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Abstract

The conventional way to process commands for
relational views 18 to use query modification to
translate the commands into ones on the base
relations An alternative approach has been pro-
posed recently, whereby materialized copies of
views are kept, and 1ncrementally updated
immediately after each modification of the data-
base A related scheme exists, 1n which update of
materialized views 1s deferred until just before
data 1s retrneved from the view A performance
analysis 1s presented comparing the cost of query
modification, immediate view maintenance, and
deferred wview maintenance Three different
models of the structure of views are given a sum-
ple selection and projection of one relation, the
natural join of two relations, and an aggregate
(eg the sum of values 1n a column) over a
selection-projection view The results show that
the choice of the most efficient iew maintenance
method depends heawvily on the structure of the
database, the view defimtion, and the type of
query and update activity present

1 Introduction

A matenalized view 1s a stored copy of the
result of retrieving the view from the database In
this paper, the types of materialized niews con-
sidered are those that could be defined using
SELECT, PROJECT and JOIN, and also simple aggre-
gates such as sum or count over the result of
such expressions
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Conventional systems do not materialize views
1in advance, but rather use query modification to
turn a query referring to a view into one on the
base relations [Ston75] An alternate method for
materializing views which updates the copy of the
view after each transaction [Blak86] will be called
wmmediate ew maintenance or siumply immedr-
ate 1n this paper A related differential view
update algorithm 1s described 1n [Horw886]
Another more restricted view maintenance algo-
rithm generates and periodically refreshes data-
base snapshots, which are copies of views consist-
ing of selections and projections of a single base
table [Adi1b80,1ind86] In the context of evaluat-
1Ing complex trigger and alerter conditions, Bune-
man and Clemons presented a method for analyz-
ing each update command prwor fo execution to
see whether 1t could cause a wview to change
[Bune79] If the system could not rule out the
possibility that the command rmght alter the state
of the view, the view would be completely recom-
puted Hence, this represents another wview
refresh algorithm Lastly, this paper presents a
final alternative, called deferred wvew mawnte-
nance, or deferred, that incrementally updates a
materialized view just before data 1s retrieved
from 1t This algorithm was also proposed by
Roussopoulos as a method for materializing copies
of views on workstations attached to a mainframe
[RousB86] In that scheme, the mainframe meain-
tains a shared global database, and workstations
update local copies of views when they process
queries

An 1mportant way to improve the performance
of view materialization algorithms 1s to use a
screenang algorithm to test each tuple inserted
into or deleted from the base relations If a tuple
passes the screening test, then its insertion or
deletion may cause the state of the wiew to
change, so the tuple must be used to try to
update the view If the tuple fails the screenming
test then 1t cannot cause the view to change, so 1t
does not need to be used to refresh the view In
the scheme described 1n [Blak86] screeming is
done by substituting a tuple into a view predi-
cate, which 1s then tested to see if 1t 1s still
satisfiable If so, the tuple passes the screening
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test, otherwise 1t fails This test 1s performed for
every tuple inserted into a relation, incurring a
significant CPU cost

The screening test proposed in [Bune79] has a
compile-time phase and a run-time phase In the
first phase, when the command for a transaction
1s compiled, the system checks to see whether any
fields the command proposes to update are read
by the wiew definmition If no such fields are
updated, then the command 1s called a readaly
wgnorable update (RIU) wmith respect to the view If
a command 1s an RIU, 1t cannot cause the view to
change In the second phase, if the command 1s
not an RIU, the individual tuples updated are
screened further at run time If a command 1s an
RIU, there 1s only a per-transaction cost associ-
ated with this screening test If it 1s not an RIU,
then there 1s a per-tuple cost, simlar the screen-
ing test of [Blak86]

An alternative test that will usually be more
efficient than the two just described 1s to apply
the rule wake-up scheme 1n [Ston86] to the
screening problem. Using this mechanism, called
rule mndexing, the index intervals covered by one
or more clauses of the view predicate are locked
using special markers called trmgger-locks or t-
locks When a tuple 1s inserted 1nto the relation,
1f an index record contaiming a t-lock 1s dis-
turbed, then the tuple passes the screening test
Otherwise, the tuple fails the test implicitly
Since this screening test can produce ‘‘false
drops” (1e tuples which pass the screening test
but do not satisfy the view predicate), a second
stage screening test, substituting the tuple into
the view predicate, 1s required This strategy 1s
assumed for both immediate and deferred wview
maintenance in the performance analysis of this
paper

To provide the background necessary for the
performance analysis, Section 2 reviews the
immediate wview maintenance algorithm and
describes the proposed deferred wview mainte-
nance scheme 1n detail In Section 3, cost formu-
las for each of the algorithms are derived for
three different view models

1 selection-projection views
2 two-way natural join views
3 aggregates over selection-projection views

The performance of the algorithms is compared
for each model TFinally, Section 4 presents con-
clusions, and suggests directions for future
research

2 View Materiahzation Strategies

In this section, the algorithm for incremen-
tally updating materialized wviews after each
update transaction 1s described briefly (see
[Blak86] for a complete discussion) The proposed
variant of this algorithm to allow deferred view
maintenance 1s then presented Also, a brief dis-
cussion of query modification 1s given
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2.1 Immediate View Maintenance

The differential view update algorithm {1 e
wmmediate view maintenance) operates on the fol-
lowing sets of tuples

Ry, B3, Ry the N base relations

Ay, A, Ay the N sets of tuples in-
serted into the base rela-
tions by the current
transaction

the N sets of tuples
deleted from the base re-
lations by the current
transaction

The sets A4, Ay and D, Dy must contain the

net changes to the database made by one transac-
tion Hence

Dy, Dy, Dy

4 nD=9¢
4 NRK=9
D CRh,

The defimition of a iew V can be represented
by a select-project-cross-product expression as
follows, where oy represents selection based on a
predicate X, my represents projection of the set of
attributes Y, and x represents cross-product

V = my(ox(R\XRzx  XRy))

Consider an example with two relations,
Ri(a,b) and Ry(b,c), and a view V defined as fol-
lows, where Y=f{a,c{ and X=(R,a=5and Ry =Ry b)

V = ny(ox(RxRp))
The following expression shows the subsequent

value of V, V,;, after an append-only transaction
updating both R, and R,

Vy = my(ox((Ry U 41)%(Re U 4p)))

Selection and projection both distribute over
union, so the above expression simplifies as fol-
lows

for 1=w<N

V.= TTy(Ux(RIXEg U A1 XFy U ByX45 U AIXAZ))

My(ox(R1%Rp)) U my(ox(4,xRz))
U my(ox(R1%A3)) U my{ox(41x42))

Vo U my(ox(4:1%Rp)) U my(ox(R1%4z))

U my(ox(41%A))

This algebraic simplification shows that V can be
refreshed by computing the value of the last three
expressions shown above, and then unioning the
results to the stored copy of V (V,) In practice,
the query optimuzer can be used to find the most
efficient method available for computing these
subexpressions [Seli79] Since all the subexpres-
sions are computed at the same time, perfor-
mance advantages can be gained by optimizing
them together The techniques described 1n
[Sell86] can be applied to this problem.

If deletions as well as insertions occur 1n

transactions, the differential update algorithm
becomes shightly more complicated One problem



1s that tuples 1n ¥ may have been contributed by
more than one source, since the projection opera-
tion can map multiple input tuples to the same
value If it appears that a tuple should be deleted
from V, but V 1s stored with duphcates removed, it
impossible to decide what action to take without
totally recomputing V from the base relations To
overcome this difficulty without wasting disk
space by physically storing duplicates, each tuple
i V must contain a duplicate count, indicating
how many potential sources could have contri-
buted the tuple With the duplicate count, when a
tuple 1s inserted into V, if an 1dentical value 1s
already stored, then its duplicate count 1s incre-
mented Otherwise, the tuple 1s inserted with a
duplicate count of 1 Similarly, the duplicate
count of the stored value 1s decremented on tuple
deletion If the count becomes 0, the tuple 1s phy-
sically removed from V

Extending the previous example, consider a
transaction that inserts and deletes tuples from
both R, and R, The new version of the view, Vi, 1s
thus represented as follows

Vy = mylox(((Ry—D1) U 41)x((Fz—D2) U 42)))
Using

Ry = (Ry—Dy)

Ry = (Ra—Dp)
the above can be rewritten as simply

Vi = my(ox((Ry' U A1)x(Rg' U 4)))
Multiplying out this expression yields

Vi = my(ox(RyXRy' U Ry'%Az U A1XRp' U A1x4p))

Expanding the E,'xR;' term of the above gives the
following (the remainming terms are indicated by
ellipses)

Vi = ny(ox((Ry=Dy)x(Re—Dp) U )
= my(ox(Rx(Re—Dj) — Dyx(Kz—Dg) U N

= my(ox(R\XRy — RixDy — D1%(Rg—Dg) U

Re-writing the second occurrence of R, as
(Ry U Dy) gives

V) = ny(ox(R xRy — (R U D)%XDp

— Dyx(Re—Dg) U )i
Multiplying the second term through, and substi-
tuting Ry’ for (R,—D,) leaves
Vi = my{ox(Ry xRy — By%XD;

=~ D1xDg — DyXRy' U )
If the operator — 1s 1mplemented as deletion and
U as 1nsertion using duplicate counts as
described previously, then the projection opera-
tion n will have the distributive property for both
- and U [Blak86] Applying these distributive
properties to the expression above yields

Vi = my{ox(RB1xRe ))— my(ox(Ry'%xDy))
= Vo= my(ox(R'%Dg))— my(ox(D1xRz))
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— my(ox(D1%Dg)) U my(ox(Ry'*x45))

U my(ox(41xRy)) U my(ox(4,%4z))

As expected, the first term of this expression 1s
Vo, the previous stored value of ¥ To update the
stored copy of V so that its value becomes V;, the
remaining expressions must be evaluated, and
either inserted into or deleted from V as required,
maintaining the correct duplicate counts (The
differential view update algorithm presented here
1s shightly different than that given in [Blak86] A
d1)scussmn of the differences appears in Appendix
A

2 2 Deferred View Maintenance

The immediate view maintenance algorithm 1s
performed after every database update However,
n certain situations, 1t will be advantageous to
save the sets of tuples inserted and deleted for a
period of time, and then apply the differential
update algorithm to the whole group Given a
method to compute the net changes (4,-net and
D,-net) for each relation, R,, for 1=1<N, over a
period encompassing more than one transaction,
incremental view maintenance can be done when-
ever desired (hence the name deferred wiew
maintenance) To refresh the materialized view on
a deferred basis, 4,-net and B,-net must be calcu-
lated and then input to the standard differential
view update algorithm.

A previously developed technique called
hypothetical relations [Wood83] can be adapted to
the purpose of computing 4,-net and D,-net The
basic algorithm for implementing hypothetical
relations 1s briefly described below Efficient
implementation of hypothetical relations to sup-
port deferred view maintenance will be discussed
after the basic algorithm 1s presented

) 2 21 Hypothetical Relations

Fortunately, the net changes to R, to use 1n
deferred refresh can be found using a modified
hypothetical relation (HR) algorithm proposed 1n
[Agra83] The HR scheme uses three tables for
each relation rather than one FEach relation has
associated with 1t tables R, D and 4, for base
tuples, deletions and insertions, respectively The
data value of a tuple will sumply be called “‘value
Each tuple will also have a unique identifier field
“id ” This ynelds the following schema for each
relation

R(1d, value)
D(1d, value)
4(1d, value)

The true value of the relation (Ry) 1s (R UA4) - D
The set difference operation ‘‘~ above has the
normal meaning, based on all fields of the tuple,
including 1d

To append a tuple to Ry, a transaction inserts
that tuple 1n 4, placing the value of the system
clock or other monotonicly increasing source in
the 1d field If duplicate-free semantics are



desired, the system must ensure that the tuple 1s
not already in (® U A)—D before appending 1t to 4
To delete the tuple from the relation, a copy of its
value, including the 1d 1t had in R or 4, 1s placed
in D To modify an existing tuple, 1ts old value will
be put 1n D, and 1ts new value 1n 4 When retrev-
ing data from Ry, queries are processed against
both R and 4, and any tuples found are checked
to make sure they are not already in D, (if they
are, they are 1gnored)

Given this structure of the HR, the expres-
sions for computing A-net and D-net from R, A
and D as described above are the following

A-net =4-D

D-net =D-A4
After a view refresh that uses 4-net and D-net,
the files used to store the hypothetical relation
will be reset as follows

(Ru4)-D

4
A4 =9
D =¢

nt

222 Efficient Implementation of
Hypothetical Relations

The problem with the most straightforward
implermentation of hypothetical relations 1s that
retrieving a tuple from R requires three disk
accesses rather than just one, as 1n a standard
relational database To retrieve a tuple ¢t from R
using the HR scheme this way, an attempt must be
made to read ¢ from both R and 4, and then D
must be read to make sure that ¢{ has not been
deleted

Fortunately, a method developed 1n [Seve?6]
can be used to screen out most accesses to the
differential file(s) In this method, a Bloom filter
[Bloo70] 1s used for each differential file, consist-
ing of an array of bits B[1 m], with each entry imi-
tially zero It 1s assurned that some subset of the
fields of each record called the key uniquely
1dentifies the record For each record in the
differential file, a hash function A mapping the
key of a record to an integer in the range 1 tom
1s computed, and the corresponding entry in B 1s
set to 1 Then, to test whether a record ¢ 1s1n the
differential file, if B[h(t key)]=0, ¢ 18 not present,
otherwise, 1f B[A(t key)]=1, 1t mught be present, so
the differential file must be searched to see if 1t 1s
there Using the method proposed in [Seve76] one
can design a Bloom filter with any desired ability
to screen out accesses to records not present in
the differential file by increasing the value of m

As another measure to help speed up accesses
to the differential file, 4 and D for each relation R
will be combined into a single file, AD An extra
attribute “‘role’”” will be added to tuples in 4D to
indicate whether they are appended or deleted
tuples This storage structure will speed up the
majority of updates, which modify existing
records without changing the key For example, if
AD 1s maintained using a clustered hashing access
method on the key, then when a tuple ¢ 1s updated
to ¢' without having 1ts key changed, ¢' will hash
to the same page as ¢ Thus, a maximum of only
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three disk 1/0s will be required to update a single
tuple ¢ 1in R given the key for ¢ This update pro-
cedure 1s as follows

1/0 Read the tuple (Check the Bloom filter
to see if ¢ could be in AD If not, read ¢t
from # Otherwise, read AD to see if it
1s there If ¢ 18 not 1n AD, read R This
muight require 2 1/0’s, but the probabil-
1ty can be made arbitrarily small by in-
creasing m Hence, only one 1/0 1s
counted here for simplicity )

170 Read the page where the new value of ¢
(¢") will he in AD (Place both ¢ and ¢
prime on the page The role values of ¢
and t' are ‘deleted” and *‘appended”
respectively )

1/0 Write this page back to disk

This 1s only one more 170 than necessary to per-
form this type of update using a standard rela-
tional data structure If separate files for 4 and D
were used, at least five 1/0’s would be required
rather than three since R must be read, and 4
and D must both be read and written

In the remainder of the paper, the sets of
mnserted and deleted tuples will still be referred to
as 4 and D, even though they are stored in the AD
table It 1s assumed that AD will be partitioned to
form 4 and D when necessary

2 3 Query Modification

The standard method for processing view
queries 1s query modification, whereby wiew
queries are translated into base relation queries
This can result in efficient view access, since a
good query execution plan for the resulting base
relation query will be found by the query optim-
1zer [Seli79] For example, consider the following
view ED on the standard EMP and DEPT schema

EMP(name, age, salary, dept)
DEPT(dname, floor)

define view ED ( EMP all , DEPT all )
where EMP dept = DEPT dname

Suppose that EMP has a hash index on dept and
DEPT has hash indexes on dname and floor Query
modification would translate the view query
retrieve (ED name) where ED floor = 1
into the following base relation query
retrieve (EMP name)
where EMP dept = DEPT dname
and DEPT floor = 1

The optimzer mght then select the following
access plan for the query

Find all DEPT tuples with floor = 1 using
the hash index on DEPT floor
Do a nested loop join, with the tuples
found above as the QUTER relation, and
EMP as INNER, making use of the EMP dept
index



3 Performance Comparison

Each of the wview materialization methods
presented will have different performance charac-
teristics This section discusses the factors
affecting performance and derives cost functions
for each method for three different view models

31 Models to be Analyzed

Views can be matenalized using query
modification, or immediate or deferred wiew
maintenance Here, the situations 1n which each
method performs best are deterrmined Three
different models of the structure of views are con-
sidered

| model  wew structure
Model 1  selection and projection of a single
relation R
Model 2 natural join of two relations, R,

and R,, on a key field
aggregates (e g sum, average) over
a Model i-type view

Model 3

Only two types of operations will be considered 1n
the models updates to the base relations, and
queries to the view It 1s assumed that exactly &
update operations, and ¢ queries to the view will
be run For each model, a formula for the aver-
age cost per query, over all k& updates and ¢
queries, will be derived

The relations involved have the following
access methods

| relation(s) access method

R, R, clustered B*-tree on
field wused 1n wview
predicate

Ry clustered hashing on
join field

materialized view (V) clustered B*-tree on
field used mn wiew
predicate

differential file (AD) clustered hashing on a
key field

Generous assumptions will be made for all view
materialization schemes regarding how queries
and other operations are performed using these
clustered 1ndexes Since these performance
benefits will be given to all algorithms, the results
should not be biased toward any one scheme

The parameters important to the analysis are
shown 1n Figure 1 The default values of these
parameters, which will be used unless stated oth-
erwise, are as follows

N 100,000 | f 1
S 100 | f, 1
B 4,000 | fpg, 1
k 100 ¢, 1

l 25 | C; 30
n 20

| parameter 207,

N number of tuples in relation

S bytes per tuple

B bytes per block

b total blocks (b = NS/ B)

T number of tuples per page
(T=B/ 5)

n number of bytes i1n a B*-tree index
record

number of update transactions on
base relation

i number of tuples modified by each

update transaction

number of times view queried

number of tuples updated between

view queries (u=kl/gq)

probability that a given operation

1s an update (P=k/ (k+gq))

view predicate selectivity for Model

1

Sv fraction of wiew retrieved per
query

TRy si1ze of R, as a fraction of R,

C CPU cost to screen a record
against a predicate 1n milliseconds
ms

Cs Cost 1n ms of a disk read or write

Cs Cost 1n ms per tuple per transac-
tion to mamipulate 4 and D data
structures 1n 1mmediate view

g

maintenance

Figure 1

3.2 Model 1 Cost Analysis

In Model 1, the view 1s formed by projecting
exactly one half of the attributes of tuples from
R, and applying a predicate with selectivity f
Thus, the result will contain f times N tuples
The value that will be measured for each view
maintenance scheme 1s the average cost of a
query that retrieves a fraction f, of the tuples in
the view

321 Cost of Deferred View Maintenance
Assuming Model 1

In deferred view maintenance, 1t is assumed
that the view 1s refreshed every time 1t 1s queried
After the refresh 1s finished, the result of the
query 1s computed The average cost of a query to
the view, which will be called TOTALgeserreds» has
several components The first 1s the cost to read
the result of the query from the copy of the niew
stored on disk The second is the cost to refresh
the view The third 1s the cost to screen incomng
and deleted tuples to see if they mught affect the
state of the iew Finally, the fourth 1s the cost to
maintain the hypothetical relation(s) The aver-
age value of each of these costs are added
together to get the average cost per query,
TOTALgeterreq1 1N SUmMMary,

444



TOTALdeferredl =
(cost to retrieve result of query

from stored copy of view)

+ (cost to refresh the view)

+ (average cost per query to screen
tuples to see 1if they affect view)

+ (average cost per query to maintain
hypothetical relation(s))

It 1s assumed that no duplicates are formed
by projecting half the attributes, so the view has
FN tuples and fb/2 pages A fraction f, of the
view 18 read during each access, requiring ff,b/2
page reads, at a cost of C; each One search of
the B*-tree will also be necessary to locate the
position 1n the view to begin scanming Since
there are n bytes per index record, the height of
the B*-tree, not including the data pages, 1s
determined as follows The number of index
records per page, and thus the index fanout, 1s
B/n  There 1s one index record for each of the
FN tuples 1n the wiew Assuming as a
simplification that all pages are packed full, the
height of the view index (H,,) 1s thus

H, = [og ,n )/ N

Additionally, each tuple read from the view must
be screened against the query predicate, at a cost
of C,, for a total cost per view access of Cif,fN
Thus, the total cost Cgery to query a materialized
view 1s
b
Cqueryl = Cz% + CZHv: + lefuN

The next cost to consider 1s that for the
hypothetical relation overhead It 1s only neces-
sary to measure the cost 1n excess of that
required to perform normal base relation updates
As a simplification, the assumption i1s made that
only tuples in R are updated, and never tuples in
AD The cost to mantain the HR for a single
insertion 1into R 1n this situation 1s the following

1 read the original tuple from R

2 read the page in AD where the modified
tuple will be placed

3 write this page in AD

Step (2) is the only extra 170 required over using
just a single table (R) The normal cost to update
R would be one read and one write, or 2Cp, per
tuple updated If the cost of step (2) 1s averaged
over all queries and updates, the cost per query
to maintain the HR 1s at most the cost of one 1/0
(C;) times the number of tuples update per view
query (u) The total cost 1s likely to be somewhat
less than this, however, since AD often has a small
number of pages, and there are ! tuples modified
per transaction The cost can be modeled more
accurately using a function for estimating the
number of pages touched when accessing k£ out of
n records 1n a file occupying m disk pages This
function, which will be called y(n,m k), has been
previously derived [Yao77] (See Appendix B for a
description of ¥y) The number of tuples 1n AD will
be twice the number of tuples updated per view
query (2u) The number of pages in AD will thus
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be 2u divided by the number of tuples per page
(7) The number of pages 1n AD touched per tran-
saction 1is thus y(2u,2u/ T!l) Averaged over g
queries and k updates, the total cost of the extra
accesses to AD 1s thus the following

=k 2u
Cap = Czq y(Ru, 55L)

Consider now the cost to refresh the view V
once This first involves the cost to read all of 4D
Since u tuples are updated per view query, 4D has
approximately 2u elements There are T records
per page, so AD has 2u/ T pages Thus, the cost
Cabread of reading AD 1s

2u
Cabread = C2 =

Another cost 1s incurred to screen updates to
see whether they have a chance of affecting the
view Recall that to screen incoming tuples to see
whether they can affect a view, rule indexing 1s
used 1n combination with a more stringent
satisfiability test For the wiew maintenance
methods analyzed, 1t 1s assumed that the screen-
ing 1s performed as follows

if
(1) a tuple breaks a t-lock for the
predicate of view ¥, and
(R) the predicate for ¥V with ¢ substituted
1nto 1t 1s still satisfiable,
then
a marker indicating this 1s placed on ¢

In both the deferred and immediate view update
algorithms, a tuple will be used to update a stored
view V only if the tuple has a marker for Vv A
fraction f of the » tuples inserted into R per
query will conflict with a t-lock set for ¥V in step
(1) above, and thus must be passed on to step (2)
Step (1) has essentially no overhead, and step (2)
costs C; Thus, the average overhead per query to
screen tuples to see if they affect Vis

Cscreen = Cofu

Also, approximately fu tuples per query will
be inserted into and deleted from the wiew,
respectively, for a total of 2u tuple updates Each
insertion or deletion from the view requires read-
ing the B*-tree view index, and reading and writ-
ing a data block However, somewhat less than
2fu pages of the view may actually have to be
updated during a refresh, since there may be
more than one record per block in the view
Using the Yao function, since there are fN tuples
and fb/2 blocks 1n the view, the number of view
blocks accessed (X;) 1s approximately

X =y(N.L2ru)

Each access requires reading the index, reading
and writing a data block, and writing a leaf-level
index block (splits of internal index pages are
infrequent, so their cost will be 1gnored as a
simplification) This requires 3 1/0s, plus a
number of 1/0s equal to the height of the index on

V (H,) Thus, the cost to refresh the view, Cg..
retresh1s 1S as follows



Caet-retreshs = Cz (3+Hy) X,

The following is the final expression for the
cost per query to the view V using deferred
refresh:

TOTALgeterred: = CAD+CAD:'ead+Cq11eryl+cdef-refrelhl+Clcreen

3.2.2. Cost of lmmediate Assuming Model

The cost per view access. of performing
immediate view maintenance, TOTALimmediate1: iS- 8S
follows:

TOTAI-inmdintel =
(cost to query view)
+ (total cost to modify stored view)
/ (# of view accesses)

+ (total cost to screen tuples inserted into

to see if they should enter view)
* / (# of view accesses) N

+ (overhead per query to maintain 4 and
sets in a data structure during
transaction processing)

The cost Cquey: to query the view is the same as

for deferred view maintenance. The cost to
update the stored viéw when a transaction
modifies R, which will be called Ciympretresn1s i8 comr
puted much like Cgerretresni. The difference is that
approximately 2f0 tuples in the view must be
modified once per transaction, rather than modi-
fying 2fu view tuples once per query. Since some
of these 2f1 tuples may lie on the same page, the
number of view pages touched (X;) can ‘be
estimated using the Yao function as follows: '

Xy =yUN. L2

Similar to the case for deferred view maintenance,
updating a tuple in V requires a B*-tree search,
the read and write of a data block, and the write
of an index block. This requires (3+H,) 1/0s for
each view page touched, as.before. Since there
are k updates for every g queries, the average
cost per query to update the view is:

Cirrumr retresh1 = L;’Cz (3+Hy) Xp

The cost Cpreen t0 Screen the kl tuples inserted
into R is unchanged. '

Finally, since immediate view maintenance
must update the view after every transaction, the
data structures used to maintain the 4 and D sets
must be reset once per transaction. The overhead
per query to do this, which will be called Cgparhend:
will be estimated as Cs for each of the f{ tuples in
A and D, multiplied by the number of updates per
query (k/g), i.e. ’

s k
Coverhead = (Cs2f1) ;

This gives the following expression for the total
cost of immediate view maintenance:

TOTALimmediater = Cqueryl"'ci:innnfmlhl*'cncreenfcmrhead

3.2.3. Cost Usi e Modification
Assuming.llodeling Qu ¥

The cost of using query modification rather
than materializing the view in advance is con-
sidered here (this option will perform best in
some circumstances, e.g. if the ratio of updates to
queries is high). Three different methods for
retrieving the view from R will be considered:

(1) “a clustered (primary) index scan for

* which no”extra tuples must be read
- (clustered) o '

(2) an.unclustered (secondary) index scan
(unclustered)

(3) a séquential scan of the entire relation
(sequential) . - .

Using a clustered index scan, the number of pages

gthat must be read from R is equal to the size of

the view, which is fb, times the fraction of the
view retrieved, f,. The number of tuples-retrieved

p 18 ff,N,-and’ each of these tuples must be tested

against the view predicate at a cost of C;. Thus,
for the clustered scan (1), the total cost to
retrieve the view per access is

TOTAI@W& = Cobf fy +CiNS S

Using an unclustered scan (2), a larger
number of pages must be read from K. Searching
for ff,N tuples out of a total of & pages will
require approximately y(N,b,Nff,) reads. The
systern must still test Nff, tuples against the view
predicate. Thus, the total cost for case (2) is

TOTALunciustered = C2% (V.8 NS £, )4+CANS £,

'~ Using a sequential scan of the entire relation
(3), all & pages must be read, and all N tuples
must be screened against the view predicate,
resulting in the following total cost:

" TOTALpequential = C2b +CyN

3.3. Performance Results for Model 1

To indicate the differences in cost with
respect to the probability P that an operation is
an update, Figure 2 plots the total cost of
deferred, immediate, clustered and unclustered
vs. P for -the standard parameter settings
(sequential is not shown since it is off the scale).
This setting of the parameters models a situation
where the ‘view' ¢ontains 10,000 tuples, and each
-query retrieves 1,000 tuples. In this situation,
query modification using a clustered access path
has performande equal or superior to deferred
and immediate. One would expect that clustered
would perform well ‘here since the number of
pages that‘must be read is small when using a
clustéred index. The only advantage ' that
deferred and immediate heve over clustered is
"that there are twice as many tuples per page in
the view compared with the base relation. How-
ever, the extra overhead paid by deferred and
immediate to maintain the materialized copies of
the view offsets this.

It is surprising that deferred and immediate
view maintenance have almost identical cost
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under these circumstances Once reason for this
1s that for low values of P, materiahzation
methods have nearly equal cost for virtually any
parameter setting This occurs since for low
update probability, a large fraction of the cost of
both algorithms 1s for processing queries against
the materialized view, and both algorithms do this
the same way Another cause of the close match
1s that the hypothetical relation overhead 1n
deferred view maintenance counteracts the other
advantages 1t holds over immediate view mainte-
nance If more than one disk 1s available, and 170
operations can be i1ssued concurrently by a pro-
gram, then 1t would be possible to significantly
decrease the cost of maintaiming hypothetical
relations (e g by putting R, 4 and D on separate
disks and reading from them simultaneously)
This would give deferred maintenance an advan-
tage over the immediate scheme for a wider range
of parameter settings However, these assump-
tions are not made 1n this paper since they would
require extra hardware, and operating system
functionality not readily available in all computer
systems

Assuming the wview 18 maintained with a
clustered index on a commonly used access path,
the view materialization methods are significantly
superior to query modification when only an
unclustered access path 1s available on the base
relation This has 1mplcations for database
design, since a maternalized wview could be
clustered on one attribute, and the base relation
on another In this situation, a query optimmzer
could chose to process a view query 1n one of two
ways, depending on the query predicate If the
predicate could be processed most efficiently
using the clustered index on the base relation,
query modification would be chosen to execute
the query Otherwise, the query could be pro-
cessed against the materialized view, using the

clustered view index as an alternate access path

An interesting tradeoff among the algorithms
centers around the parameters f, P, and f, To
1llustrate the relationship between these parame-
ters, Figure 3 plots the region where each algo-
rithm has lowest cost for different values of P and
f.with f, fixed at 1 Although deferred is never
the most efficient algorithm under these parame-
ter settings, larger values for f improve the per-
formance of deferred relative to immediate view
maintenance This occurs due to the nature of
the Yao function, combined with the fact that
increasing f increases the size of 4 and D propor-
tionately Larger values of P tend to favor the
algorithm with the least overhead per update
transaction (1 e query modification) Reducing the
total fraction f, of the view retrieved also tends
to favor using query modification, since the over-
head of the view maintenance schemes 1s indepen-
dent of f,, but the cost per query decreases with
fv When the value of f, 1s lowered to 01, as
shown in Figure 4, clustered performs best over
an even larger area In Figure 5, C3, the overhead
per tuple for maintaining the 4 and D sets was
increased from 1 to 2 ms, while setting f,=1 The
affect of this change can be seen by comparing
Figure 6 and Figure 3 The fact that deferred view
maintenance now performs best in part of Figure
3 shows that the cost of the view materialization
methods 1s very sensitive to the overhead for
maintaining the 4 and D sets

34 Model?2 2-Way Join View

In this section, the performance of the
different view maintenance algorithms 1s com-
pared, assuming a more complex view model The
view V in Model 2 1s a join of two relations, R, and
Ry, where R, contains N tuples, and R; has fz, N
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where each algorithm performs best for f vs P (fraction of
view retrieved (f,) = 1)

Figure 3
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tuples

The definition of Vs

define view V (R, fields, R fields)

where Ry x =Ry y

and C; (R,)
The clause Cy(R;) 1n the view predicate restricts
relation R, with selectivity f It 1s assumed that
every tuple of R, that matches C; joins to exactly
one tuple 1n R, so V has f N tuples total Also,
both R, and R, contain tuples of size S bytes, and
only half the attributes of each relation are pro-
jected 1n the target hst of the view defimtion
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Thus, the tuples in V also contain S bytes each
The query and update activity assumed 1s the
same as for Model 1, except that all updates are
to R, rather than R (R, 1s never updated)

34 1 Cost of Deferred Assuming Model

For Model 2, the cost per query of doing
deferred view maintenance 1s determined as fol-
lows

TOTALgeterredz = {cOst to read AD)
+ (cost to refresh view)
+ (cost to query view)
+ (cost per query to screen new
tuples against view predicate)

The costs Cpp and Cypreaq of updating and read-
ing the HR, respectively, from Model 1 are
unchanged for Model 2 The cost to refresh the
view before 1t 1s queried (using deferred view
maintenance), which will be called Cyes retresnzs Will
be determined as follows To refresh V, the value
of the following expression must be computed (the
notation V(X,Y) means the expression for V
evaluated with X and Y 1n place of R, and Rj,
respectively

V(R1.R3) U V(41,Rp) — V(Dy,Ry)

The V(R,,R) term is already computed and stored
as the previous version of the view (V,) No terms
containing A, and D, are shown since R, 1s never
updated Thus, only V(4,,R;) and V(D,,R,) must be
computed Recall that there 1s a clustered hash-
ing index on R, that can be used as an access
path to join tuples 1n 4, and D; to K, The cost to
join the A, and D, sets to K, 1s determined as fol-
lows R, has fgN tuples and fgb pages, and there
are u tuples 1n each of 4, and D, at refresh time
Thus, the total number of pages that must be read
from Ry to perform these two joins 1s

X3 =y (fryN.f R 2Sfu)

It 1s assumed that pages read for the first join
stay 1n the buffer pool for the second

There 1s also a CPU cost of C; for matching
each of the 2u tuples 1n 4, and D, with the joining
tuple 1n K, Furthermore, for each joining tuple, a
page must be read and written from the stored
view Using the Yao function, since the wiew has
SN tuples of size S bytes, and a fraction f of the
tuples 1n 4, and D, join to exactly one tuple 1n R;,
the actual number of view pages that will be
updated 1s approximately

Xy=y(SN.Sb2fu)
Each page update requires reading the B*-tree
idex on the view, as well as reading and writing
the data page, and writing the index leaf page (1 e

3+H, 170s) Thus, the total cost Cgerretresnz O
update the view every time 1t 1s queried 1s

Cdef—refreshz = C2X3+C121l. +C2(3+Hv1) X4
When the view 1s queried, both deferred and

immediate view maintenance pay the same cost,
Cqueryz This consists of searching the view index



to find the starting point, and then performing a
clustered index scan to retrieve a fraction f, of
the view This costs C; per page, and C; per tuple
scanned Summing the cost of the index search
and scan yelds the following expression for

Cqueryz
Cqueryz = C2Hv1+c2fvfb +c1fva

Both deferred and immediate view mainte-
nance pay an average screening cost of Cecreen PEr
query to the view Given Cgetretreshzs Cqueryar @nd
Cscreens the expression for the total cost using
deferred iew maintenance assurmng Model 21s

TOTALgeterredz = Capread+Cdet-retreshzt Cquery2+ Cscreen

342 Cost of Immediate View Mainte-
nance Assuming Model 2

The cost TOTALiymeawmtez ©f doing immediate
view maintenance combined with rule indexing 1n
Model 2 1s

TOTALimmediatez =
(cost per query to update view)
+ (cost to query view once)
+ (total overhead per query to
maintain 4 and D sets)
+ (cost to screen new tuples
against view predicate)

To find the cost per query Cmretresnz ©f maintain-
ing the materialized view, the cost to refresh the
view after each transaction must first be found
The components of this refresh cost are the 170
cost of reading the pages of R, to which tuples in
A, and D, join and reading and writing modified
pages of V, plus the CPU cost of handling each
tuple in 4, and D, Since 4, and D, both contain !
tuples at the end of each transaction, and a frac-
tion f of these match the view predicate and must
be joined to Ry, the number of pages that must be
read from Ry 1s

X5 =y (FrN.Srb RfL)

Each tuple in 4; and D, joins to some tuple 1n R;,
so each causes one tuple to enter or leave V The
number of modified pages of V1s

X6=y(fNrfb'2fl)

Again, for each of these pages, the index on V
must be read, the page must be read and written,
and an index leaf page 1s written, requiring 3+H,,
page 1/0s There 1s also a CPU cost of C1 for han-
dling each of the 2! tuples in 4; and D, Averaging
the per-transaction cost of updating V over k
transactions and g queries, the estimated cost
per query 1s as follows

k
Cimmrretreshz = ;(C2X5+Ca(3+Hv1)Xe)

Given Cmretresh? @nd Cgyerya, the following expres-
sion shows the total cost of i1mmediate wiew
maintenance using rule indexing, assuming Model
2

TOTA]-ﬁmmedmtez = C1mm-refresh2+cquery2+coverhead+csereen
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343 Cost Using Query Modification
Assuming Model 2

Another 1mportant cost to measure 1s that to
materialize a view directly from the base rela-
tions A frequently used join strategy called
nested-loops (or loopjorn) involves scanning one
(outer) relation, and for each of its elements,
searching the other (inner) relation to find all
jorming tuples If an index 1s present on the join
field of the inner relation, 1t can be used for the
search

It 1s assumed that the nested-loops join algo-
rithm 1s used to join R, and R; in Model 2 R; will
be the outer relation, and R, will be the inner one
Since there 1s a hash index on the join field of R,,
it will be used for the inner search The assump-
tion 158 made that pages of R, stay in the buffer
pool throughout the computation of the join after
they are read the first time With the advent of
very large main memories, this 18 reasonable since
R, contains only fgNS bytes, which is approxi-
mately 1 Mbyte using the standard parameter set-
tings Under these assumptions, nested loop join
has the following cost components, with the
actual costs shown below

cost component actual cost

read B*-tree on R, CJ logj g, V1

read part of R, using Caff,b

clustered scan

CPU cost to screen R1  Cyff,N

tuples scanned

read pages from R, us- Co¥(fpN.Sfrd .S fuN)

ing hash index

CPU cost to match R, C;Nff,
Ltuples to B, tuples

Summng the above cost components gives the fol-
lowing formula TOTjeepem for the total cost to com-
pute the join using nested loops

TOTioopjon = CJ 10g g, n N ]#Cof f2 b

+ Coy (fRN.S pb S Sy N)+2C,Nf £,

35 Performance Results for Model 2

The actual cost per query for deferred view
maintenance, immediate view maintenance, and
query modification using a nested loop join with
an index on the mnner relation are plotted in Fig-
ure 6 using the standard parameter settings This
figure indicates that the results for Model 2 are
significantly different than to those for Model 1
When the view joins data from more than one rela-
tion, incremental view maintenance algonthms
(deferred and immediate) perform better relative
to query modification By maintaining a material-
1zed copy of the wiew, the query cost 1s greatly
reduced, since each result tuple 1s stored on
exactly one page In effect, maintaining the view
serves as an effective way of clusiering related
data on the same page However, as the update
probability P increases, the overhead for main-
taiming the materialized wview overwhelms the
advantage gamned by clustering, so query
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modification becomes more attractive Also, sim-
lar to Model 1, as the fraction of the wview
retrieved (f,) 1s decreased, the advantage of
query modification grows This follows since mak-
ing f, smaller reduces the query cost, while the
amount of overhead paid by deferred and immedi-
ate algorithms for updating the view stays the
same An important special case to consider is
when the view 1s large, and the queries read a
small amount of data This occurs, for example,
using the standard EMP and DEPT relations, and
view ED joining the two The majority of queries
1n this situation mght retrieve only a single tuple
from ED Also, updates usually change only one
EMP tuple This example was modeled by setting
J =1, f,=1/ N and [=1, and the results showed that
query modification 1s superior to deferred and
mmmediate under these circumstances for all
values of P=08 Thus, query modification 1s
almost always the preferred method for answering
small queries against large views Other effects of
varying f, are shown using two figures Figure 7
plots the areas where deferred view maintenance,
immediate view maintenance and query
modification using nested loops each have best
performance for different values of P and f, with
fv set to 1 (recall that the nested loop join uses
an index on the inner relation) Figure 8 shows
the same information with f, set to 01

36 Model 3 Aggregates Over Model 1
Views

Aggregates such as sum, count and average
are an often-used feature of database systems
Many aggregates (including all the ones listed
above) can be incrementally updated as changes
occur to the data from which they are computed
This 1s done by defining a state for the aggregate,
functions for updating 1t in case of deletion or
msertion of values n the set being aggregated,

Figure 7
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and a function for computing the current value of
the aggregate from the state The notion of incre-
mentally maintaining aggregates 1s extremely
attractive since the aggregate state can be read
quickly because 1t normally requires less than one
disk block of storage, while 1t often takes a large
amount of 170 to recompute the aggregate from
scratch Thus, 1t would appear that an aggregate
need not be used often to justify the expense of
maintaining a materialized version of it

To compare the value of maintaining aggre-
gates vs computing them from scratch, a modified
view model (Model 3) 1s used, 1n which the views
are simply aggregates over views of the same type
as Model 1 In Model 3, the tuples for which the
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aggregate 1s computed do not need to be kept in a
separate materialized view Only the aggregate
state must be stored

For this model, a query to the view consists of
simply reading the state of the aggregate Using
the deferred view maintenance scheme in Model 3,
the cost TOTALgeterreas PEr query to the view is

TOTALdeferredS =
(cost to read hypothetical database)
+ (cost to read the aggregate state)
+ (cost per query to update the
aggregate state if necessary)
+ (cost per query of screening tuples
to see if aggregate 1s affected)

The cost to read the hypothetical database 1s
Capread» Unchanged from Model 1 The cost to
query the aggregate 1s the cost to read a single
page,1e

Cquerys = CZ

The cost to update the aggregate 1s the cost of
one write times the probability that at least one
tuple modified since the last query to the view hies
1n the set being aggregated (no read is necessary
since the aggregate must be read to answer the
query) There are 2u modified tuples in the
hypothetical database per query to the wiew, and
each has probability f of lying in the aggregated
set The probability that at least one of these
tuples will lie in the aggregated set 1s equal to 1
munus the probabihity that none of the tuples lie
in the set Thus, the probability that at least one
of the tuples lies 1n the set 1s (1-(1—f)%) Ths
yields the following expression for the cost per
query to update the view

Caet-retreshs = Cz(l"(l"f )Zu)
The final value of TOTALgeterreas 1S the following

TOTALde! erred3 = CADread + Cquerys + Cdef—refreshs"' Cscreen

Using the immediate view update algorithm,
the cost per query to maintain the aggregate 1s

TOTAI-munedmteS =
(cost to read the aggregate state)
+ (cost per query to update the
aggregate state 1if necessary)
+ (cost per query of screening tuples
to see 1If aggregate 1s affected)

The cost to read the aggregate state 15 Cyuerys The
cost per transaction to update the aggregate
state 1s C; tames the probability that at least one
tuple modified by the transaction lies in the
aggregate, which 1s (1—(1—f)*) The cost per
query to update the aggregate state is thus as fol-
lows

Cak
= (1-(1=£)*)

The cost of screening tuples 1s again Cgereen, y1€ld-
1ng the following expression for TOTAL,mediates

Clmmrefreshs =

TOTAI-ﬁmmed.\uteS = Cquery3+cmmrefreshs+cscreen

The actual cost of recomputing the aggregate
for each query using a clustered index scan 1s the
same as the cost of query modification in Model 1,
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which 18 TOTALgysterea 1h1S cost will be compared
to TOTALunmedmteS and TOTALdeferredS

37 Performance Results for Model 3

To compare the total cost of using deferred
view maintenance, 1mmediate view maintenance,
and a clustered index scan to compute an aggre-
gate, the total cost of all three 1s plotted vs I 1n
Figure 9 Note that the most significant part of
the curve 1s for small values of {, eg (<100 In
this region, maintaining the aggregate costs only
a small percentage as much as computing it from
scratch

To show the trade-off between a materializa-
tion algornithm and standard aggregate process-
ing, Figure 10 plots curves for P vs [ showing
where a clustered scan and immediate wview
maintenance have equal cost for different values
of f (the fraction of the relation that i1s being
aggregated) Query modification wusing the
clustered scan performs best above each curve,
and immediate maintenance performs best below
It 1s interesting to note that maintaining material-
1zed aggregates 15 most attractive when the frac-
tion of the relation being aggregate (f) 1s largest
Also, since realisticly I will probably be small, 1t 1s
likely to be worthwhile to maintain materialized
aggregates even for small values of f Cost sav-
ings can be obtained by materializing aggregates
1n significantly more cases than for other views

4 Conclusion

The performance analysis presented has
shown that the choice of the most efficient view
materialization algorithm 1s highly application-
dependent The results are most sensitive to the
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following parameters

1 the total fraction of operations that
are updates (P)

2 the selectinity factor of the wiew
predicate (f)

3 the fraction of the view retrieved by
each query (f,)

4 the number of tuples written by each
update (L)

5 the cost of maintaimng the sets of
inserted and deleted tuples (either in
main memory, or in disk-based hy-
pothetical relations)

Situations where P 1s high, f 1s high, or f, 18
small, tend to favor not materializing the view at
all Rather, 1t 1s best to perform query
modification, and retrieve the result from the
base relations using a good access plan selected
by the query optimizer An important example of
this 1s for large views (eg the ED view on EMP
and DEPT) and queries that always retrieve a sin-
gle record When this example was modeled using
f=1, {=t, and f,=1/{(number of tuples in the
view), 1t was found that query modification nearly
always outperforms materializing the wview 1n
advance

If f, 1s large, and P 18 not extremely high,
then i1t becomes desirable to maintain views 1n
matenalized form Higher values of P, f,, and ¢
favor deferred view maintenance over the immedi-
ate scheme Conversely, i1f P 1s low, immediate
view maintenance has a shight advantage over
deferred maintenance

An interesting phenomenon observed was that
immediate and deferred view maintenance have
very nearly equal cost for Models 1 and 2, espe-
cially for low values of P The reason for this is
that the advantages and disadvantages of

deferred and immediate view maintenance nearly
canceled each other The main advantage of
deferred wview maintenance 1s that fewer disk
writes to the stored copy of a view must be per-
formed than in immediate view meintenance The
reason for this 1s that tmangle mmequality holds
for the Yao function, which 1s a main determinant
of the number of writes to the view More pre-
cisely,

y(nma+b) <sy(nm.a)ty(n,m.b)

for all @, >0 On the other hand, the advantage
of 1mmediate view maintenance 1s that less over-
head 1s usually required to maintain the 4 and D
sets, since they usually will not have to be written
to disk (they should fit in the buffer pool except
for transactions that update a large fraction of
the database) In deferred view maintenance, the
A and D sets must be written to disk, since they
may hive for more than one transaction Reducing
or increasing the overhead of maintaining 4 and
D 1n either algorithm could give that algorithm an
overall performance advantage

Also, a valuable strategy 1s available to
deferred view maintenance that cannot be used 1n
the immediate scheme If there is 1dle CPU and
disk time available, 1t 1s likely to be useful to put
1t to work refreshing views asynchronously This
would 1mprove the response time of view queries
1n some situations since the views would not have
to be refreshed first It would also allow update
transactions to be completed more quickly than
using immediate view maintenance, since the view
would not have to be updated within the transac-
tion The evaluation of the usefulness of optirmi-
zation 1s an interesting topic for future study

This paper has shown that the performance
benefits of differential view update algorithms
relative to query modification are greater for
two-way join views (Model 2) than for simple res-
trictions (Model 1) This 1s due to the natural
clustering of view tuples on a single disk page
that occurs when the wiew 1s materialized in
advance The performance benefits of wview
maintenance algorithms are lkely to be even
greater for views joining three or more relations

Also, one could speculate that the most
significant applications of incremental wew
update may not be related to processing queries
against views, since this study has shown that
query modification 18 still quite effective Rather,
view materialization rmght have a greater impact
m applications where a complete copy of the
answer 1o a query 1s always needed For example,
materialization could support conditions for com

lex triggers and alerters, as described 1n
Bune79] As another example, 1t could be used as
a basis for a “‘window on a database” facility,
where the result of a query would be displayed
and updated 1n real time

Finally, the performance of different wiew
materialization schemes depends significantly on
the database and view structure, and the distribu-
tion of queries and updates Thus, an interesting
topic for future research would be to dewvise an
adaptive method to choose the appropriate view
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materialization algorithm. Future implementation
and empirical testing of immediate and deferred
view maintenance are also needed to help gain a
fuller understanding of the tradeoffs involved
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Appendix A

The method presented 1n [Blak86] for deter-
rmmng how to refresh the view when both dele-
tions and insertions occur 1s shghtly different
than the one shown here, and is 1n fact not always
correct Using the scheme of [Blak86], the ex-
pression below would be used to refresh the view

Vl = TTY(UX(RIXRZ U Alez U AIXRZ v Rlez

—D,xDz—Dlsz—RlxDz))

Using this expression can cause improper update
of the duplicate counts For example, suppose tu-
ples ¢; 1n R, and £; 1n K, joined together to pro-
duce a result tuple in Vv, If a transaction deleted
both ¢, and £, then the result of joining £, to ¢;
would be deleted from ¥, three times, not just one
as 1t should This happens since ¢, 1s 1n both R,
and D,, and {3 1s 1n both Ry and D, The formula-
tion given in this paper {(using R,'=F;-D, and
Ry'=R,—D3) does not have this problem.

Appendix B

Given that there are n total records on m
blocks, a formula giving the expected number of
blocks that will be accessed to modify k records 1s
as follows [Yao77] Let ¢ be the number of ways
that b 1tems can be selected from a items (a=b)
If the number of records per block 1s p=n/m,
then the formula giving the expected number of
block accesses 1s CFP/ (f An approximation to
the above that 1s very close if the blocking factor
1s large (eg n/m>10) 15 m(1—(1-1/m)¥)
[Card?5] The notation y(n,m,k) 1s used to
represent the Yao function



