should correspond to the

smaller of the pair

FCR.G) + 1 PC(S,8) + 1

The difficulty in using this decision rule is that vhile IRI
and 1581 can be assumed known, P(R,R) and P(S,Q@) nust be
estinated. Of the factors which affect P(R,Q), the following are

probebly the most imnportant:
(1) P(F), the nurber of pages occupied by R.
(2) WHhether or not R is referenced by the target list.

(3) Whether or not R is clustered relative to the qualification.

The reason that (2) is important is because in QUEL there is an
implied existential quantifier on any variable not referenced in
the target list. Hence, in a query {TL(s), C(r,s)) only a single

r tuple satisfying C needs to be found for each substituted s.
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The sinplest situation arises when neither R nor § has a
useful storage structure arnd [both oﬁpear in the target list.
Then, P{R.8) = P(E),VP(S,Q):= P(S) and both Are known quantities.
In Table 4.§{  we have summarized the experinertal data cn eight

gqueries of this kind.

peges | pages |

| I !
query | IRIZPCRY+1- | IS1/PCS)+1 I(R substituted)I(S substituted)!
—————— E B L R Rl itk bttt 4
1 { 1.944 ! 4.125 ] 2104 ! 4633 J
2 ! 3.444 | - 1.944 l 4307 ! 23355 |
3 { 4.125 ! - 5.789 I - 3709 | 4918 i
4 1 3.444 | 1.931 ! 3538 | 1950 !
3 ! 4.125 | 4.389 | 1135 | 1194 |
6 | 4.38 | 4.647 | 1329 | 1358 |
7 ! 3.565 | 10.125 ! 59 1 1788 |
8 | 1.9375 | 11.515 i 2014 | 11811 |
—————— B L e it Attt R Bt b Rkl il bttt

e see that not orly is our criterion verified in every case, but
the cost is very rearly proportional to the ratio #tuples/(8pages

+ 13,

" "The situatior beccmes more difficult to analyze if only ocne
of the  two relations (say R) is referenced in the target list.
In that cese Pgsfﬁ};gngqu likely to be less than P{(S) since we
only need to find one tuple in § which sntisfies_@# In Table 4.2
uéeébnparé'thévﬁéq;ukgd:;aiU;; }or P(S,Q) with P(8) for 8 queries

}njﬁhgtﬁlé iénnotbéefé;éééed ih ihe target list
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------ T R D TR
6 | P(S)H | P(S,Q) | ratio
------ E O R et Dt
) I 4 | 2.2 | 03
------ T R Rt T T
2 1t 70 I »3.25 | 90
------ T bt T
3 v 1S ! $.33 | 39
------ R T bl
4 | 57 i 11.82 | 21
------ O S el BT TR
S 1 15 ! 5.98 | 37
------ R LT
6 | 29 i 2.48 | 08
------ E L R
7 1 14 I 10.7¢5 | 77
------ E L T S ke
8 1t 29 i 26.78 | 92
------ R e

Table 4.2 FKelation Not Keverenced in Target List

Unforturately, the results afford us little predictive value for
P{S. Q). It is always 1less than P(S), but beyond thet ve need
additiorel infcrewation about the data to meke a useful prediction

for P(S5,0).

The situation is eagually murku if one or bocth of the rela-
tions hkas a useful storage =structure. Suppose that § is
clustered on C(r.,s) for easch fixed r. This mneans that for a
fixed r .the s-tuples which satisfu C<(r.s) are on nearly the
minimum nunber of pages. However, if the number of such s-tuples
is not known, estimating P(S,C) is still difficult. In Table 4.3
we agairn compare the measured P(S5,0) with P(S), but this time §
i s 'ulwogs referernced in the target list and is clustered with

respect to @.
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e it L Fommm - Fm————-
@ | P(SY | P{(&,Q) Iratio
------ .'.-.—--_-_+—---.—..‘_+-..-—.-—
i+ 70 1 8§3.2 | .76
------ E S L e TR L
2 + 70 1 2.3 | .03
—————— S it R T
3 | 1§ i 11.4 1 .76
------ E R e TR
4 1 957 I 44 1 .77
------ T R Tt o E e
s t 1S | 9.8 I .65
—————— pommm———- Fommm - b
6 | 17 1 14 1 .82
------ T e TRt Lt
7 1 22 I U | { .0S
------ $ommmmmm e —————
8 1 31 A 1.4 ! 035
------ pommmm e memm—— -

Table 4.3  Effect of Keyed Structure

As in the case of a relation not referenced in the target 1list,

our experimental results afford us little predictive value.

Sugpose that the condtion C{r,s) is of the sinple form

o HEERTER

where A is a.dchain,.in R and B a domain in S, and suppose that we
know -the quantity
k = rumber of differsent A values in R

R

Then{_wg can nakg nvrensonqble estimate of P(S,Q) when § is not
referenced in the target list or when S5 has ¢ keyed storage

structure with B as its key.

For each r, there are on the average IS1/7k tuples in S which

saticsfy Clr.,si. If § is not referenced in the target tict, only
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one of these tuples need be found and the average number of pages

thdt world have t¢ be eccessed i

Cas PCS,R) = PCSY/(KkIiISI)

On the cther hand if § ¢ keued then the number of pages

that would have tc be accesseg is

(b P<S., a3 C1S1/k) 7 # tuples per page

P(SY/ k

H o«

Our experimernts provided a linited amcunt of data for veri-
fying these forwrulas. In Table 4.4 we have summarized the
results on five queries, each of which involving two relations R
and 5 such that S is not in the target list while R is keyed.
Thus, tre same set of ‘queries can be used to check both of our

estinmation formulas.

l P(R, &) ! PCS, Q)
L RS L R e R
query | estinated | measured llestimated | measured
-------- B i e I G
1 | 8 | 12 bl 1 | i
e e R et g L R L
e ! 1 ( i | 30 ! 62
........ .|._...-.-__........._+..____.._--..l l - e e = e e e - -
3 1 S5 | 42 | 2 l S
-------- M e it [ T R pupt i RSP
4 i 3 | 13 Hi 4 i 11
------- e e Rl T [ e P,
S i 3 1 12 I 2 | 4
------- LA e itk T T R U U

Toeble 4.4 Verificetion of Estinates

The estirates errec consistently on the 1low side, but on the

whole the agreerent waes not bad for such sinple formulas. UWhat
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is nore significvant is that if there estimates had been wused in
comparing IRIZCFCR,0) + 1) and 1S1/(P(S,8) + 1) to select a vari-
able tor substitution, the correct decision would heave been made

in everv case, and by e comfortable margin.

Tuple substitution for one variable in a two variable query
results in a cocllection of similar gueries on the reraining vari-
able. Since tﬁe collection is homcgeneous in the form of the
qualifying conoition, the same stcrage structure would allow the
relatior to bLe ﬁlustered for every query in the collection.
Specifically, sugpose that we substitute for r in R. Then, if §
is clustered with respect to C{r,s: for one r it is clustered for
every . Thue, if S is not already clustered with respect to
C(R,s) it would probably pay to wmeodifu its storage structure.
There are three choices in INGRES: modify to ISAM, modify to
HASH: create secordary index. The cost of creating a secondary
index s always less than modifging\@h@ primary structure, but
the berefit is alsc less end sometines doun right wuseless. The

relative cost of modification betueern ISAH and HASH is very nuch

a function of the particular inpleméntntion environment . Since
[3aM involves sorting, its cost must be super linear in terms of
the relabtion size, but surprisinglg’it is often 1less than the
cost of hashing. bs implemnentec, the costs in pages accessed for

nodifying to HASH «nd ISAH are:

cost (HASH) « P(S) + 2.888 IS

cost (ISAM) £ 7.5 P(5) + 2FP(S8) log? (F(§)/64)
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In Table 4.5 we have summarized some enmnpirical results on
storage - structure nodification. For each of 11 two-variable
queries, we conpare the total cost (in pages accessed) of pro-
cessing using each of four strategies!

(a) no storage modification

(b?> nodify S to HASH after substitution for r

(c) nodify S to ISAN after substitution for r
(d) create secondary index after substitution for r

The cost includes that of any storage nmodification which was

undertaken.

i (a) ] (b)) 1| Ced | (d>
query Ino rodification! HASH | ISAM | index
------- R R it LT T T R

i | 8748 I 2101 | 1356 | 1026
------- R it etttk
2 | 11%e I 622 | 972 110478
------- R bl LY TR P
3 [ 1710 I 806 | 937 | 7654
------- Rl e il il bl TR
4 I 1191 I 299 | 3500 | 1204
------- e R il LEELE R LT
S i 5400 1 703 1 336 | 218t
ey R et tatlaadatate IR TR Y 2 Rttt o
6 | 1196 1 451 | 404 110478
memececpecmrmccerecce oo - o tmmm—m -
7 l 3960 1 1666 | 1504 | 2184
------- e R TR P R it TR PP
8 | 17820 1 1999 | 1955 | 2789
——————— R el ke P tmm—m—— emmmm-a
9 | 16170 ! 1976 | 1486 | 2255
------- R it bkl ettt T L P
10 ! 17820 i ~--- 1 916 1229595
------- LR L LR B R it ettt
11 | 16170 t --=- 1 504 110344
------- R il it il Rttt

Table 4.5 Conmnparison of Storage Structure Modification

e note that some general conclusions can be draun. First,

in every case storage nmodification was useful and in several
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instances critical. Second, ISAH was the best structure overall,
and for queries which involve inequalities in their quatification
(e.g., oueries 10 and 11) choosing ISAKR is of vital inportance.
Finally, secondary index {9 rarely the best strategy (only query
1) and often it is down right dangerous (e.g.. 2 and 6). All in
all, once tuple substitution is undertaken modifying the renain-

ing relation tc ISAH appears to be the clear-cut winning stra-

tegy.
3. Conclusion

This is a follow up to our earlier paper [YONG 761 on query
processing in the INGRES system. Our two principal goals have
been: (a) to verifu through an enpiricel study that C“reduction®
as a tactic in decomposition is of near panaccea quality, and (b)
to provide a detailed treatment., by both analytical and empirical
reans, of the °"end gare” phase of query processing. Although our
experiments have been far from exhaustive, the consistency of the
results leads us to belive that thé mejor issues which we have

posed are now resolved.
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