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Abstract. Views over databases have regained attention irin their propemaintenancg14,28].Incrementalview main-
the context of data warehouses, which are seamatsrial-  tenance has been considered for along time in the literature [6,
izedviews. In this setting, efficient view maintenance is an 10,11,15]; an overview of maintenance of materialized views
important issue, for which the notion e€lf-maintainability = appears in [13]. In spite of those rich results, view mainte-
has been identified as desirable. In this paper, we extend theance in a warehousing environment is still complicated by
concept of self-maintainability to (query and updaigje-  the fact that the sources are decoupled from the warehouse,
pendencewithin a formal framework, where independence so that traditional incremental view maintenance may exhibit
with respect to arbitrary given sets of queries and updatesnomalies [35,36]. In this situation, the notionvedrehouse
over the sources can be guaranteed. To this end we establiself-maintainabilithas been identified as desirable. Roughly
an intuitively appealing connection between warehouse indespeaking, self-maintainability is the ability of a warehouse to
pendence andiew complementd/loreover, we study special maintain itself without “help” from the underlying databases,
kinds of complements, namelgonotonic complementand  i.e., just based only on reported changes at the underlying
show how to compute minimal ones inthe presence of keys andatabases. Self-maintainability for one view has been investi-
foreign keys in the underlying databases. Taking advantage dajated in [2,5,12,23,25], for multiple views in [17,22], using
these complements, an algorithmic approach is proposed fauxiliary views in [2,22,23,25], and using conditional tables
the specification of independent warehouses with respect tm [29]. In this paper, we generalize self-maintainability to
given sets of queries and updates. (query and updatenpdependenceand exhibit an intuitively
appealing connection between warehouse independence and
Keywords: Data warehouse — View complement — Indepen-view complement{d]. In addition, we describe an algorithmic
dence — Self-maintainability — Materialized view approach for the specification of independent warehouses.
We stress that, in contrast to a traditional database, a ware-
house storemtegrated dataData integration means that data
which has been extracted from the sources is merged into the
warehouse, initially or after the sources have undergone up-
) dates. Integration then means: (i) materializing views of the
1 Introduction underlying databases; and (ii) maintaining them after updates
have occurred at the sources. However, maintenance is more
A data warehousés an integrated and time-varying collec- complicated than in traditional databases for various reasons.
tion of data primarily used in organizational decision mak- Indeed, since the information sources are only loosely coupled
ing by means of online analytical processing (OLAP) [7,28]. to the warehouse, they dwt participate in its maintenance;
Typically, it is a standard database that stomemterialized instead, they simply report their changes to the warehouse.
viewsin order to provide fast access to integrated informationThe warehouse is typicallgotin a position to send queries
[28,33]. These views are extracted from multiple, heterogeback to the sources, since that can incur processing delays, the
neous, autonomous, distributed information sources (whictgueries may be expensive, and such queries can cause ware-
are mostly operational databases), and a major difficulty liehiouse maintenance anomalies [35,36]. Even worse, when in-
formation sources are highly secure or legacy systems, ad hoc
This work was partially supported by the bilateral French-Germanqueries may not be permitted at all. Consequently, it is desir-
PROCOPE program under Grant No. 312/pro-gg; arestricted versiogp|e to ensure that, as much as possible, queries to the sources
of the problem addressed in this paper appeared in the Proc. 15thre not required in order to keep the warehouse data consis-
IEEE International Conference on Data Engineering 1999, 490-499%a ¢ [34]. Thus, the problem is how to maintain the warehouse
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based on the reported changes at the sources alone. We now In addition, we propose to extend the concept of update
illustrate this problem using an example from [34]. independence to queries as well: indeed, there is good motiva-
tion for enabling warehouses to answer queries that could also
be posed directly to the given sources. For example, sources
1.1 Examples and motivation may be unavailable or too busy to answer queries; similar to
replicated databases, it may then be attractive for an appli-
Example 1.1.Consider the warehouse scenario shown incation to have its queries answered from somewhere else, in
Fig.1, where the warehouse consists of the single viewhis case the warehouse. Moreover, source databases might
Sold =45 Sale =1 Emp over a Sales Database with rela- not tolerate queries from outside, or might be unable to an-
tion Saleand a Company Database with relatibmp(where  swer queries simply because they are not databases and hence
clerkis assumed to be a key for relati&mp).* do not understand languages such as SQL or relational alge-
Next, let the Sales Database notify the integrator (solidpra. Intuitively, a warehouse is independent of data sources
arrows in Fig. 1) of the following update: “insert in8alethe in answering source queries, ogjisery-independenif every

tuple (Computer, Paula’ As we have said, obtaining the in- query to the sources can be answered using the warehouse
formation needed by the integrator to maintain the warehousegelationsonly.

by querying the sources (dashed arrows) is not an option. Thus,

the straightforward approach of having the Company Databas&xample 1.2.Consider Fig.1 once more as well as the fol-
join the new tuple with all tuples in relatioBmpto find out  lowing query to the sources:

the join tuples is not available. Instead, the warehouse should

be able tonaintain itselfto this end, notice that a subset of the q =df Teter(Sale) U meierk(Emp)

Emprelation appears in the warehouse already (as projectio
of Soldonto clerk andage. It hence suffices to additionally
keep the following information in the warehouse (where the
symbol “\" denotes set difference):

IE'asking for all clerks that appear either Saleor in Emp.
Clearly, this query cannot be answered by the warehouse, as
relation Sold contains only those clerks that appear in both
SaleandEmp Therefore, the warehouse of Fig. 1 is not query-
C’Emp =df Emp \ 7Tclerk:,age(SOld) independent' . ) .

However, like update independence, query independence
Since Paula does not appear in the projectiob@id onto  can be ensured by storing additional (auxiliary) views at the
clerk, ajoin of tuple(Computer, Paubawith C'g,,, nowyields  warehouse: if we add auxiliary viewSg,,, and Csq. as
the data necessary to update the warehouse. Similarly, if theefined in Example 1.1 to the warehouse, the warehouse be-
insertion concernEmp then the integrator will need to know comes query-independent. Indeed, with the additiofiof,,
the following set of tuples: andCgq., the warehouse becom@Sold, Cgyp, Csare } and

can compute both base relations as follows:
CSale =df Sale \ ﬂ-item,clerk:(SOld)

Emp ~ 7"-cle7“l’~c7age(‘S’Old) ) CEmp

In fact, as is easily see and rovide sufficient
y ﬁ:s’Emp CSale p Sale ~ 7-‘—item,clerk(SOld) U CSale

information for maintaining the warehouse with respect to

deletions or modifications iBaleandEmpas well. O Inthe “augmented” warehouse, quambove can be answered

In view maintenance, when additional queries over basdY the following query; that usenly warehouse relations:
data are never required to maintain a given view, the view_
is said to beself-maintainablg since a self-maintainable ¢ = Teterk (S0ld) U meierk (Crmp) U Teierk(Csate) o
warehouse can be updated independently from its underly-  ap jmportant remark is in order here. In the examples that
ing sources, we call warehouses with that propefiglate- ;e have seen so far, we tacitly assumed that the warehouse

lndegiendlent h date-ind q needs to be independent with respectlioupdates andll
early, most warehouses are not update-indepen en3ueries on base relations. In practice however, a warehouse

However, update independence can be ensured by storing aflae s to be independent only with respectgivan sebf up-
ditional (auxiliary) views at the warehouse. For instance, in yates andjor queries of interest to the warehouse users. There-

our example, if we add the auxiliary views;., andCsaic 0 ¢ore the problem of warehouse independence that we consider
the warehouse, it becomes update-independent. Obviously, eys this paper can be stated as follows:

ery warehouse can become update-independetityélevant Given a data warehougé = {V;,...,V,} and a set of
data from the sources is copied to the warehouse. It appears Eﬁjery or update operation@P — {,opl ’. .. opm} to the

be an open problem to determine the minimum amountof extra g rces. determine a set of auxiliary views- ’{Ai” LA
information needed for update independence of a given wares i, that the warehoust& — v U A4 is independént with re-
house [34]. We remark that the problem of seh‘—maintainabilityS ect to any operation froM P.

with respect to updates, or update-independence, has attracteg We note that the above problem statement includes as a

considerable attention in the past few years, and partial soluge cjq| case warehouses that need to be independent with re-
tions for various classes of views have been proposed [22,2 pect to all queries and to all updates.

25] (see also Sect. 4 below). The reason for wanting the warehouse to be independent
! Inthis paper, the symbok ;" indicates a view definition, where ~ With respect to some but not all queries is rather obvious:
arelational expression is associated with a new view name; moreovethe warehouse is initially designed based on a set of business
“~" denotes view equivalence. See Sect. 2.1 below for details. gueries of interest to the warehouse users. At some later time,
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Data Warehouse | Sold=4 Sale [X| Emp

Integrator

4
Sales Company
Databas Database
Sale(item, clerk) Emp(clerk, age)

Auxiliary Views:

CEmp —df Emp \ Wclerk,age(SOZd)7 CSale —df Sale \ 71-iten'L,clerlc(SOld)

Computation of Emp and Sale from views Cgmp, Csaie, and Sold:

Emp ~ Wclerk,age(SOZd) U OEmpy SCLl€ ~ 7Titem,clerk(SOZCD U OSale

Fig. 1. Data warehouse example

however, the same warehouse users (or some new users fibre updated table into the warehouse, and in this case we will
that matter) may become also interested in one or more queridgave no update to translate with respect to that source. Another
that cannot be answered by the warehouse. Such queries wigkample is when a source is insert-only, such as the “table”
have to be answered from the sources and their processirgjoring customer transactions in a supermarket. Here again we
may incur unwanted delays. It may then be interesting to havenly have to worry about the (incremental) translation of in-
such queries answered from the warehouse and to this end veertions and we can ignore deletions for that source. Thus, in
may have to store auxiliary views. Clearly, this will concern in general we need to worry about the translation of some but not
general a few but not all queries that can possibly be answereall possible updates at the sources.

from the sources. , o . .
We conclude this motivating section by comparing our

Turning to updates now, it is less obvious why one would ¢omplement-based approach towards independence with two
consider independence with respect to some but not all upsjternative naive approaches, which can be perceived as “ex-
dates at the sources. Indeed, it might seem that by “ignoringiyeme” solutions. The results of this comparison are summa-
some possible updates atthe sources, the warehouse may eveébead in Table 1.
tually become inconsistent with the sources. However, there
are several situations where one may have to translate only The first of these naive approaches (abbreviateRl/R,
some among the possible updates at the sources back to tfar Replicate All Relationsis simply to replicate every rele-
warehouse, while keeping the warehouse consistent with theant base relation in the data warehouse. Then the resulting
sources. For example, for some sources it may be the case thaarehouse is clearly independent with respect to all queries
the warehouse uses only a small portion of just one table. Irand all updates. In this case, there is exactly one material-
such a situation, especially when the sources are local to thized view per base relation, and this view is just a copy of the
warehouse, it may be preferable to simply copy periodicallycorresponding base relation.
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Table 1.Approaches towards independence

Maintenance cost Query cost  No. of materialized views equals/is
Replicate all base relations (RAR) Low High No. of base relations
Materialize all queries (MAQ) High Low Unbounded
Complement-based approach Medium Medium No. of base relations + no. of warehouse views

The RAR approach has two advantages. First, there is avith a bounded number of complementary views. In this set-
boundednumber of materialized views that have to be man-ting, we expect that most queries can be answered efficiently
aged at the warehouse, regardless of user requirements. Sémm pre-existing warehouse views, in fact, more efficiently
ond, maintenance of the warehouse views is relatively easy, atan from base relations in case RAR but less efficiently
reported changes over base relations can be applied directthan from pre-computed views in case MAQ. Regarding
to the corresponding views, i.e., without any computations. performance, since we are dealing with a bounded number of

The main drawback of thRAR approach is a significant views and we exploit sharing of common parts among views,
waste of space and time. For example, in Fig. 1 above, if theve expect maintenance costs to be considerably lower than in
warehouse needs the set of all employees only, then storingase ofMAQ but certainly higher than in case RAR.
both SaleandEmpas materialized views is a waste of ware-
house space. It is also a waste of time since the vievB&e
has to be maintained whenever a new sale is repceteh if 1.2 Contributions and paper outline
such sales do not affect the set of employees. . o . i

The second naive approach (abbreviateMa), for Ma- The main contributions of this paper can be summarized as
terialize All Queriedis to store all user queries as materialized follows:
views. 1. We introduce the concept of update independence and ex-

TheMAQ approach has two advantages. First, the result-  tenditto queries, i.e., we introduce the notion of warehouse
ing data warehouse is clearly independent with respect to all  independence with respect to a given set of updates and/or
given queries. Second, query answering is as efficient as it queries on base relations.
could be, as any of the given queries can be answered by sim2. We provide a formal framework in which warehouse in-
ply scanning the associated materialized view. dependence can rigorously be defined and studied, for any

However, theM AQ approach has several drawbacks. First,  number of materialized views.
the warehouse is not necessarily independent with respect t@. We show how to compute a “minimal” set of auxiliary
updates. Second, the number of materialized views that have views that makes a warehouse (defined by projection, se-
to be maintained is potentially unbounded, as user require- lection, and join) independent. Our computations take ad-
ments are likely to change with time. Third, the warehouse vantage of any key and foreign key constraints that are
may contain redundant views. For example, in Fig.1 above, declared on the underlying databases.
suppose that new user needs require the materialization of thg. We propose an algorithmic approach to the specification
following three queries: of independent warehouses with respect to an arbitrary set
of query or update operations on base relations, and we
show some uniqueness and minimality results which rely
on the notion ofnonotonic complement

Q1 All employees of th&alerelation
Q2 All employees of th&mprelation
Q3 All employees that are both in ti8aleandEmprelation

Clearly, the answer to Q3 can be obtained from the answer{/€ Point out that the warehouse user does need to be
aware of auxiliary views or query translations. At warehouse

to Q1 and Q2, thus materializing Q3 leads to redundancy. e ; . .
In contrast to the above naive approaches, Ourdefmmon time (or, in a running warehouse environment, even

complement-based approach towards independence sta{&ter) all necessary expressions can be automatically derived

from a pre-existing data warehouse (which can, eventually, b roerpmtgfebaiirrEIraet\:vorﬂiicr}i?‘;ﬁswgi;heg;?;vbgggn'Egﬂse'sFaur:é
empty). It then computes as few as possible auxiliary views » query 9 9 d

in order to make the warehouse independent with respect tﬁgl;gmenéil\/}/rlsxvmrg?tn;enr:jaggi Cg‘; E:rlgfggrztli?)rlrr:att?fa\lllvarae;
a given set of queries and updates. Therefore, our approa I 9 y
can be considered as a post-processing step complementi : . L

current warehouse design methods. As such, our approachf We note that the main focus of our contribution is the study

supports warehouse evolution, since new (query or update%‘ the conceptsnvolved in warehouse independence. We are

requirements can be expressed in terms of independence pro ware of thealgorithmic problems related to our study but
eir treatment seems quite involved and has therefore been

erties, as we have explained above. geferred to a forthcoming paper.

With respect to query and maintenance costs we argu
that our approach implements a reasonable trade-off between The paper is organized as follows: in Sect. 2 we give formal
the two naive approaches. Indeed, as we will see, at moddefinitions and examples of views, complements, and mono-
one additional view per relevant base relation is added to théonic complements. For views defined by projection, selection,
data warehouse in order to ensure independence. Such a vieamd join we show how to compute a minimal and monotonic
is called acomplementary viewl herefore, the resulting data complement. We also show that the presence of key and for-
warehouse consists of a number of pre-existing views togethegign key constraints implies in some cases a decrease in the
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size of complements. In Sect. 3 we define warehouse indepen- We note that each relational expression is associated with a
dence with respect to a given set of queries and/or updates, arsett of attributes, namely the attributes of the relation computed
we propose a method for obtaining independent warehousedy the expression. Therefore, a view can be seen as a relation
in particular, we prove that for warehouses defined by projecscheme whose name is the view name and whose attributes
tion, selection, and join, for which a monotonic complementare those associated with the view definition. We shall refer
is available, under certain conditions there is exactly one subto this scheme as thd@ew schemelor example, in Fig. 1,
set of this complement that ensures the desired independentiee expressiorbale X Emp is associated with the set of
properties. We present related work in Sect.4 and concludattributes{item, clerk, age}, therefore the view scheme is
the paper in Sect. 5. Sold(item, clerk, age).
Let U =4 & be a view overD whereU is the view

) name and¢ is the view definition. The state of the view
2 Views and complements scheme depends on the statebés follows: For every state
dd of D theview stateu is the relation computed by applying

; ; -the expressiolf to d, i.e.,u = £(d). Given a set of views
view complements in Sects.2.1 and 2.2, then we proceed nt‘J; - .
Sect. 2.3 to present new results for the computation of com-,_~ {"1,..., Vi}, we denote by’ (d) the set of all view

: : — ; . _'states corresponding t i.e.,V(d) = (Vi(d), ..., Vi(d)).
plements for views defined by projection, selection, and Jom'Moreover, following our notation, i andC are sets of views

suchthal = {V4,...,V,}andC = {C4,...,C;},and ifd
2.1 Views is a state ofD, then

We recall the basic definitions of [4] concerning views an

We assume the reader to be familiar with the basics of re- (V' UC)(d) = (Vi(d), ..., Vi(d),C1(d), ..., Ci(d)) -
lational databases, for example, along the lines of [31*32]Finally, we recall the definitions of containment and equiva-

Throughout this paper we assume set semantics for relationg,ce of relational expressions (cf. [31,32]), and we use the

and views. _ _ notion of containment to define an ordering for views.
We recall that a database scheme is a set of relation names,

in which each relation name is associated with a set of atDefinition 2.1. Let&; and&; be relational expressions over
tributes and each attribute is associated with a domain. Wd With attr(&1) = attr(Ez).
denote byattr(R) the set of attributes associated with rela- 1. & is contained iror smaller thar€,, denoted by, < &,

tion nameR and bydom(A) the domain of attributel. if for every statel of D the inclusiort; (d) C £;(d) holds.
For example, referring to Fig. 1) = {Sale, Emp}isa 2. & isstrictly smaller thar€,, denoted by, < &, if £; <
database scheme where &, and there is a staté of D such that;(d) & &»(d)
e Sale and Emp are relation names, holds.
e Saleis associated with the attributégm andclerk, i.e., 3. &1 and&, areequivalentdenoted by ~ &, if & < &
attr(Sale) = {item, clerk}, andé&; < ¢&. o
* Emp is associated with the attribute&rk andage, i.€., e recall that a query is defined by a relational expression;
attr(Emp) = {clerk,age}, » hence, Definition 2.1 immediately applies to queries. More-
e itemandclerk are associated with the domaining, and  over, a view is associated with a view definition, which in turn
* age is associated with the domainteger. is a relational expression. Thus, given vieWs =4 &; and
Throughout our discussions, we consider a fixed set of relatio, =4 &, we say thal; is (strictly) smaller thai; (respec-
namesD = {Ry,...,R,}, possibly coming from various tively, V; is equivalent tols), if &; is (strictly) smaller than
underlying databases. We refer to edthas abase relation &, (respectively£; is equivalent taf,).
nameA state ofD has the formi={(R1,71), ..., (Rn,7n)} We propose to use the following extension of the ordering
wherer; denotes a relation ovek;, 1 < i < n. Hereafter, “<” to sets of views: IfV = {V},V,,...,V;} andV’ =
we write(ry, ..., ry,) instead of (Ry,71),..., (Rn,mn)}and  {V{,Vy, ..., V/} are sets of views oveb thenV < V' if
refer to eachr; as abase relation V; < V!, 1 < i <k, holds for some ordering of the views in
A viewover D is defined by a declaration of the form V andV’.

We note that the ordering<” is only applicable to sets
of viewsV andV"’ with the same cardinality, i.e., witf'| =
whereView-namés a new relation name andew-definition  |V'[- However, this is not a severe restriction since the smaller
is a relational expression ovéd. For example, referring to  Of both sets, say”’, may be augmented with views that are

Fig. 1, we have the following view oved = {Sale, Emp} : constantly empty to obtaily” with [V = |V”|. Then the
ordering oft” andV” is defined by the ordering &f andV”.
Sold =4 Sale X Emp

Here Sold is the view-name andale X Emp is the view-
definitior?.

2 Actually, the view definition can be any functigivanging over A setV” of views overD expresses some (but usually not all)
the states ob such thatf computes a relation over attributes appear- Of the information contained i®. Informally, any other set
ingin D (see [4]). However, for the purposes of this paper, we restrictC' of views overD that expresses the information “missing”
our attention to view definitions that are expressions from relationaffrom V" with respect taD is called acomplemenof V. More
algebra. formally, we have:

View-name=,4; View-definition

2.2 Complements
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Definition 2.2. LetV be a set of views oved = {Ry, ...,
R, }. AcomplemenbfV (with respect tdD) is a setC' of views
over D such that the following holds: For evefy=1,...,n
there exists a relational expressigpover views i’ UC only
such thatR; ~ &;. In this case, we call the set of equivalences
R; = &;,1 < i < n, theview inverse defined by'. ]

Roughly speaking(' is a complement of/ if each base
relation of D can be computed frofir andC.

Referring backto Fig. 1, we have = {Sale, Emp},V =
{Sold}, CEmp =df Emp \ wclerk,age(Sold), andCsm =df
Sale \ Titem, clerk (Sold). The setC' = {Cgmp, Csale} IS a
complement of = {Sold} becausesale and Emp can be
computed from{ Sold, C'gpp. Csale} by the following view
inverse:

Emp ~ 7T-clerlf,u,ge(SOZd) U CEmp
Sale ~ Titem,clerk (SOld) U CSale

The following proposition states a fundamental property
of complements. Indeed, given a $€bf views overD, each
complement” of V sets up a one-to-one mapping from states
of D to states o U C.

Proposition 2.1. LetV andC be two sets of views ovér. If
C'is a complement df then

d # d' implies(V U C)(d) # (VU C)(d)
for all database stated andd’.

Proof. We show the contrapositive. L& = {Ry, ..., R,},
and letd = (ry,...,m,) andd’ (rf,...,r.) be two
database states such thEtUC') (d) = (VUC)(d’). By Defi-
nition 2.2, there exist relational expressiors, . . ., £, such
thatR; ~ &;, fori =1,...,n. Thus, forevery = 1,...,n,
we haver; = &;(d) andr] = &;(d’). Since&;(d) depends on
V U C only and since we assume that U C)(d) = (V U
C)(d'), itfollowsthat, forevery = 1,...,n, & (d) = &(d'),
which terminates the proof. a
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1. C is of the formC' = {Cg,,...,Cr, }, whereCg, is
either an empty view or we havéz, =4 R; \ E; such
that F; is a monotonic relational expression ovEr i =

1,...,n.
2. The view inverse faR; is an expression over'r, andV/,
t=1,...,n.

We say thaCg, is the(monotonic) complementary viefor
base relationR;. O

We point out that the second condition of Definition 2.4
may appear redundant at first sight. However, the following
example exhibits a complement which is not monotonic, as it
satisfies the first condition of Definition 2.4 but not the second.

Example 2.1.Let D {R1, Rz}, where attr(R;)
attr(Rz). Consider awarehoudé = {1, V,} overD, where

Vi =df R1UR> andVs =df RiNRy. LetC = {CRUCRz}:
whereCr, =4 R1 \ V2 andCg, =4 0.

ThenC'is a complement oF” as we have?; ~ Vo UCg,
andRs = (V1 \ (Vo U Cg,)) U Va. Moreover,Cr, andCpg,
satisfy the first condition of Definition 2.4. However, the view
inverse forR, involvesC,, which violates the second con-
dition of Definition 2.4. Consequently; is not a monotonic
complement. O

We note that following [27], query containment is decid-
able for monotonic complementary views. In particular, the
tableaux techniques developed in [27] can be applied here
to optimize monotonic complementary views and to remove
them ifthey are constantly empty (i.e., ifthey are not necessary
to compute base relations).

Referring back to Fig. 1, we have = {Sale, Emp} and
Sold =g Sale X Emp, which is trivially a PSJ view over
D. Moreover, the complement@ = {Cg.p, Csaic }, Where
CE'mp =df Emp \ Wclerk’age(sold) andCSale =df Sale \
Titem,clerk (S0ld). Finally, the inverse expressions for both
relations are a union of acomplementary view and a projection
overSold. Thus, the conditions of Definition 2.4 are met, and
C'is a monotonic complement.

In this paper, we restrict our attention to a specific class

of views overD, called PSJ views, and to a specific class of
complements, called monotonic complements. The notion o
PSJ view is defined as follows:

Definition 2.3. A PSJ viewover D is a view overD whose
definition has the form

7TZ(0¢(Ri1 ... X R1k))

whereR
dition.

R;, are in D and wherep is a selection con-
O

S RE)

2.3 Computation of monotonic complements

Tn the remainder of the paper, we make use of the following
notation:

e Given asetl’ of PSJviews oveD andR € D, we denote
by Vi the set of views inV such thatR appears in the
view definition.

e For ease of notatiom 7 (R) denotes the usual projection
of R onto attribute se¥ if Z C attr(R), or the empty
relation (over?) otherwise.

In the following two sections we show how to compute

Note that most SQL queries, when translated to the relationahonotonic complements. In Sect. 2.3.1, we consider the case

algebra, have this PSJ form.
We recall that a relational expression involving only the

where no integrity constraints are declared on the base rela-
tionsD. In Sect. 2.3.2, we exploitthe practically relevant cases

relational operators projection, selection, join, and union isg¢ keys and foreign keys to reduce the size of the resulting

monotonid1,27]. Monotonic expressions are also relevant in

monotonic complements.

this paper; indeed, they are used to define monotonic comple-

ments as follows:

Definition 2.4. LetV be a set of views oved = {Ry, ...,
R, }. ThenC is amonotonic complemerdf V, if C'is a com-
plement oft” such that the following properties are satisfied:

2.3.1 Monotonic complements in the absence of constraints

The following proposition states how to construct a monotonic
complement for a set of views.
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Proposition 2.2. Let D = {Ry, ..., R,}, and letV =
{V1,...Vi} beasetof PSJviews ovExr. Define the following
views overD:

Cr, =af Ri\Ri, 1<i<n 1)
where

R; =df U 7Tattr(Ri)(ij)v 1<i<n.

V;EVR,
Then the set of view§' = {Cg,,...,Cg,} IS @ monotonic
complement of whose view inverse is defined by:
Ri~Cgr UR;, 1<i<n 2

Proof. As V; is a PSJ view, it follows that ., (r,)(V;) C R;
for everyV; in Vi,. Therefore,R; C R;, and sinceCr, =

R;\ R;,itfollows thatR; ~ Cr, UR;, Thus, all base relations
can be computed froi andC as stated in Eq. (2), and hence

C'is a complement o¥. By construction(' is monotonicO

Definition 2.5. Given a set of PSJ views, the complement
C of V defined by Proposition 2.2 is called tleanonical
complemenbf V.

For example, referring to Fig. 1, we have:

e D = {Emp,Sale},V = {Sold}

° VEmp - VS(),le = {SOld}

e Emp =df ﬂ_clerk‘,age(SOZd) and
Sale =df Witem,clcrk(SOZd)

e Therefore, the canonical complement{fold} is C =
{CEmp> Csatc} Where
CEmp —df Emp \ Tclerk,age (SOld) and
Csate =af Sale \ Titem,cieri(Sold).

e The view inverse defined by is
Emp ~ 7Tclerk,age(SOId) U CEmp and
Sale ~ T‘-item,clerk(SOZd) U CSale-

Now, itis easy to see that the complemétits strictly smaller
than the canonical complemefit Therefore the question is
under what conditions the canonical complement is also a
minimal complement. O

Our next goal is to prove that for SJ views (i.e., for views
defined by selection and join only) the canonical complement
is also a minimal complement. For this purpose we need some
preliminary definitions. Given a set of viewsover D and a
database stai¢ of D, there are, in general, several database
statesi’ other thand such thafi’(d) = V(d’). We calld’ V-
equivalento d, denoted?’ =y d, if V(d') = V(d). Given a
database statg the following definition designates a database
stated, as the representative state in ieequivalence class

of d.

Definition 2.6. LetV be a set of SJ views ove), and letd be
a state ofD. We callrepresentative state fof andd the state
d, defined by, = (R;(d),...,R,(d)), whereRy,..., R,
are given by Eq. (1) of Proposition 2.2. O

Lemma 2.1. Let V be a set of SJ views ové?, let d be a
state ofD, and letd,. be the representative state forandd.
Then we have:

1. R(d,) C R(d)forall R € D

2. V(d,)=V(d)

3. Letd' be a state ofD such thatR(d,) C R(d’') C R(d)
forall R € D. Then we hav& (d) = V(d').

Proof. 1 and 2 are basically well-known properties of
projection-join and join-projection expressions (the selections
are not essential).

3. We have to prov&y(d') = Vy(d) forall V € V. Let
Vo € V.AsVj is an SJ view, it is monotonic, hence we have
Vo(d,) C Vo(d') € Vo(d). Then the equality’(d) = V(d')
follows from 2, which concludes the proof. O

We note, however, that the canonical complement may notbe Now we are in the position to prove that the canonical

a minimal complement, as the following example shows.

Example 2.2.LetD = { R} whereuttr(R) = {A, B,C} and
consider the set of views = {1, V2, V5}, whereV; =4
WAB(R), V2 =df ﬂ'Bc(R) andV3 =df O’sz(R). Applylng
Proposition 2.2, we have:
e Vi = {14, V5, V3}, sinceR appears in every view defini-
tion.
o Asmapc(Vi) = 0,mapc(Ve) = 0, andVs = mapc(V3),
we obtain:R =4 V;.
e Therefore, the canonical complementlois C = {Cg}
whereCr =4 R\ V5.
e The view inverse defined by is R ~ Cr UR, i.e.,R ~
CrU Vs,
However, apart from the canonical complemént =
{CRr} just computed, there is a second compleméht=
{C}} of V (which is not monotonic), where

Cr=d (Reamap((ViaV2)\ R))\ V5.
The view inverse o’ is defined by:

R~ CrUVsU (Vi \ map(CRrUV3))
> (Vo \ mpc(Cr U V3)))

complement for SJ views is indeed minimal.

Theorem 2.1. Let V = {V;,...,V,} be a set of SJ views
over D. Then the canonical complementdfis a minimal
complement.

Proof. See Appendix A.1. O

The following example illustrates the computation of
canonical complements for SJ views.

Example 2.3.Let D = {R, S, T} whereattr(R) = {X,Y},
attr(S) = {Y, Z} andattr(T) = {Z}. LetV = {V;,V5}
whereV; =4 g4(R > S paT) andVz =4 S. To compute
the canonical complement, we apply Proposition 2.2 and we
find:
° KR:{Vl},Vs :le,Vg}andVT:{Vl}. .
o R=g nxy(V1), S =ar myz (V1) Umy z(V2) andT =g
7Tz(V1).
e Therefore, the canonical complement ©f is C =
{Cgr,Cs,Cr} where

Cr =gt R\mxy (V1), Cs =4 S\(myz(V1)Umy z(V2)),

andCT =df T \ Wz(vl).
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e The view inverse defined by is: Before stating our main theorem on the computation of mono-
tonic complements, we illustrate the above notations by way
R~ C‘RUR7 i.e.,RzC’RUwa(Vl) ofan example'
S~CsUS, ie.,S~CsUnyz(Vi)Uryz(Vs) Example 2.5.Consider the relation schemeg;(A, B),
T~CrUT, ie, T~ CpUry(Vi) Ro(A,C), andR3(C, D, E), whereA is a key forRy, C'is

a key forR3, AC'is the trivial key forR,. Assume moreover

As V; and Vs are SJ views, according to Theorem 2.1, thethat we have the following foreign keys:a (Rs) C ma(R1)
above complemertt is a minimal complement. We note that, andrc(Rz) C mc(R3).
asmyz(Va) = S, we haveCs ~ 0, i.e., the viewCys is LetV = {Vi,V5, V3, Vi, V5}, whereVy =g Ry > Ry,
constantly empty and should not be stored as an auxiliary2 =dr 9¢,(R3), Vs =ar Tcp(04,(R3)), Va =45 mor(R3),
view. We recall that, in general, recognizing which views areVs =af Tpr(Rs3). Then we have
constantly empty is an undecidable problem [1], whereas in _

® Viey(r,) = 1V1},

our setting the techniques of [27] are applicable. a oyl ) =
ey(fiz) —

Vkey(Rj) = {V27 V37 ‘/21},

2.3.2 The impact of keys and foreign keys ® C%ely =10,

o Ci¥ =1,
Inthis section we explore the impact of integrity constraintson Cgﬁy — ({Vs,Vi}}
the size and the form of complements. More specifically, we Rs B TAI
look into the practically relevant cases of key and foreign keyNote thatV.,(r,) is empty as the key aR; is trivial. More-
constraints. We denote the key of arelatiorby key(R;)and  over, we note thals is not contained in a cover @ts, (as it
aforeign key in relatiol; with sourceR; by ey (r,)(Ri) C does not contain the key @t3). Hence,V; cannot be used to

They(R,) (Ry)- compute lossless joins. 0
Concerning key constraints we assume that at most one .
key is declared for every relation scheme (as is the case iffoPOSition 2.3. LetD = {R,, ..., R, }, and letV’ = {V1,
SQL); if no key is declared for relation schenfiethen we - -- Vi) be a set of PSJ views ovér. For 1 < i < n, define
always havéey(R) = attr(R). -
The central ideas for the minimization of complements R; =4 U mr, (V)
in the presence of constraints rely on the following observa- V;EVr,

tions: first and most importantly, key constraints might per-
mit the computation of lossless joins while computing baseand

relations from views, an observation that has been made by RY =y |J 7mr(Myey V)2

Honeyman [16] in an entirely different context and that has yecky

lead to the notion of aextension joinSecond, if a foreign key ‘

Trey(r,) (Ri) € Trey(r,)(R;) is declared, and if the canon- Then the set of viewS = {Cg,,...,Cg, }, where

ical complement fol” = {R; > R;} is computed, then the — .

complementary view?'z, will always be empty, as every tuple Cr, =ar i\ (Ri UR;”), 1<i<n, 3)

of R; has ajoin partner ii®;; hence, the complete information

X . . e is a monotonic complementBfwhose view inverse is defined
concerningR; is preserved in the join.

by:
Example 2.4.Refer to Fig. 1, and assume now that there is a
foreign key stating that every clerk 8alealso appears iBmp
i.e.,Teerk(Sale) C maeri (Emp)). AS a consequence, ever — . .
'Euple O%Sgl(ehas)a join lpa];t(ner i%)r)np HenceOS(lqle is always y Pro_of. The expressiowk; is d(_afmed in exactly the same way
empty, and we obtai@’ = {C,.,,0} as a complement of asin Proposition 2..2, andsoit c_oIIects all 'ghos_e tuples ﬂfbm
V = {Sold}. 0 which can be obtained from a view by projection. Concerning

_ _ . R, we note that all joins inside the definition & are
Now, we introduce some notation: létbe a set of PSJ views, ajong keys, therefore they are lossless and yield a subset of

R;i~Cr, UR,URY 1<i<n 4)

and letR; be a relation scheme. R;.As aconclusion, every base relation can be computed from
o We denote by, (r,) the set of views involvingz, that V' andC as stated in Eq. (4), and henCds a complement of
contain a non-trivial key ofz;, i.e.: V. Finally, by construction(’' is monotonic, which completes
the proof. O
Viey(R,) = 0 if key(1;) is the trivial key Theorem 2.2. LetD, V,andC be as in Proposition 2.3. Then
ey(R; {Vi € Vg, | key(R;) C attr(V;)} otherw. C'is minimal among all complements for which the computa-

tion of base relations is achieved as follows:

We call a subseY” of V,  such thatY'| > 2 acover . . .
* of R. if ! hey(R;) SU = v 1. Joins are always performed along keys, i.e., are extension
J

1. every attribute of?; is present in some view af, and joins, and

2. Y is minimal with respect to the above property. 3 The superscrigij indicates that this view contains tuples derived
We denote bﬁf;?y the set of all covers aR;. due to_bssess pins.
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2. only complementary views and views contained in some Inthe absence of constraints, according to Proposition 2.2,
Viey(r) are used. Cris given byR\ R, whereR is a union ofiV| views. Thus,
the complexity to construct, is linear in the size of the views

Proof. Suppose that” is a complement wittC’ < C'. By inV. . . -
definition of “<” there are viewsCr, € C,C% € C’ and In the presence of constraints, according to Proposition
some database staesuch thatC’y, (d) ¢ Cpg,(d). Inthe 23 CrisgivenbyR\ (RU R'Y). Clearly, the complexity
following let r; = Ri(d), ¢; = Cva(d) and¢, — or (d). of constructingR is exactly as in the case without constraints.

i lj 2%
SinceC’ is supposed to be a complement, in order to comput%gl/’es’t\c’;’ﬁé?;?r;?rﬁgﬁﬁggzarz?gﬁli ;g%fggﬁ;gg%}é}%e
r;, the tuples ir; \ ¢; have to be restored using views different or this purpose, we first look at each viél € V exzﬁ:tl.
thanC%, . Nevertheless, those tuples (or supertuples thereof nce. to gecFi)de V\;hether it contains the keyRoThus, we fin){j
are not contained in any view il (by definition of Cr,). ' ’
According to the restrictions we have placed on computation

Yhey(R) intime O(|V|). Next, the covers aR have to be built
here, they have to be computed using (subsets or projectio

arting fromV;,., (). We recall that a cover dt is a subseY’
of) joins using views in somg,.,r). However, all those joins Of Viey(r) With Y| > 2 such that: (a) every attribute di is
are exploited in the sdt’"

) present in some view df; and (b)Y is minimal with respect
i already. Thus, any setof views' g the above property. Now, condition (a) can be restated as

over D such thatC’ < C'is not a complement fov'. O  follows:
Since all joins involved in the computation of a base re- attr(R) C U attr(V;)
lation are extension joins (cf. Eq. (4)), they can be performed Vi€Viey(r)

using efficient algorithms [16].
The following example demonstrates the role of con-
straints in reducing the size of a complement.

Clearly, this alternative formulation shows that finding a cover

of R is an instance of the minimal-set-cover problem, which

is known to be NP-complete [18]. Consequently, the construc-
tion of R'Y, and hence the construction@f is NP-complete,

Example 2.5 (continued).Consider again the relation )
and we have:

schemesR; (A, B), R2(A,C), andR3(C, D, E) and views
V= {V1,Va, V5, Vy, V5}. Assume first that there are no Theorem 2.3. The computation of minimal complements in
constraints. Then the covers of all base relations are emptyhe presence of constraints according to Proposition 2.3 is
Eq. (3) reduces to Eq. (1), and we obtdtn =4 map(V1), NP-complete. 0

Ry =4 mac(Vi), Rs =4 mcpe(Va). Thus, the canon-

ical complementC = {Cg,,Cr,,Cgr,} is defined by

Cr, =4 R1\ map(V1), Cr, =4 Ra \ mac(V1), and 3 Warehouse independence

Cr, =ar B3\ 7cpp(V2). _

~ Assume now thall is a key forR,, C'is akey foris, AC' | this section, we consider the problem of rendering a ware-
is the trivial key for Ry, and we have the following foreign pouse independent with respect to the underlying sources, and

keys:ma(Rz) € ma(R1) andmc(Rz) C mo(R3). Then, as e provide a solution to this problem based on the notion of
seen previously, the covers ff andR, are empty, whereas  monotonic complement.

the covers forR; are given b}CI’izzy = {{V3,V4}}. Thus, we
(‘)/b;[aianllj =df 0, RZQU =df 0, andRélj =4t Tcpe(Va
4).

Consequently, applying Proposition 2.3 the expressionsye recall that a materialized view is a view whose state is
for Cr, andCR, previously computed remain unchanged andphysically stored in a database.

Definition 3.1. Let D = {R;,..., R,}. A data warehouse
over D is any sefl” of (materialized) views oveb. O

the expression fof'r, is now: Roughly speaking, warehouse independence with respect
to queries is the ability of the warehouse to answer queries
Cry =ar B3\ (mrcpp(V2) UTcpe(Vs > Vi) posed to the underlying sources from the warehouse views.

o ) Similarly, warehouse independence with respect to updates
Note moreover that the join ilf; is now along a foreign s the ability of the warehouse to maintain itself based only
key which implies thaC, will be constantly empty. O on reported changes at the underlying sources (i.e., without
posing any queries to the underlying sources).
Awarehouse is calleiddependentitis independent with
2.3.3 Complexity results respect to queries and updates. Clearly, a warehouse is not in-
dependent in general. However, if appropriate auxiliary views
We end the discussion on the computation of complementare added to the warehouse, then the augmented warehouse
with some complexity results. Propositions 2.2 and 2.3 pro-becomes independent.
vide expressions that form a minimal compleménof a set As we have explained in the Introduction, in practice a
of PSJ viewsV with respect to base relation3 in the ab-  warehouse doesot need to be independent with respect to
sence (respectively, presence) of constraints. In the followingevery query and every update operation. It is sufficient that the
we study the cost of actuallgonstructingC. Clearly, both  warehouse be independent with respect to those queries and
propositions yield exactly one complementary viéyy € C updates that are of interest to the warehouse users. Therefore,
per base relatio® € D. Thus, givenk € D we next analyze the problem of warehouse independence that we consider in
the complexity to build complementary vieti. this section can be stated as follows:
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Given a data warehousé = {V1,...,V,}overDanda  W=V(d)
set of query or update operatio®® = {ops, ..., op, } over S
D, determine a set of auxiliary views = { Ay, ..., A;} such ~
that the warehousd” = V U A is independent with respect U]
to any operation fron® P. ~

We note that the above problem statement includes as & ~
special case warehouses that need to be independent with re- ~
spect taall queries andll updates. N

The solution that we propose in this section relies on the BN -
notion of monotonic complement. Indeed, as we shall see, the 9 B q(d) = q(w)
auxiliary views that provide a solution are in fact determined q
based on a monotonic warehouse complement.

Fig. 2. g-independence expressed as a commuting diagram

3.1 Basic definitions and properties B B

w =V(d) u w =V(d) =uWw)
LetD = {Ry,...,R,} be asetofbaserelation names.Inthe | - -------- S
remainder of the paper,

o the termoperationover D refers to either a query or to an
update overD and

e we assume that keys and foreign keys may be declared \
overD.

In analogy to our notation for views, we define a query aver u

by a declaration of the formp =4 E, whereg is a name and d = d =u(d
E is arelational expression ovér, and we define an update
over D by a declaration of the form =4 U, whereu is a
name andJ is an insertion, deletion, or modification in a base
relation occurring inD.

We emphasize that our approach is not restricted to a spe-
cific update language; instead, in accordance with the morel-
abstract point of view from [6], which is frequently adopted
in research on view maintenance, we simply represent updateg'
in terms of theimet effector deltas Thus, ifu is an update
over D, the effect ofu on an instancd of D is given by two
“delta” relations, A*r andA~r, for eachR € D, whereA™tr

Fig. 3. u-independence expressed as a commuting diagram

If V1 is OP;-independent and D P, C OP; holds, then
V1 is O Py-independent.

Assume thaO P; contains queries only. I¥; is OP;-
independent and if; C V5, thenVs is O Py -independent.
3. Assume thaD P; (i = 1,2) contains queries only. If; is
OP;-independenti(= 1, 2), thenV; UVa is (OP,UO Py)-

and A~ represent the tuples to be inserted into (respectively, ~ndependent. _ ,
deleted from) the instand@(d) to obtain the new instance of 4 If Vi (i = 1,2) is OPy-independent, thebi; UV is O P -
R after execution of.. Moreover, we assume that these delta _ ndependent.

Assume tha® P, contains only queries with the same set
of attributes, and leyy be the query defined by =4
U, cop, - If V1 is OPi-independent, therV; is g-
independent. O

relations are the information that is shipped from sources to*:
the warehouse for maintenance purposes.

We next give the formal definitions of query- and update-
independent warehouses.

Definition 3.2. LetV be awarehouse ovép, letq be aquery,
and letu an update oveD.

e V is calledg-independenif there is a queryj overV such
that for all states? of D we havey(d) = g(V(d)), i.e., if
the diagram of Fig. 2 commutes.

e V is called u-independentf there is an updaté: such
that for all statesd of D we haveV (u(d)) = u(V(d))
andw can be computed using onlyand V' (d), i.e., if the
diagram of Fig. 3 commutes.

It is important to note that Property 2 above does not hold if
OP; contains updates and Property 3 above does not hold if
OP; or OP, contain updates.

For example, concerning Property 3, Bt= { Ry, R»},
and letV = {V;, V}, whereV; = {o4(R1)} andV, =
{R; ™1 Ry}. ConsiderOP, = {u} wherew is an insertion
into Ry, andO P, = {q} wheregq is the queryR; X Ry. Then
V1 is O Py -independent ant; is O P»-independent. However,
LetOP be a set of operations ovéb. ThenV is calledO P- V1 U Vs is not(OP, UOP,)-independent, sinagis notO P -
independent, it/ is op-independent for albp in OP. O  independent. A similar argument can be given for Property

The following proposition states some useful propertiesz'

of query- and update-independence that follow immediately HOwever, as will be shown in the next section, if a ware-
from the above definition. houseV contains only PSJ views together with views from a

monotonic complemen®, and if V' is independent with re-
Proposition 3.1. Let V; and V5 be two warehouses ové, spect to a given update then adding td” any view fromC
and letO P, andO P, be two sets of operations over. preservesi-independence.
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3.2 Warehouse independence based on monotonic Example 3.3 Finally, let D = {R}, letV =4 o4(R) be a

complements view overD, and consider the update= 4 insertAr into R.
Letr denote the initial state aR.

We recall that, for the purposes of this paper, views are de

fined by projection, selection and join, and complements are

monotonic complements. Thus, the problem that we consider

can now be stated more precisely as follows:

Step 1: By Proposition 2.2 we have acompleméht {Cr}
of {V'}, whereCr =4 R\ 0,(R). The view inverse
defined byC is given by R =~ V U Cg. The new
warehouse iV = {V, Cg}.

Let V be a data warehouse that consists of materializedtep 2: We translate the update using the view inverse as fol-

PSJ views oveD, and letC' be a monotonic complement lows:
of V. Given a seODP = {opy,...,op,} of operations
over D, determine a set of auxiliary views such that: a(w) = W(u(W 1V (r),Cr(r))))
lAcd, = W(u(V(r)UCg(r)))
2. the warehous®” = V U A is O P-independent, W(V(r)UCr(r) U Ar)
3. A is minimal (with respect to set inclusion). BT
We provide a partial solution to this problem, proceeding as As IV consists oft” andCg, we have:
follows:
Lo . : W(V(r)UCr(r)U Ar)

. AL_JXlIlary views f_or a single operation: N — (V((V(r) U Cr(r) U Ar)),
Given an operationp we determine a set,, of auxiliary
views such that’ U A,, is op-independent. Moreover, we Cr((V(r) UCR(r) U Ar)))
show existence and uniqueness results concerning such a = (04((g¢(r) U Cr(r) U Ar)),

, il ety (Tl i especttosticlsion. Cr(os(r) s Crr) U )
Let A — Uo cop Aop. We show thatV = V U A is = (04(r) Uoy(Ar), Cr((og(r) U Cr(r) U Ar)))
O P-independent. = (04(r) Uog(Ar), Cr(r) Uo-(Ar))

e Complement reductions:
WhenOP consists of PSJ queries only, then we reduce We remark that one has to observe thiai(r) =
the size of complementary views it (with respect to the o-¢(r) andV(Cg(r)) = Cr(V(r)) = 0 to obtain
view ordering<). the above equations. To summarize, we have:

u(w) = (V(r) Uog(Ar), Cr(r) U o-4(Ar))
In the following sections we present the above solution instep 3: As noChk, appearsmthe computation of the new state

detail. for V (which is given byV (r) U o4(Ar)), we have
A, = 0. |
3.2.1 Aukxiliary views for a single operation Theorem 3.1. LetV be a warehouse ovep, and letC be a

monotonic complement &f. Letop be an operation oveD,
Given operatiomp, we determine a set,, of auxiliary views  and letA,, be the set of auxiliary views produced according
such thath” = V U A,, is op-independent by applying the to the independence steps. Théh = V U A, is an op-
three steps shown in Table 2. We refer to these steps as thiedependent warehouse.
independence steps.

Proof. See Appendix A.2. O
Example 3.1.Referring back to Fig. 1, we havwé = {Sold} o )
andC = {Cgmp, Csate }- SUPPOSE Itis important to note from Example 3.3 that the dg}, is
not unique, mainly depending on how the expression in Step 2
op =df Teterk(Emp) N Teerk(Sale) . is produced. Indeed, if one does not notice e’z (r)) = 0,
then the setd’, produced at Step 3 i§Cr}. In this case,
The independence steps apply as follows: althoughV U {CRr} is u-independent, it is not necessary to
storeCr.
Step 1: The new warehouse I§” = VU C' = {Sold, Cpm, The following theorem, however, states that there is always
_gSale}' a minimal subsefl,, of C' that ensuresp-independence. In
Step 2:0p =y Teterr(Sold) addition, this setd,, is even unique if we apply the inde-

Step 3:As noC, appears inp, we haved,, = 0. D pendence steps toraonotoniccomplement and there are no

Example 3.2.Next, refer again to Fig. 1 and suppage=4 foreign keys declared ovep.

aitem=vcr(Sale). Now, the independence steps apply as fol-Theorem 3.2. LetV be awarehouse ové?, letC' be a mono-

lows: tonic complement df’, and letop be an operation oveP.
Step 1:As above. 1. Then there is a subsel,, of C such that
Step 2:0p =4 (@) V U A,, is op-independent and

Titem,clerk (Titem=v O R(50ld) )W item=vcR(Csate) (b) A,, is minimal with respect to set inclusion, i.e., if we
Step 3:As Csqic appears irwp, wherea<’'g,,,, does not, we remove any of the views iA,, then (a) above does

haverp = {CSale}- g not hold.
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Table 2. The independence steps

Step 1: Find a monotonic complement of V' and add it tal/, thus obtaining a new warehougé = V U C.
Note that we do not materializ€ at this step; we just use it for subsequent computations.
In addition, note that according to Proposition 2.1, there is now a one-to-one mapping from database states to warehouse states.
We denote this mapping By and its inverse by ~!.
Step 2: Translateop into a query or updatep over the warehouse as follows:
e If opis a query, then define the query overW by:
op(w) = op(W™*(w)), for all statesw of .
e If opis an update, then define the updageover W by:
op(w) = W (op(W~"(w))), for all statesw of .
Step 3: Define A, as follows:
e If opis a query, then defind,, to be the set o€, ’s appearing in the expression @.
e If opis an update, then defing,, to be the ofCr,’s appearing in the maintenance expressions for views &s given byop.

2. Ifthere are no foreign keys declared oveithen the min-  produced by the independence steps for operatioa OP.
imal setA,, mentioned in (1) is unique. We show thal/ U App is O P-independent.

Proof. See Appendix A.3. O Lemma 3.1. Let V' be a warehouse ovdp, and letC be a
monotonic complement bf. Letop be an update oveb, and
let A,, be the subset @’ as determined by the independence
steps forop-independence.
Then for every subsét’ of C, the warehous& U A, UC”
op-independent.

We point out that this theorem holds for warehouses de;
fined by PSJ views, but not for arbitrary views. First, the theo-
rem makes use of monotonic complements, and it is not clear
how monotonic complements can be computed for a Iarger
class of views. Second, the following examples shows that®
there is no hope to preserve uniqueness when starting from aproof. The proof proceeds exactly as the proof of

bitrary views where a (monotonic) complement is derived inTheorem 3.1. 0
an ad hoc manner or when starting from base relations where
arbitrary foreign keys may hold. Theorem 3.3. Let V' be a warehouse ovdp, and letC be a

monotonic complement &f. Let OP be a set of operations
Example 3.4As in Example 2.1 leD = {R;, R,}, where  overD, and letAop = U, p Aop, WhereA,, is the set of
attr(R1) = attr(Rz), and consider a warehousé = auxiliary views produced {by the independence steps for oper-
{V1,Va} overD, whereV; =4 RiURzandV, =4 RiNR2.  ationop € OP. ThenW = V U Ao p is anOP-independent
Let op =4 Ri. Clearly, some auxiliary information is re- warehouse.
quired for op-independence. Let’ = {Cg,,Cg,}, where ) )
Cr, =af R1\ Va andCr, =4 R, \ Va. Itis easy to see that Proof. We show the theorem in the case= 2, from which

C'is a complement of’. the general case follows. #fp; andop, are both queries, then
However,{Cg, } and{C,} are also complements &f. the result follows immediately from Proposition 3.1 (3).
As we have already seen in Example 2.1, we hayes V5 U Assume now thatp; is an update. Thel U A,,, isop:-

Cr, andRy ~ (Vi \ (Vo U Cg,)) U Vs, which shows that |pdependent, and thue, by Lemma 3.1 (sinkg, contains
{Cr, } is a complement o¥’; the proof for{C, } is similar. ~ Views from a monotonic complement)] = V' U A,p, U Aop,
Thus, to guarantesp-independence, eithét; \ V, or Ry \ Va is op;-independent. Assume moreover thag is a query, then
may be added t&'. Proposition 3.1 (2) shows that’ is alsoop,-independent.
Next, considerD from above and assume that we have Assume now thabp, is an update. Sinc¥ U A,,, is op-
key(R1) = attr(Ry) = attr(Ry) = key(R,), as well as  independent, then, by Lemma 3.1, sdis Thus we obtain
the cyclic foreign kKeystye,(r,)(R1) € They(ry) (R2) and thatW is O P-independent, which terminates the proofO

They(R) (R2) S Trey(r,)(R1), which imply Ry~ R,. So far, we have shown that the independence steps (which
Clearly, any query involving eithe, or I?; can be answered - 6 formulated for individual queries or updates) can be ex-
from each individual base relation. Consequentlyifsaset  yited to guarante® P-independence for a set of operations
of PSJviews oveb, C’ is a monotonic complement &f, and OP in a natural way.
op is an operation oveb such thal" is notop-independent, As mentioned previously, the independence steps do not
then we can either add the complementary viewdgor the 54y lead to minimal auxiliary sets. However, as a conse-
complementary view foR?; to enforceop-independence.0 4 ence of Theorem 3.2 and Theorem 3.3 we can show that if
eachA,, is a unique minimal set, then so is the ggjp.

3.2.2 Aukxiliary views for a set of operations Theorem 3.4. LetV be a warehouse ovdp, and letC be a
monotonic complement &f. Let OP be a set of operations

Now we turn to the general case whéxP consists not just over D, and letAop = (U, ,cop Aop, Where4,, is the set

of one operation but of any set of operations. More preciselypf auxiliary views produced by the independence steps for

let OP be a set of operations ovél, let V be a warehouse operationop € OP.

over D, and letC' be a monotonic complement &f. Let If, for everyop € OP, A,, is the unique minimal subset

Aop = Uopeop Aop, WhereA,, is the set of auxiliary views  of C' such thatV’ U A, is op-independent, thedop is the
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unique minimal subset @f such thatV =V U App is OP- we extend the result to a set of PSJ queries having any selec-
independent. tion condition. To state our result, we need the operation of a

Proof. O P-independence follows from Theorem 3.3. semijoin defined as followst; & j = Tapir(r;) (i > 75).

Concerning minimality and uniqueness 48t , beamin-  Proposition 3.2. LetV be awarehouse ovép, and letC be a
imal subset o€ suchthatV = VU A/, isOP-independent. monotonic complement &f. Letop =4 7z (04(R1 X ... X
Assume that there is an auxiliary vieiz such thatCr € Ry)) beaPSJquery ovdd wherep = g Ap1 A.. . Agrisa
Aop\ Ay p. Thenthere existsp € OP suchthatCr € A,p; conjunctive selection condition such tlgtis the conjunction

moreoverl U Ag, p is op-independent. Letl;, | be aminimal  of all atomic conditions irp related toR; (¢ = 1,...,k) and
subset ofAy, ,, that ensuresp-independence. Thus we have ¢ is the conjunction of all non-local atomic conditionsdn
Cr € Agp \ AL, showing thatd,,, and A/, are different Let Ao, = {Ckr,, ..., Cr,} be the set of auxiliary views
sets. This is in contradiction to the uniqueness assumptiorproduced by the independence steps, and’lgt (i = 1,2,
Consequently, we havdop = A/, which concludes the - .-, k) be defined by:

proof. O

Ch, =df 04,(Cr,) % (0, (> 04, (R;)))

Let A}, = {Cg,,...,Ck, }. ThenW = V U A[ is op-

3.2.3 Complement reductions independent.

So far, we have concentrated on the question of guaranteein@roof. The proof comes from the fact that we keep in each
OP-independence by using a minimal subdgtr of amono-  auxiliary view C/ only those tuples fron®; that (i) satisfy
tonic complement. Howeved o p might contain information  the selection conditios; and that(ii) participate in the join

that is not essential faD P-independence. We illustrate this in op. O

observation for the query;.e..—vcr(Sale) whose indepen- . . .

dence steps have been computed in Example 3.2. Example 3.5 (continued)By Proposition 3.2, we obtain
Cé‘ale =df Uitem:VCR(CSale)- u

Example 3.5.Recall from Fig. 1 that we have base relations

Sale(item, clerkandEmp(clerk, age)and the warehougé = Now, letop =g m7(0¢(R1 X ... X Ry)) be a PSJ query

{Sold} whereSold =45 Sale b4 Emp. If op is the query where¢ is any selection con@mon. Theop can'be written as

Oitem—ycr(Sale), then the associated independence stepgp'U. ..Uop! where everyp/ is a PSJ query with conjunctive

give A,y = {Csqie} WhereCsare =qr Sale \ Tiemaerr,  S€leCtion condition. Applying Proposition 3.2 above to every

(Sold). op’, we obtain setst’ = {CY,...,C7} such that’ U A7 is
In general, howeveK’s,;. contains tuples wheréem = op’-independent. Let

VCRdoes not hold, although these tuples are not necessary for

op-independence. In fact, a smaller amount of auxiliary infor- L L

mation, whichis sufficientand necessarydpfindependence, Ay = U i, U Cy

is C,/S'ale =df Uitem:VCR(CSale)- 0 Jj=1 Jj=1

To account for this observation, we now improve Theorem 3.3y, prgposition 3.1 (1,3)) U A’ is op’-independent, for

using traditional push-down rules for query optimization. Any every; = 1, ... 1, which implies, ‘f)y Proposition 3.1 (5), that

PSJ queryp =4 mz(0y(R1 > ... > Ry)) is equivalentto v/ Al is op-independent.

a union of PSJ expressions of the form Let us now conside®P = {opy,...,opn}, a set of PSJ

_ queries overD, and let us denote byl the set of auxiliary

9 =ar 72(050 (09 (F1) b ... 2 04, (Bi))), views associated top; as obtained just above. By Proposi-

where tion 3.1 (3),V U A, p WhereA, p = AjU...UA isOP-

independent. If we denote ki, the union of all auxiliary

e ¢q is a conjunction of non-local atomic selection condi- views in AL, , which are subsets of the complementary view

tionsand . , . Cr, in a monotonic complemerdt of V, if we use Ay, , to
e ¢; is a conjunction of local atomic selection conditions, denote the set of these union vie@é , then Proposition 3.1
1<i<k. )

' implies thatl” U Ay, , is O P-independent. Therefore, we have
Let ¢°°™ be the set of PSJ expressiopgor op. Then by  the following theorem which in conjunction with Proposition
Proposition 3.1 (5), a warehouse dg-independent if it is 3.2 shows that we are able to minimize the complenient
q°°™-independent. theory, according to our ordering of the views. Nevertheless,
Moreover, we recall that ibp is a PSJ queryp =4  the computation(and thus the maintenance of that minimal
nz(04(R1 > ... > Ry)), then the setd,, produced by  complement) may still be expensive.
the independence steps is a subsef®@f,,...,Cr,}, say
Aop ={Ckr,,,...,Cr,, }forl < k.Tosimplify the following
presentation, we assume that the independence steps alw

" ; ; ver D, and letA?, » be the set of auxiliary views as defined
produce an auxiliary view for each base relation, where a ' opr = X
auxiliary view may be empty. above. ThelV U Af, » is O P-independent. 0

In the following proposition, we provide an optimized set gxample 3.6.Consider
of auxiliary views for a PSJ query where the selection condi-
tion is a conjunction. Then, based on the above considerations, D ={R(A,B),S(A,C),T(A,D)},

Theorem 3.5. LetV be a warehouse ovdp, and letC be a
notonic complement &f Let OP be a set of PSJ queries
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and a warehous¥ = {V7, 1, }, where

Vi =af ma,B(0c<0(R 1 5)),
Vo =4t op>o(T).

Let OP = {op1, 0p2, ops3}, where

op1 =df 0(B=Dyv(a<7)(R>T),
op2 =qf ma(op>7(T)),
ops =af Ta,c(0B=5(R1>5)).

Then the canonical complementBfis C = {Cr,Cs, Cr}
WhereOR =df R\Vl, Cg =df S, and Cr =df T\VQ
and it is easy to see that; = {Cr,Cr}, Ay = 0 (be-
causerp~7(T) always gives a subset &%) andA; = {Cs}.

D. Laurent et al.: Monotonic complements for independent data warehouses

o key(Sale) = {item, clerk, date},
o Titem(Sale) C mitem (Catalog), and
L 7Tclerk(sale) g ’/Tclerk(Emp)-

We assume a warehoudé = {ItemDesc, GoodSales,
YoungSales} over D whose views are defined as follows:

ItemDesc =g Titem,description(Catalog)
GoodSales =gf Titem,clerk,date,amount,price (
Oprice>1000(Sale 1 Catalog))
YoungSales =45 0age<so(Sale >x Emp)

We want this warehouse to be independent with respect to
three queriesdp:, ops, andops) and two updatesop, and
ops, which are specified in terms of delta relations) defined as

Therefore,App = {Cr,Cs, Cr}. On the other hand, using follows:

Theorem 3.5, we can reduce the size of all auxiliary views in

App as follows:

op1 =df 7Tclerlc,price(O-p?"ice>10000(Sal@ > Catalog))
op2 =df 7T.iteﬂ%,price(C‘atalog)

o Firstop, is decomposed intop,, =g op=p(R > T')

andop, =4r oa<7(R) > 0a<7(T) andops is written as

O'B:5(R) > S.

e Applying Proposition 3.2, we obtain:

—Alll = {CR X (UB:D(RNT)),

CT X (O'B:D(R > T))}

— A, ={0a<7(Cr) X (04<7(R) = 0a<7(T)),
0a<7(Cr) x (ca<7(R) > oa<7(T))}

— Al = (), sinceAs is empty as well

— Ay = {Cs x (op=5(R) > 5)}.

Therefore, A}y, = {C{,CY,CY} is defined by:

CY =4 (Cr % (p=p(R>T)))

U (0a<7(Cr) x (0a<7(R) ™ oa<7(T)))
Cé/ =df CS X (O‘B:5(R) e S)
Cy =aqr (Cr x (0p=p(R>=T)))

U(0a<7(Cr) X (0a<7(R) > 0a<7(T)))

3.3 A detailed example

In this section, we work out a detailed example, which demon-

strates the following strengths of our approach:

The example that we use builds on our running example of
Fig. 1 and considers a database schéme { Emp, Catalog,

Computation of complements feetsof views.

op3 =df
Telerk (Emp) \ (ﬂ-clerk: (Uprice>10000 (Sale > Catalog)))
ops =qf insertAe into Emp
ops =qf InsertAs into Sale
In other words, we want the warehousé to be OP-

independent wher® P = {op1, opa, ops, op4, ops }. To this
end we apply the independence steps as follows:

Step 1.We apply Proposition 2.3 to obtain a monotonic com-
plementC of V with respect toD. Note that, according to
Theorem 2.2C' is minimal.

Emp =g Tater(Emp) (Y oungSales)

Emp' =4 0
Catalog =45 0
- Catalog' =4 Tattr(Catalog) (GoodSales > Item Desc)
Sale =4 Tattr(Sate)(Y oungSales)
U Tattr(sate) (GoodSales)
Sale'ts =ar 0
Therefore, we obtain:

CE‘mp —df Emp \ Emp

Computation ofninimalcomplements by taking keys and CCatalog =af Catalog \ Catalog’

foreign keys into account.

O P-Independence with respectaobitrary sets of oper-

ationsOP.

Derivation of aminimal set of auxiliary views to ensure

O P-independence.

Sale}, where

attr(Emp) = {clerk, age},

attr(Catalog) = {item, price, description},
attr(Sale) = {item, clerk, date, amount},
key(Emp) = {clerk},

key(Catalog) = {item},

Csale =af Sale\ Sale

Thus,C' = {CEmp, Ccatalog: Csale } IS @monotonic minimal
complement o and has the following view inverse:
Emp = Cgmp U Emp
Catalog = Ccatalog U Catalog”j

Sale ~ Cgq1e U Sale

We remark that the size @'cqtq104 IS reduced by exploit-
ing a lossless join irCatalog'™, which is possible due to
key constraints. Furthermore, the computatiod'gf,;. takes
advantage of multiple views involvin§ale.
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Step 2.0ne by one, we translate the operations occurring in

OP using the view inverses associated with
Concerningop; we have:
Op1 =df Telerkprice(Tprice>10000(Sale > Catalog))
X Teterk price(Tprice>10000((Csate U Sale)
> (Ceatatog Y Catalog”j)))
Teterk price((Csale U Sale)
> Oprice>10000(Clatatog U Catalog'™))
Teterk,price(Csate U Sale)

B Oprice>10000(Catalog'?))

%

Q

R Teterk price(Sale b 0ppices10000(Catalog™’))
N Telerkprice((Tattr(Sate) (Y oungSales)

U Tattr(Sate) (GoodSales))

B Oprice>10000(Catalog'?))
Teterk,price(Tattr(Sate) (GoodSales)

%

> O price>10000 (CCLtCLlOQW ))
X Telerk ,price (Uprice> 10000 (GoodS’ales))

Therefore, we obtain

OP1 =df Tclerk,price (Uprice> 10000 (GoodSales) ) 5
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~ (Teterk (Cemp) \
Telerk (Tprice>10000(GoodSales)))
U (Teterk (Tater(mmp) (Y oungSales)) \
Telerk (Tprice>10000(GoodSales)))

Therefore, we obtain

0p3 =df (Wclerk(CEmzi) \
Wclerk(Uprice>1oooo(GOOdS@leS)))
U (Wclerk‘ ('/Tattr(E'rnp) (YoungSales)) \
ﬂ_clerk(Jprice>10000(GOOdsale‘S)))7

which shows that’g,,,, is necessary to rewritgs overV UC'.
As a consequence, we hadeg,, = {Cgmyp}-

Concerningps =4 insertAe into Emp we are now go-
ing to derive the translated updafg; that maintains the ware-
house views in response tp,. We note thatEmp occurs
in the warehouse view oungSales, but not inItemDesc
or GoodSales; moreover,Emp occurs in the complemen-
tary viewsCpgunmp andCggie, but not inCeqgtaiog. Therefore,
YoungSales, Cgmp, andCsq . are the only views that could
be affected byp,. Consequently, we proceed to derive main-
tenance expressions for these views.d be a state oD, and
letd’ be the new state after executionef,. Then we have:

YoungSales(d')
= Uage<30(5ale > Emp) (d/

)
which shows that no complementary view is necessary to = oqg4e<30(Sale(d’) >t Emp(d’))

rewriteop; overV UC'. As a consequence, we hatg,, = 0.
Concerningop, we have:

Op2 =df 7Titem,price(catalog)
(Ccatatog U Catalog™’)
(

127
CCatalog) U 71—1'1£e171,p'r‘i¢:e(C'avtallog ])
~ ’/Titem,price(cc’atalog) U '/Titcm,price(

Tattr(Catalog) (GoodSales b1 Item Desc))

~ . .
~ Titem,price

~ . .
~ Titem,price

Therefore, we obtain

Op2 =df ﬂ'item,price(CCatalog) U 7T1ltem,price(
Tattr(Catalog) (GoodSales > Item Desc)),

which shows thatCcgtai04 IS NECESSAryY to rewritep, over
V' UC. As aconsequence, we hade,, = {Ccataiog }-
Concerningops we have:

op3 =df Telerk(Emp) \
(Teterk (Oprice>10000(Sale b1 Catalog)))
Teterk(CEmp U Emp) \
Teterk (Tprice>10000((Csate U Sale)
< (Clatalog U Catalog'?)))
Teterk(CEmp U Emp) \
Telerk (Tprice>10000(GoodSales))

(Wclerk (CEmp) \
Telerk(Tprice>10000(GoodSales)))

U (Wclerk (Emp) \
Telerk (Tprice>10000(GoodSales)))

Q

Q

Q

(
= Uage<30(Sale(d) > (Emp(d) U Ae))
= Uage<30(5ale(d) > Emp(d))
U 0age<so(Sale(d) pa Ae)
= YoungSales(d) U Sale(d) ™ 0gge<30(Ae)
= YoungSales(d)
We note that the last of the above equalities holds due to the
foreign key betweelale andE'mp: no newly inserted tuplein
Emp can join with a previously existing tuple $ale; hence,
Oage<so(Sale(d) > Ae) is always empty. Consequently, the
state ofY oungSales is not affected byp,; moreover, as no
complementary view is necessary to maintain the views,in
we obtainA4,,, = 0.
Since we know thabt oungSales and GoodSales are
not affected byopy, it is easy to see thal's,. = Sale \
(Tattr(Sate) (Y oungSales) U T oty (sate) (GoodSales)) is not
affected byop, either.
The new state foC'g,,, in response tep, is now com-
puted as follows:
CEmp(d/)
= (Emp \ Emp)(d’)
= Emp(d') \ Emp(d')
= (Emp(d) U Ae) \ Emp(d’)
= (Emp(d) U Ae) \ Tatir(Emp) (Y oungSales)(d')
= (Emp(d) U Ae) \ Tattr(Emp) (YO’U,’I’LgSCLl@S)(d)
= (Emp(d) \ Tattr(Emp) (Y oungSales)(d))
U (Ae\ Tastr(Emp) (Y oungSales)(d))
= Cemp(d) U (Ae \ Tattr(Emp) (Y oungSales)(d))
= CEmp(d) U Ae
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We note that the last of the above equalities holds due to th¢Cgr.p, Ccataiog}. Thus, Theorem 3.3 implies that U

key constraint onE'mp and the foreign key betweeRmp

Aopp is an OP-independent warehouse, wher,p =

and Sale: these constraints imply that no newly inserted tu- {Cgumyp, Ccataiog - In particular, no auxiliary information
ple in Ae can already be contained in the join involved in concerning base relatiofule is necessary. Finally, it is easy

YoungSales.

To summarize, the only view il that needs to be main-

tained in response top, is Cgmyp. Thus,opy is defined by
OEmp(d/) = CEmp(d) U Ae.

Concerningops =4 insertAs into Sale we note that
Sale occurs in the warehouse view&oodSales and

YoungSales as well as in all complementary views. There-

to see thatd,,, is a unique minimal subset ¢f that ensures
op; independence, = 1,...,5. Hence, Theorem 3.4 asserts
that Ao p is the unique minimal subset 6fthat ensure® P-
independence.

Finally, we emphasize that modifications can be handled
by the independence steps as well. Consider the following
modification:

fore, op; is defined by maintenance expressions for these

views, which we derive next. Let be a state ofD, and let
d’ be the new state after execution@fs. Similar computa-
tions as above give the following:

GoodSales(d')
= GOOdSalBS(d) U Tattr(GoodSales) (Uprice>1000(
As > (Ceataiog(d) U Catalog'V (d)))) (5)

YoungSales(d')
= YoungSales(d) U ogge<so(
As <1 (Crmp(d) U Emp(d))) (6)

The above equations show thag .04 IS NECESSary to de-

termine the new state @foodSales and thatCg,,, is nec-
essary forYoungSales. Consequently, we obtaid,,, =

{CCataloga CEmp}-
Concerning the maintenance expressiongfpwe have:
CEmp(d/)
= CEmp(d) \ Tattr(Emp) (Uage<30(
As 2 (Cpmp(d) U Emp(d)))) @)

OCatalog (d/)
= Cataloy(d) \ (ﬂ-attr(Catalog)((GOOdS&les(d)

U 7Tattr(GoodSales) (Uprice> 1000
(As >4 (Coatatog(d) U Catalog' (d)))))
i ItemDesc(d))) (8)

CSale(d/)
= (Sale(d) U As) \ (Tattr(Sate)(GoodSales(d)

U Tattr(GoodSales) (Up7’ice> 1000(
As > (Ceatatog(d) U Catalog”j(d)))))
U Tattr(Sate) (Y oungSales(d)

U Gage<s0(As 4 (Cemp(d) U Emp(d))))) 9

To summarizegps is defined by insertions int6'oodSales

ops =qf UpdateSale set amount = wherey

We recall that the warehouse under consideration is not update-
independent with respect to insertions ist@le (as the inde-
pendence steps produeg,, = {Cgmp, Ccataiog} fOr the
insertion intoSale specified byps). Nevertheless, the ware-
house isopg-independent, as we will indicate next.

Let d be a state ofD, and letd’ be the new state after
execution ofopg. Sinceopg is a modification toSale, we
haveSale(d') = (Sale(d) U ATs)\ A~ s, where every item
that occurs inA™s or A~ s must also occur (with a different
amount) inSale(d).

To simplify notation letG' = attr(GoodSales) and¢ =
price > 1000. Then we have:

GoodSales(d') = mg(o4(Sale(d") > Catalog(d')))
= ng(os(((Sale(d) U ATs) \ A™s) = Catalog(d)))
= GoodSales(d) Ung(os(Ats i Catalog(d)))

\ mq(0p(A™ s> Catalog(d)))

Now, since every item that occurs.tits or A~ s also occurs
in Sale(d), we know that all tuples il * s and A~ s that con-
tribute to GoodSales(d’) have join partners iatalog(d).
Moreover,GoodSales(d) contains the keytem for all join
partners that satisfy the selection conditiarice > 1000.
Therefore, usingoldItem =g5 Titem, price(GoodSales) we
obtain

GoodSales(d') = GoodSales(d)

U mg(oy(ATs b SoldItem(d)))
\ ma (o (A~ s SoldItem(d))),

which can be computed from warehouse views and update
information. Consequently, no complementary information is
necessary to maintaiioodSales. Similar computations ap-
ply to view YoungSales, which can be maintained with-
out complementary views as well, arfhle does not oc-
cur in ItemDesc, which shows that the warehousedisg-
independent.

We end this section with some remarks concerning the cost
of performing the independence steps. First, all computations
involve schema manipulations only and require no access to

andY oungSales as stated by Eqs. (5) and (6) above, respec-data whatsoever. Second, the independence steps require some

tively, and updates fo€' z.p, Ccatalog, aNdCsqe as stated
by Egs. (7), (8), and (9) above, respectively.

Step 3. The results of Step 2 |mplylop] =0, A,p,
{CCatalog} Aopg - {CE'mp} - @; and A

ops

skill in the manipulation of relational expressions. However,
we would like to emphasize in this respect that performing
the independence steps is a one-shot operation, required only
at the design phase, and performed by the data warehouse
designer who presumably does have such skills.
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Moreover, we note that throughout the above example®f V, and determine conditions under which the effects of the
we have given canonical rewritings in our context. In general,update on the current instanceldfcan be computed without
the problem of finding such rewritings relates to “answeringbase relation access. Updates of the former kind are called
queries using views” ([8,20,26]) a very difficult problem in irrelevant updatesvhile updates of the latter kind are called
general. Clearly, whatever optimization results exist or will autonomously computabie [5]. The main results of [5] are
exist in that area can be used in our case as well. Howevenecessary and sufficient conditions characterizing both kinds
this topic in itself, lies outside the scope of the present paperof updates for a given view’, which is defined using the

relational operations selection, projection, and join.
We note that an irrelevant update is always autonomously
4 Related work computable, but the converse is clearly not true. Moreover,
) . . it is easy to see that a view isindependent for an update

We next review work that is related to ours. The notion of a,, if and only if u is autonomously computable dri in the
warehouse complement we use here derives directly from thgense of [5]. Hence, the work of [5] can be seen as a precursor
notion of view complement first introduced in [4]. However, for research on self-maintainability, which has been identified
view complements were used in [4] to translate updates orys g desirable warehouse property in [12]. The work of [17]
the view back to updates on the underlying database. Here Wgresents algorithms that decide whether a given set of views
use complements to translate in the opposite direction, i.e., tg self-maintainable or not.
translate queries and updates on the database to queries and Fyrthermore, we observe that irrelevant updates are stud-
updates on the view (i.e., on the warehouse). ied in detail in [21]. In [21] a query (given as datalog program)

_The computation of complements for views defined by re-is calledindependentf an update (specified as another data-
lational algebra was first discussed in [9]. The approach of [9}og program), if the update does not change the answer to the
is restricted to the setting of a single view defined by projectionguery, i.e., if the update is irrelevant in the sense of [5]. Inde-
of a single relation, where arbitrary functional dependenciesyendence is reduced to the equivalence problem for datalog
may hold. The key result of [9] states that even in this simpleprograms, and query-reachability and uniform equivalence are
setting, finding a minimal complement (where a “minimal” jdentified as sub-classes of equivalence, which provide decid-
complement is a projection with as few attributes as possible}ple conditions for independence.
is NP-complete. This result does not carry over to our setting, |y the warehousing context, the results of [21] could be
since: (a) we do not consider arbitrary functional dependenegypioited in a filtering step at the source layer, which detects
cies; (b) our complements and inverses have a different formjrelevant updates that cannot have any effect on the ware-
and (c) our notion of minimality is completely different. On hoyse state and that consequently do not need to be sent to
the other hand, our approach allows to compute complementge warehouse. Only those updates that can possibly affect the
for setsof views defined by projection, selection, and join, and yarehouse state need then to be shipped to and integrated into
the results of Sect.2.3.3 show that the computation of comthe warehouse. Clearly, in such a scenario it is still desirable
plementary views is, roughly, exponential in the number ofig make the data warehouse self-maintainable.
warehouse views. ) _ The first technique tamake a given warehouse self-

The present paper is an extension of [19], where we havgnaintainable by using “auxiliary” views seems to be the one
shown how to compute complements for sets of views definegyesented in [25]. The approach followed in [25] is to first
by projection, selection, and join in the presence of key antjetermine a sefE,,..., E,} of so-calledmaintenance ex-

inclusion dependencies. Moreover in [19], we have definedyressiongassuming a single materialized viév) and then
the notion of warehouse independence, and we have showg proceed in either of two different ways:

that independence with respect to all queries and all updates ) _
can be achieved by adding a complement to a warehouse. |#- From the maintenance expressiafis, ..., E,, extract

this paper we improve over [19] in the following important ~ auxiliary views that, together with the warehouse view,
and nontrivial points: are self-maintainable with respect to updates.

2. Given the warehouse vieW, “guess” a set of auxiliary
views{A;,..., 4} and then
e check if the maintenance expressidns . .., E, can

1. We define and study independence dobitrary sets of
queries and updates.

2. We pr(_)\_/ide irjdependence steps to computéram_alset be computed fromi’ = {V, A,,..., A;}, using an al-
of auxiliary views for rendering the warehouse indepen- gorithm to determine whether a query can be answered
dent. using a set of views [8,20,26] and
Concerning the complements computed here and in [19], we e check if the views{A,,..., A4;} can be maintained
finally remark that the approach presented in [3] shows how from W.

to exploit these complements to make temporal views ove

L The work reported in [2] is an extension of [25] towards the
non-temporal sources self-maintainable.

self-maintainability of a singlgeneralized PS¥iew, i.e., a

We next clarify some terminology concerning self- PSJ expression, where the projection may include group-by
maintainability and independence. The idea of maintainingand aggregate attributes.
views without looking at the underlying base relations goes In fact, our approach is the “opposite” of that of [2,25], in
back at least to [5]. The problems addressed in [5] are the folthe sense that we first determine the auxiliary views and then
lowing ones. Consider a single materialized viewaver base  compute the maintenance expressions. In doing so, we assume
relationsD. Given a base relation update, determine condi-any number of materialized views — not just a single view as
tions under which the update cannot affect the current instancim [2, 25].
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A different approach towards self-maintainability of a sin- andquery independence; and (b) strictly smaller than the base
gle PSJ view is proposed in [29]: here, data sources are repelations (consider the auxiliary views defined in Fig. 1).
resented using tables with variables, whereas the warehouse
as well as auxiliary views are modeled as conditional tables.

Then updates are perceived as assignments of values to vah-Concluding remarks and future work

ables, which allows to compute new warehouse states using

the conditional (warehouse) tables relative to new variable asWe have presented an approach for specifying independent
signments. In contrast to our work, the results of [29] are onlywarehouses, i.e., warehouses that are independent of data
applicable in warehouse environments, where source relatioroUrces in answering source quedeslin processing source

may contain variables and the warehouse itself is a conditionalpdates. The key idea behind our approach is setting up a
database. one-to-one mapping from database states to warehouse states,

Before we continue to present further related work, weso that the warehouse can compute all base relations, if nec-
would like to recall that a PSJ view is, in general, not self- essary. We have seen that this idea can be implemented by
maintainable with respect to deletions [12]. A sufficient con- adding a complement to the warehouse, and we have given an
dition for self-maintainability (with respect to deletions) of algorithmic approach for computing monotonic complements
PSJ views is that the view preserves a key of each base réor warehouses defined by PSJ expressions from databases
lation occurring in the view definition [12]. Indeed, this ob- containing keys and foreign keys.
servation is already true for views involving projections only:  We remark that the complementary relatiofGg, , .. .,

E.g., given a relation nam& with attr(R) = {A,B} and  Cr,} given by Proposition 2.3, or the subset thereof pro-
aviewV =4 ma(R), it is easy to see that is only self- duced by the independence steps,ale¢he information we
maintainable, ifA is the key ofR. need for warehouse independence. If the queries to base re-

In fact, the algorithm for self-maintainability of [25] de- lations required for the computation of any specifig, can
rives one auxiliary view per base relation, and the projectionbe answered in reasonable time, then we do not need to main-
involved in this view includes the key. However, this algorithm tain Cr, at the warehouse; we simply store the expression
alwaysproduces one non-empty auxiliary view per base re-for computing it. Otherwise, we have to maintaif, at the
lation — even if the original view is self-maintainable without warehouse.
further information. Thus, the claim of [25] that the set of ~ Next, it is current practice to build warehousing environ-
auxiliary views produced by this algorithm is minimal (with ments on top of star schemes around fact and dimension ta-
respect to set inclusion), is clearly false. bles which integrate information from various sources [7,28].

Next, [22] claims to be an extension of [25] towards self- If we assume all sources to be relational, then each fact table
maintainability ofsetsof PSJ views. However, this approach can be regarded as a PSJ view (or unions thereof) and main-
does not consider keys and foreign keys: hence, it falls short ofained using our approach. For example, consider a business
including a key into the list of projected attributes in auxiliary Warehouse where parts from different suppliers are sold to cus-
views. As a consequence, the algorithm presented in [22] fail§omers according to their orders (similar to the one modeled in
to make views of the form x (R) self-maintainable, wheiX the TPC-H decision support benchmark [30]). This business
does not include a key d®. Moreover (similarly to [25]), the ~ could be distributed over several locations, each running its
algorithm produces auxiliary information, even if the original own operational database. Now, the warehouse maintains:
set of views is already sgelf-m_alntalnable._ a) dimension tables to store data on locations, customer, and

_The apprp_ach dgscrlbed in [23] conS|dgrs the p_rpblem of supplier and;
d'erlvmg. auxmary views to ensure sel'f—mamtalnablllty of a b) fact tables (including foreign keys from the dimension
single view that is defined using relational algebra with ag- tables) for orders and sales which are extracted by PSJ

gregatio_n. In this approach, a view is r(_apresented using an queries from the sources and integrated by union.
expression tree, where: (a) the base relations are leafs; (b) pro-

jections and selections are associated to edges; and (c) binafythough views including union cannot be used for computing
operations as well as group-by operations are inner nodesomplements in general, the presence of foreign keys allows
Based on this representation, the authors compute auxilia:gs to uniquely determine the origin of each tuple in a fact table
views in such a way that a view maintenance algorithm carPy selecting on the dimension attributes. Thus, we can even
determine the “exact” changes to each subexpression of thexploit fact tables, that are integrated by union, for computing
view bottom-up in the expression tree. the warehouse complement. As a result, star schemes allow
The approach of [23] should be improved with respectfor an even wider applicability of our approach.
to the following points: first, similarly to [22], the proposed Furthermore, as mentioned in the Introduction, OLAP is
view maintenance algorithm is based on the assumption that major application domain for data warehousing, where ana-
changes for subexpressions of the form(o4(R)) are al- Iysts execute complex queries involving aggregate views de-
ways available, which is not true in general. Second, in ordefined on fact tables. Although aggregate queries cannot be
to determine the auxiliary relations, the authors assume thaxploited when computing complements, theyrarestrict
key constraints are given for tirener nodef an expression the applicability of our approach either: the fact tables can be
tree. However, [23] does not contain any hint of how these keygnaintained as described above using PSJ views, whereas view
could be obtained. Finally, concerning self-maintainability of maintenance algorithms for aggregate queries, e.g., [10,15,
a join of two base relations, according to [23] both base re-24], can be used to maintain materialized aggregate queries.
lations are materialized at the warehouse. However, our ap- Several lines of future research are envisaged. The com-
proach shows that the complement is: (a) sufficient for updateutation of minimal complements needs to be studied in more
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depth. In this paper we have assumed that each view in the7. Huyn N. Multiple-view self-maintenance in data warehousing
complement has the same set of attributes as some base re- environments. Proc. 23rd VLDB 1997, pp 26-35
lation. Relaxing this restriction may lead to smaller comple- 18. Karp R.M. Reducibility among combinatorial problems. In:
ments. Moreover, the computation of complements foralarger ~ Complexity of computer computations. Plenum, New York,
class of views is still an open problem. However, Example 3.4 1972, pp 85-103
raises the question for which extensions of views and comple-19- Laurent D., Lechterdsger J., Spyratos N., Vossen G. Comple-
ments the uniqueness and minimality results of Theorem 3.2 Ments for data warehouses. Proc. 15th ICDE 1999, pp 490-499
and Theorem 3.4 still hold. 20. Levy_ A.Y.,_Men_delzon A, Sagrl]vA\((i,MSg\glsg\ggDS. Ansg\)N5en1r(])%1

: : : queries using views. Proc. 14t , pp 95—
inVO'T\I/r(]a?j”iyr; Ivr\]/;?sh%rf SS ee r|1rt] g:g:;(ﬁiggygr?éuv%f%g\ﬁ %?Qgggé 1. LevyA.Y., SagivY. Queries independent of updates. Proc. 19th

the independence steps as an algorithmic approach to establis}, \[li_aag %’393L,ipHp 1\7/\};11;}_' Orlowska M.E. Making multiple

!ndependence. A single algorithm, however, \,Nh'Ch takes as views self-maintainable in a data warehouse. DKE 30:121-134,

input: (a) a warehousg; and (b) a set of operatiofi¢P, and 1999

which produces as output: (a) a set of auxiliary viesuch 23 Mohania M.K., Kambayashi Y. Making aggregate views self-

thatV U A is OP-independent; and (b) a set of translated maintainable. DKE 32:87—109, 2000

warehouse operations, needs still to be devised. 24. Mumick|.S., Quass D., Mumick B.S. Maintenance of data cubes
and summary tablesinawarehouse. Proc. ACM SIGMOD 1997,
pp 100-111

gS. Quass D., GuptaA., Mumick I.S., Widom J. Making views self-
maintainable for data warehousing. Proc. PDIS 1996

26. Rajaraman A., Sagiv Y., Ullman J.D. Answering queries using
templates with binding patterns. Proc. 14th ACM PODS 1995,
pp 95-104
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(The proof can easily be adapted to the case wli&reon- Consequently, the new state 10k, , Cr,(d') = Ro(d’) \
tains multiple complementary views that are strictly smaller E,(d’), can be computed froi U A4, which concludes the
than their counterparts ifi.) We proceed by showing that’ proof. O

is not a complement df with respect taD.
Consider the sequence of state),>o, whered; =
(Ol (dj—1) URy(do), 72, ..,m) for j > 1. Letd, be the A.3 Proof of Theorem 3.2

representative state féf andd,. We observe thaR(d,)
R(d;) C R(dy). Hence, Lemma 2.1 (3) implie¥ (d; ) Theorem 3.2.Let V be a warehouse ovér, let C' be a mono-

V(dy) for j > 0. tonic complement o/, and letop be an operation oveb.

Moreover, the sequeneé’’ of relations over?; defined 1. (T;‘e‘;‘ thire is a 59b§ﬂkp 0(; CtSUCQ that
(G _ i i - a) VU A,, is op-independent an
by; 10 W_e ﬁé\%ﬂ‘) (Icsl Tcinc‘)/t?g'gamiiizreﬁzlﬂg\'lgec?g t)h it for (b) A,p is minimal with respect to setinclusion, i.e., if we
jcg (d;_1). As we] as_sumeéo". < C we find C}fl(d _J) c remove any of the views inl,, then (a) above does
SR At ’ \Uy) =

. not hold.
Cr,(dj) = Cg, (dj-1), -8, Cf, (dj) € Cg, (dj—1)- 2. If there are no foreign keys declared oveithen the set

I

By monotonicity,rf) has a limit. This implies the exis- A,p mentioned in (1) is unique.
tence of somé > 0 such thar{ ™" = r{’ S +{"", which  pyoof. Existence ofd,, is not an issue, a€' itself ensures
in turn results inC% (di) = Cg, (di—1) whered; # di—1.  independence. Moreover, by considering each subs@tudt
Hence, we haveC’(d;), V(d;)) = (C'(di-1), V(di-1)), and  ensuresp-independence a minimal one can be identified.
by Proposition 2.2, this implies thdj = d;_;; a contradic- Concerning uniqueness, ldt,, be a minimal subset af
tion showing that”" is not a complement of” with respect  that ensuresp-independence, and léf,, be a subset o' that
toD. o does notinclude all views of,,,, sayCg, € A,,\ 4,,.AsC

is a monotonic complementiz, is the complementary view
for base relation?;. The fact thatCr, is contained in4,,,

A.2 Proof of Theorem 3.1 which is a minimal subset of a monotonic complement that
guaranteesp-independence, tells us that some information

Theorem 3.1.Let V be a warehouse ovéd. and letC be a  [TOM R, thatis necessary fop-independence is missing inthe
monotonic complement df . Letop be an o’peration oved viewsV'. Formally (using the notion of information content of
and letA,, be the set of auxiliary views produced according [4]). this means that there are atleast two legal statés(ee.,

to the independence steps. ThiA = V U A,,, is an op- states that satisfy all key constraints) that are distinguished by

independent warehouse. 0p1a”d VIU Aop, but not byVQU Aop \ {Cr, }. Letd, =
Proof. If op is a query, therp-independence follows im-  (1:---»75) @ndda = (rf, ..., ;) be witnesses for this fact,
mediately from Definition 3.2 and from the construction of I-8-» We have

Aoy (8) V(di) =V(da),

If op is an update, then it is easy to see that the indepenth) (A,, \ {Cr, })(d1) = (Aop \ {Cr, })(d2),
dence steps determine a subdg} of C' such that the new (c) Cg, (d1) # Cr, (d2)

state ofV” afteru can be derived fronv U A4,,. It remains to (this condition must hold a& and A4,,, together are sup-
show that the new state of every complementary view ip posed to distinguisi; andds, andCp, is the only view
can be derived fronv U A,,. in V U 4,, that is not excluded by (a) and (b)),

Let Cr, € Aop. As C is monotonic, for every database (d) op(dy) = op((V U Aup)(d1)) # ap((V U Ayp)(da)) =
stated = (r1,...,70,...,Tn), We haveCg,(d) = (Ro \ op(ds)
Ey)(d) = Ro(d)\ Eo(d). Letu be the translation af in terms (if op would not distinguishi; andd, then no additional
of the views inV U A4,,, and letd" = (ry,...,rg,...,7,) be information for op-independence would be necessary to
the database statgd). Thus we have’r, (d') = Ro(d') \ tell both states apart).

Ey(d"). We now show that the subexpressioRg(d’) and

Eo(d’) in the computation of'r, (d') can be computed using sions always are of the formy (oy(R,, 5 ... ba Ra,)),

only information fromV” U A,,. where¢ = true if no selection is neceésar and wh@ke:
1. Let&, be the inverse expression of the monotonic com- ", - . A Y,

plementary viewC'r, for Ry. Then, based on Definition 2.4, Uj= attr(R;;) if no projection is necessary.

is defined over, andC’r, . Thus, the presence 6f, allows Let V57 be the set of SJ views ovérthatis obtained from

to computeR,(d) from warehouse views using the expres- V' by removing the projection from each view, i.&57 =

sion Ry(d) = & (Ey(d), Cr,(d)). Moreover, as the changes {0g(Ri, > ... > Ry, ) | mz(0g(Ri, > ... < Ry,)) € V]

to Ry(d) are shipped to the warehouse, the new statBof  In the following we use the representative statelfor’ and

For the purposes of this proof, we assume that PSJ expres-

Ry(d"), can be computed at the warehouse. d; to obtain two legal states dp showing thatA;,, does not
2. 0Onthe other handy, is an expression where only views contain enough information femp-independence.
from V occur,V U A4,, is a superset oV, andV U A, is Letd, be the representative state f6f/ andd, . Then, by

determined by the independence stepsinsuchaway{lddt  Lemma 2.1 (1) we hav&(d,) C R(d;) forall R € D. Since
can be computed frorif U A,,. As a consequence, the new d; is supposed to be a legal stateldfall key constraints are
state for each view iV can be computed at the warehouse. valid in d.. (if a relation satisfies a key constraint then so does
EvaluatingFE, on this new view state then givés (d’). every subset), which proves thtis a legal state ob.
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Next, by Lemma 2.1 (2) we havE®”(d,) = V57(d,).
Hence, by applying the original projections to the views in
VST we findV (d,) = V(dy) (= V(d2) by (a) above).

Consider the stated, andd,, of D that are defined as
followsforR € D,i =1,2:

R(d) = R(d;) T Re{Re D|Cr € Ay}
i/ 7\ R(d,) otherwise

As the relation states associated witrandd), do either occur
ind,, indy, or indy, all of which are legal states @, all key

constraints are satisfied ity andd,, i.e.,d} andd), are legal
states ofD as well.

LetR e {Re D|Cgr € A,, \ {Cgr, }}. Then (a) and
(b) show that the (monotonic) inverse f@& yields the
same result inl; andds, i.e., R(d;) = R(dz). Using the
definitions ofd] andd,, we obtainR(d}) = R(d;) =
R(dy) = R(d).

3. V(dy) = V(dy) = V(da) = V(d})
We observeR(d,) € R(d}) C R(dy), forall R € D.
Thus, by Lemma 2.1, we ha¥&d,) = V(d}). The equal-
ity V(d2) = V(db) is shown in the same way and the
equalityV (dy) = V(dz) is (a).

4. A,p(d;) = Aop(d)),i=1,2
Facts 2 and 3 imply(4., \ {Cr, })(d

) = (AOP \
{Cr, })(d}). As d; is defined such thak, (d;) =

Ry (d}),

We now proceed to establish several facts, which are then the claim follows from fact 3.

used to prove thatl;,, does not guaranteg-independence.

1. Ry(dy) # Ru(dp)
Recall thatC' contains a monotonic complementary view
Cr, =4 R1\ E, for Ry, whereE; is an expression
overV. By (a) we haveV (d;) = V(dz), which implies
Ey(dy) = E1(de). Thenitfollows from (c) thai?; (dy) #
Ry (d2). As we haveR,(dy) = Ri(d}) and Ry(dz2) =
Ry (d}), the claim follows.

2. R(dy) = R(d}) = R(d,) = R(d2), for R € {R €
D|Cr € A \{Cr,}}

5. Aoy (dy) = Aj,(dy)
As (i) all views in A7, are associated to base relations
whose states id} and ind,, coincide; and (i)' (d}) =
V (d}) holds by fact 3, the claim follows.

Onthe one hand, facts 3, 4, and 5 above imiply A,,(d;) =
Vu Aop(d’) i = 1,2; hence, using (d) above, we have
op(d}) # op(d}). Onthe other hand, by facts 3 and 6 above we
have(VUA’ )(d ) (VUAL,)(d3), whichimpliesop(d} ) =
op((V U A, )( = op((V U A,,)(dy)) = op(dy). There-
fore we have a contradiction showing th¥y, is unique. O



