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Abstract

Incr emental view maintenance is widely preferred to

view recomputation when an up date to a base relation

is small in size. The update size becomes an important

concept for measuring the cheap performance of the in-

cremental maintenance. In this paper, we investigate

what is the limit of the update size for the incr emen-

tal maintenance. When the size of an update exceeds

the limit, the incr emental maintenance is no longer

cheaper than the view recomputation. The investiga-

tion is based on incremental equations for operators in

the nested relational model. We implement these equa-

tions in the Informix Universal Database Server. We

propose a cost model for the performance analysis of

the equations. We analyze the factors a�ecting the in-

cremental maintenance and �nally we study the main-

tenance limit for each operator and for the combination

of the operators.

1. Introduction

Materialized views are derived data collections,
stored in a database, that are used to improve query
processing time or to improve the accessibility of data.
They are especially important in data w arehousing
technology where the contents of the w arehousecan
typically be considered as a set of materialized views.
After creation, a materialized view needs updating
whenever the source data from which the view is de-
rived is changed. This process is called view mainte-

nance.

There are tw o main approaches to view mainte-
nance. The �rst is to recompute the materialized view
from scratch after an update to the source data. The
other approach is to maintain the materialized view
incrementally . In the incremental approach, the up-

dated materialized view is computed from the update,
the current materialized view and possibly some source
data. F or example, let the viewV be de�ned in the 
at
relational model as V = r ./ s. F or an insertion of a set
of tuples Ær to r, the incremental tec hnique calculates
the change to V as ÆV = Ær ./ s and computes the new
view, V new = (r[Ær) ./ s, by V new = V old[ÆV (where
V old equals r ./ s). In this procedure, there exist an
equation of (r [ Ær) ./ s = r ./ s [ (Ær ./ s) supporting
the incremental maintenance so that the view conten t
after incremental maintenance is the same as that of
view recomputation. An equation of this type is called
an incremental equation (IE).

Among the tw o approaches, the incremental ap-
proach is generally considered to be less expensive [4]
when the size of an update is small in relation to the
size of the source data. However, a precise analysis
of exactly what 'small' is and determining the limit at
which incremental maintenance ceases to be cheaper
than full recomputation is a topic which, to the best of
our knowledge, is one which has not been investigated
before. The main focus of this paper is to investigate
what is the limit when incremental computation cease
to be cheaper than recomputation. We call this limit
the maintenance limit.

The framework for investigating the maintenance
limit is the IE's developed in [4, 3] for the nested re-
lational model . The reason for using the nested rela-
tional model is because it is both an important gener-
alization of the relational model and also an important
subset of the object-relational model, a model that is
predicted to supersede the relational model as the in-
dustry standard [6]. Also, since 
at relations are a
subset of nested relations, our results also apply to 
at
relations.

The experimental approach w eused to determine
the maintenance limit for IE's in the nested relational
model is as follows. A nested relational database con-
taining multi-level nested relations is implemented in
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the Informix Universal Server. PNF operators for the
database are implemented using ESQL/C functions.
With the operators, views are created over the relations
and IEs are implemented for the views in the server.
A cost model is then developed for analyzing the per-
formance of the IEs. The e�ects of update types and
operators on the incremental maintenance are studied
and �nally, the maintenance limit for each IE is ob-
tained.

2. IEs for Nested Relations

In this section, we introduce notations to be used in
this paper. Then we review the operators de�ned and
the IEs developed for nested relations in [4, 3]. Finally,
w e outline the database in our implementation.

2.1. Notation

Let U denote a universal set of atomic attribute
names. Each atomic attribute Ai 2 U has a domain de-
noted by Dom(Ai). Then, a neste drelational schema

R is de�ned recursiv elyby a set of attribute names
R = A1:::AmR

�
1:::R

�
n (m � 1, n � 0) where Ai 2 U

(i 2 [1; :::;m]) is called an atomic attribute and R�
j

(j 2 [1; ::; n]) is another nested relational schema called
a structur ed attribute. We denote all atomic attributes
of R by �(R) and all structured attributes of R by
�(R).

We de�ne the level of an arbitrary structured at-
tribute R�

ar in R to be the number of schemas nesting
R�
ar. With the de�nition, R�

j of R is on the �rst level
(top level).

Example 2.1 This example introduces a nested
relation schema STUD = fid; name; subjs� :
fsjname; year;marks� : fttype;markgg; addrs� :
faddrgg. The schema is designed for a university
database to model the following information of stu-
den ts: (1) id, name, and addresses addrs� (a set);
(2) their subjects identi�ed by sjname, year; and (3)
marks they obtain for all tests (ttype) of a subject.

The set of atomic attributes of STUD is
�(STUD) = fid; nameg while the set of structured
attributes of STUD is �(STUD) = fsubjs�; addrs�g.
marks� is a structured attribute on the second level of
R: �(marks�) = fttype;markg, �(marks�) = �. 2

The domain of schema R is giv en by Dom(R) =
Dom(A1) � ::: � Dom(Am) � P (Dom(R�

1)) � ::: �
P (Dom(R�

n)), where P (Dom(R�
j )) is the pow er set of

Dom(R�
j ). A neste d relation r on R is a set of ele-

ments (tuples) from Dom(R). Suppose x is a tuple in

r. Then the value of x for Ai and the value of x for
R�
j are denoted by x[Ai] and x[R�

j ] respectively. x[R
�
j ]

is called a sub-relation of r. We de�ne r[Ai] to be
r[Ai] = fx[Ai]jx 2 rg.

De�nition 2.1 (subschema) A schema S =
�(S)S�1 :::S

�
n0 is a subschema of schema R, denoted by

S��R, if there exists a structured attribute R�
ar on

some level of R such that: (1) �(S) = �(R�
ar) and (2)

for each S�j 2 �(S), 9R�
ari

2 �(Rar) ^ S�j �p R�
ari

(recursive). If S��R ^ �(S) = �(R), S is called the
prime subschema of R. 2

We distinguish betw een asubset (denoted by �) of
R and a subschema of R. Let Y � R and S��R. If Y �

i 2
�(Y ), then Y �

i 2 �(R). How ever, if S�i 2 �(S), then
S�i may not be in �(R) because subschema is de�ned
recursively.

De�nition 2.2 (Y-disjoint tuple) Let r and Ær be
tw o relations de�ned over a nested relational scheme R
and let Y be a subset of R. For x 2 r, if there exists
y 2 Ær such that x[R � Y ] = y[R � Y ], then x and y
are de�ned to be Y -overlapping. If there is no such y
existing, x is a Y -disjoint tuple from Ær. 2

In the rest of this paper, we assume that a nested re-
lation is in partitioned normal form. That is, �(R) 6= �
is the key of the relation and the same property applies
recursiv ely to all subrelations.We also assume there is
no null included in the key v alue of a tuple in a relation.
We abbreviate �(R) to A in the later discussion.

2.2. Operators on Nested relations

We no w list operators for PNF nested relations.
Readers are referred to [1, 4, 3] to get the precise de�-
nitions of the operators.

Let R, S, T be schemas. Let r and Ær be relations
overr. Let s be a relation over S. Let c be a selection
condition. The operators for PNF nested relations are
listed in Table 1.

2.3. Incremental Equations

We now recall IEs derived in [4, 3] for the operators
listed above.

Expansion
(i) �R(r � Ær) = �R(r) � �R(Ær)
(ii) �R(r 	 Ær) = �R(r) 	 �R(Ær)
In tersection
(i) (r � Ær) � s = (r � s)� (Ær � s)
(ii) (r	Ær)�s = �A62Ær[A](r�s)�((�A2Ær[A](r))	

Ær)� s.
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T able 1. Operator List
Operator Condition Meaning
�R(r) S��pR Expansion of s to R
�c(r) Selection of r
�S(r) S��pR Projection of r to S
r � Ær Union of r1 and Ær
r 	 Ær Di�erence of r1 and Ær
r � Ær Intersection of r1 and Ær
r ./ s R, S are Join of r and s

joinable
�Y (r) Y � R Nest of r on Y
�Y �(r) Y � 2 �(R) Unnest of r on Y �

Selection
(i) �c(r � Ær) = �A62Ær[A](�c(r)) �

�c(�A2Ær[A](r)� Ær)
(ii) �c(r 	 Ær) = �A62Ær[A](�c(r)) �

�c(�A2Ær[A](r)	 Ær)
Projection
(i) �S(r � Ær) = �S(r) � �S(Ær)
(ii) �S(r 	 Ær) = �S(r) 	 �S(Ær) ��S(r 	 Ær).
Join
(i) (r � Ær) ./ s = (r ./ s)� (Ær ./ s)
(ii) (r 	 Ær) ./ s = �A62Ær[A](r ./ s) �

(�A2Ær[A](r) 	 Ær) ./ s
Nest
(i) �Y (r � Ær) = �Y (r)� �Y (Ær)
(ii) �Y (r 	 Ær) = �AA 62Ær[AA](�Y (r) �

�Y (�AA2Ær[AA](r) 	 Ær)
Unnest
(i) �Y �(r� Ær) = �Y �(r)��Y �(�AA2Ær[AA](r)�

Ær)
(ii) �Y �(r 	 Ær) = �AA 62Ær[AA](�Y �(r)) �

�Y �(�AA2Ær[AA](r) 	 Ær)

All the IEs for deletions and some for insertions pos-
sess similar properties. The right hand side of each IE
is composed of tw o parts.The �rst part characterized
by�A62Ær[A](:::) is to delete from the old view the tuples
deriv ed from tuples inr A-overlapping with Ær. In the
remaining part, the A-overlapping tuples in r are se-
lected from r by�A2Ær[A](r). These overlapping tuples
are then unioned or di�erenced with Ær to produce a
temporary relation. Finally, the operator de�ning the
view is applied to the temporary relation and a view
update is produced.

2.4. The Database for the Implementation

We now describe the database for the implemen-
tation. The schema names and table names of the
database is described in Table 2. The schema STUD

has been described in Example 2.1. The schema
TEACH contains the lecturer names (lcname) for each
subject in a year. LECT is a schema modeling the in-
formation of lecturers. TEST is the schema to describe
the test details for a subject in a year. The last schema,
HOBBY , describes hobbies of a student.

T able 2. Schema of the university database
name subj� addrs�

sjname year marks� addr
ttype mark

schema STUD of relation stud

sjname year lcnames�

lcname
schema TEACH of relation teach

lcname salary speciality
schema LECT of relation lc

sjname year ttypes�

ttype description
schema TEST of relation test

name hobbies�

hobby
schema HOBBY of relation hobby

3. Implementation

In this section, we describe the implementation plat-
forms, cost model, and some performance analysis con-
siderations.

3.1. Implementation Platforms and Query
Language

The implementation is performed using a Pentium
166 PC computer with tw o hard disks, 96 MB of mem-
ory , and Microsoft Windows NT 4.0 operation system.
The database management system used is Informix
Database Server 9.14.

The query language w eused for the implementa-
tion is the OR-SQL proposed in [6]. The part of the
SQL relevant to this implementation is the function
to query sets, rows, and row-sets. Here, the sets, rows,
and row-sets, called complex objects are Informix terms
corresponding to sets containing atomic values, tuples,
and sub-relations in nested relations. The detail of the
language can be obtained in [6].

3.2. Implementation Details

This version of the Informix Server is insuÆcient to
directly support for implementing the IEs described in
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Section 2. Its has the limitation of supporting multi-
lev el nested row-sets. A detailed discussion of the lim-
itation can be found in [5].

Our w ayto overcome the limitation is to split the
stud relation in Table 2 into tw o tables:sd and sj. The
schema of sd is fname; subjs� : fidg; addrs� : faddrgg.
The schema of sj is fid; sjname; year;marks� :
fttype;markgg. The tw o tables are linked b y the com-
mon attribute id; the v alues ofid in subjs� of relation
sd reference id values of relation sj so that the rela-
tionship betw een subjects and students is kept.

The implementation programs are written in
ESQL/C [2] so that derived tables can be used.

3.3. The Cost Model

The cost model for the performance analysis involves
the costs of view creation, incremental maintenance,
and recomputation. T o clarify the description, we use
an example of the incremental equation for the join op-
erator with a deletion update to show the relationship
betw een costs and items of the equation.

(r 	 Ær) ./ s
| {z }

crec

=

�A62Ær[A](

ccre
z }| {

r ./ s)
| {z }

cdel

�
|{z}

cins

(�A2Ær[A](r)
| {z }

covl

	
|{z}

ccmb

Ær) ./
|{z}

cinc

s

| {z }

cmtn

We now detail each cost.

� ccre is the time for creating the materialized view
r ./ s.

� crec in the left hand side is the time for recomput-
ing the view: (r 	 Ær) ./ s.

� cmtn in the right hand side is the time for incre-
mentally maintaining the view. This time consists
of the following components.

- cdel is the time for deleting from the old view
the tuples derived from A-overlapping tuples
in r.

- cins is the time for inserting the tuples of the
view update into the view. Since the tuples
in the view update are A-disjoint with the
view because of the select operation against
r, this insertion in fact is the set operation.

- covl is the time for selecting A-overlapping
tuples from r, the being-updated relation.

- ccmb labels the time to conduct PNF union
or di�erence betw een A-overlapping tuples of
r and Ær.

- cinc denotes the time for computing the view
update using the operator that de�nes the
view (e.g., ./).

Among these costs, cdel, cins, covl, and ccmb are
not operator-speci�c while cinc is speci�c to the
operator for which the IE is derived.

With this cost model, a typical performance analy-
sis diagram is the one shown in Figure 1. The horizon-
tal axis indicates di�erent update sizes while the ver-
tical axis indicates the relativ e time toview creation.
There are three lines in the diagram. One is labeled by
'rec'. It shows the relativ eview recomputation time:
crec=ccre. It goes downw ard from top-left corner when
updates are deletions. When the update size reaches
50% of the original size, it should come do wnto half
length of the vertical axis.

The second line is labeled by 'inc'. It shows the rel-
ative pure recomputation time cinc=ccre. This line is
drawn by using updates that do not have A-overlapping
tuples with r. Because there is no A-overlapping tu-
ples in the update, no recomputation and no deletion
from the old view are needed for the incremental main-
tenance. Therefore, It is an ideal line for incremental
maintenance. When update size reaches 50%, this line
meets 'rec' line at half of the vertical axis.

The third line labeled by 'mtn' is the relative time
for general incremental maintenance: cmtn=ccre. It
goes up from the low er-leftcorner. The intersection
of line 'rec' and line 'mtn' should be above half of the
vertical axis and less than 50% of the horizontal axis.
The horizontal coordinate of the the intersection point
is the maintenance limit.

Figure 1. Perfo rmance of the selection opertor

3.4. Update Type Consideration

In our performance analysis, w eonly consider the
case of deletion updates. This is because the cost of
recomputing a view with insertion updates is more ex-
pensive than the initial view creation time. It deter-
mines that the 'rec' line for insertions goes upw ard as
shown in Figure 2. As a result, the maintenance limit
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for insertion updates is larger (better) than that for
deletion updates. Consequently, the worst cases which
w e aim to study will occur when updates are deletions.

Figure 2. Perfo rmance for insertion updates

3.5. Operator Consideration

We choose to study the performances of IEs for the
operators of selection, join, nest, unnest individually
and for a complex query which consists of more than
one operator. This leaves out the analysis on IEs for
in tersection, expansion, and projection operators. We
choose not to study the equations for these three oper-
ators because their performances can be obtained by
comparison with similar operators. By 'similar' w e
mean that the de�nition structures of the operators
are the same. F or example, when the join of two rela-
tions happens on the top level, the de�nition structure
of join is similar to that of the intersection. Therefore,
w e can estimatethe performance of the equations for
the intersection operator by that of the equations for
the join operator.

4. Performance of Common Operations

for All IEs

In this section, we test the performance of common
operations in all IEs. These operations corresponding
to the costs of cdel, covl, ccmb, and cins respectively.

4.1. Test of cdel, covl, and cins

The costs of cdel, covl, and cins are tested using tw o
relations, r and Ær, having the same schema. A tthe
beginning of the test, we select a certain number of tu-
ples from a relation r and put them into Ær. Then, covl
is tested by simulating the query of 'SELECT * FROM
r WHERE name IN (SELECT name FROM Ær) INTO
TEMP temp'. This query selects A-overlapping tuples

from r and put them into a temporary relation. After
that, cdel is evaluated by a deleting query of 'DELETE
FROM r WHERE name IN (SELECT name FROM Ær)'
which deletes A-overlapping tuples from r. In the end,
cins is tested by 'INSERT INTO r (SELECT * FROM
Ær)'.

Table 3 shows the results of the tests. The data in
the table is the average of six repeating experiments.
P art (a) of the table gives the costs when r is the three-
level nested relation stud. P art (b)is aboutthe tw o-
level nested relation sj. F or both parts (a) and (b),
the �rst column shows the size of Ær, while the �rst
row indicates the cost names. The values at the inter-
section of the �rst column and the �rst row are average
processing time measured with minutes per thousand
tuples(min/k-tuple).

Table 3. cdel, covl, and cins (min/k-tuple)
Ær size cdel cins covl
1000 .050 .090 .080

3000 .130 .107 .080

5000 .136 .116 .088

(a) stud

Ær size cdel cins covl
1000 .067 .042 .050

5000 .053 .033 .047

9000 .056 .040 .052

(b) sd

F romTable 3 w ecan make the follo wing observa-
tions.

� The data in (a) is larger than the corresponding
data in (b). This means that as the number of
nesting levels increases, the costs get larger.

� Although cdel > cins and cdel > covl hold in both
tables, their magnitude is on the same grade and
the di�erence is not obvious.

� The three costs in (a) increases slightly as the car-
dinality of Ær gets larger while the costs in (b) are
more random. We believe that (a)'s slight increase
is related to the memory swap of the server. In the
experiments, we see that as the processing size and
the number of nested cursors [2] increase, the vir-
tual memory that the server uses expands quickly
over the system physical memory and the swap of
the virtual memory becomes obvious.

4.2. T estof ccmb for PNF Di�erence

T o conduct this test, we copy some tuples of r into
Ær. We then delete the tuples in Ær from r using PNF
di�erence operation. We test the cost when the di�er-
ence is conducted on the �rst level, second level, and
the third level. The results of the test is given in Table
4. Each number in the table is the cost of the PNF
di�erence under the according condition.
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T able 4.ccmb (min/k-tuple)
size Ær 1st lev el 2nd level 3rd lev el

1000 .380 .780 5.08

5000 .490 .885 5.10

9000 .492 .888 5.16

F romthis table w ecan dra wthe following conclu-
sions.

� V ertically in the table, the numbers increases
sligh tly as thecardinalit y of Ær increases. As ex-
plained before, w ebeliev ethis increase is caused
by swapping virtual memory.

� Horizontally , as the number of nest levels becomes
larger, the cost increases signi�cantly. The costs
for the �rst level are the smallest. This is because
on the �rst level, the PNF di�erence is the same
as 
at relationdi�erence. The PNF di�erence is
computed on the server side without intermediate
data transformation betw een the server and the
clien t program.
The cost for the second level is almost the double
of that of the �rst lev el. This is determined by
the process of the PNF di�erence on the second
lev el. In the process, the top level tuple has to be
fetched to the clien t side. By navigating the top
lev el tuple, the subrelation on the second level is
fetched. After tw ooperand subrelations are ob-
tained, the PNF di�erence of the tw o subrelations
are computed on the client side and is sent to the
serv er side to be stored. Compared with the �rst
lev el, this procedure is longer and involves more
data transformation.
F rom the second level to the third level, there is a
steep increase of about 5 times. This is because a
further level of navigation is needed to access the
third lev el subrelations. The deeper na vigation
introduces increasing numbers of in ternal queries
from the clien t to the server, increasing number
of nested cursors, and increasing amount of data
transformation. Therefore, the cost for the third
lev el PNF di�erence is much higher than the sec-
ond level and the �rst level.

By comparing the data in Tables 4 and 3, w esee
that the cost of ccmb is muc h larger than the sum of
cdel + cins + covl, especially when the number of nest
lev els becomes larger. This indicates that ccmb will be
one of the main in
uences on the total maintenance
time cmtn.

5. Maintenance Limit for Each Operator

In this section, we test the cost of cinc and theto-
tal maintenance cost of cmtn for di�erent update sizes.
Based on these costs, w edetermine the maintenance
limit for each operator.

5.1. Selection Operator

The query for simulating the maintenance limit of
the selection operator is to list all tuples of table stud
if a student has at least one good mark (� 90) for at
least one subject. The query is

SELECT * FROM stud s WHERE EXISTS
(SELECT * FROM table(s.subjs) j WHERE EXISTS
(SELECT * FROM table(j.marks) WHERE mark�90));
The selection condition mark � 90 in the query is

set up on third level of the relation stud with the selec-
tivity being 10%. The performance analysis diagram
has been given Figure 1. F rom the diagram, w esee
that the maintenance limit is about 37%.

We also analyzed the maintenance limits for the
cases where selection conditions are on the �rst level
and the second level respectively. The maintenance
limits for selection condition on all levels are listed in
Table 5.

T able 5. Maintenance limits for selection
condition level 1st 2nd 3rd

ccmb=cinc (20%) 1.26 0.36 1.10

limits(%) 18 40.5 32

The data in Table 5 shows that the maintenance
limit changes as the number of nested levels increase,
but the level number does not determine the mainte-
nance limit. T ounderstand the main reason causing
the maintenance limit change, we recall that the cost
of ccmb is the main part in the total cost as nest level
increases. Therefore, w e list a ratio of cinc=ccmb for
the update size of 20% in the second row of the table
to show that this ratio is opposite proportional to the
maintenance limit.

5.2. Join Operator

The query for simulating the maintenance limit of
the join operator is

SELECT * FROM stud s WHERE EXISTS
(SELECT * FROM table(s.subjs) j, test t WHERE
j.sjname=t.sjname AND j.year=t.year AND
EXISTS (SELECT * FROM table(j.marks) a,
table(t.tt ypes) b WHERE a.ttype=b.ttype) );
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The tw o tables in the query join on the second level
and the third level. Similar queries are used to simulate
join operations on the �rst level and the second. The
maintenance limits for the three case is given in Table
6.

T able 6. Maintenance limits for join
condition level 1st 2nd 2nd & 3rd

ccmb=cinc (20%) 1.48 0.20 0.75

limits(%) 21 44 36

The data in the table is quite similar to that of Table
5. So, we omit the explanation.

The above data is obtained by applying updates to
table stud, which we call the left operand of the join.
We now consider the cases where updates are applied
to the right operand of the join.

Our experiments show that when the join is on
the third level, di�erence sizes of updates to the right
operand cost do not cause 'mtn' line vary . The line
keeps on top of the diagram, which the cost of main-
taining views in suc h case is almost the same as view
creation. This is because the navigation of stud down
to the third level consumes most of the time of the join
operation. The experiments also indicates that as the
lev el on which the join happens becomes shallower, the
cost of the incremental maintenance changes tow ard
the trend of updates to stud.

5.3. Unnest, Nest Operators, and a Com-
plex Query

T able 7 gives the maintenance limits for unnest and
nest operators of our experiments.

T able7. Maintenance limits for unnest, nest,
and a complex query

operators unnest nest complex query

ccmb=cinc (20%) 4.83 2.43 0.65

limits(%) 26 29 33

The complex query we analyze include the selection,
projection, join, and the unnest operator (used twice).
The query is.

unnest(marks)(
unnest(subjs)(
SELECT s.name, s.subjs FROM stud s WHERE EXISTS
(SELECT * FROM table(s.subjs) j WHERE EXISTS
(SELECT * FROM table(j.marks) WHERE
mark� 90) ) AND EXISTS
(SELECT * FROM table(s.subjs) j, test t WHERE

j.sjname=t.sjname AND j.year=t.year AND EXISTS
(SELECT * FROM table(j.marks) a,
table(t.tt ypes) b WHERE a.ttype=b.ttype) )

) );
where unnest(Y)(r) is a function de�ned to unnest r on
attribute set Y .

The maintenance limit for the query is 33% as indi-
cated in Table 7. The number indicates that the main-
tenance limits for complex queries may not be w orse
than the worst limit among all single operators.

6. Conclusion

In this paper, we implemented IEs for the nested re-
lations in the Informix Universal Database Server and
conducted performance analysis on them. The perfor-
mance analysis show that the PNF union and di�erence
operations are the main reasons causing performance
decrease of the incremental computation. Generally,
the maintenance limits of the incremental equations
are among 17{44%. As the number of nested lev els
increase, the maintenance limit decreases.
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