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Abstract

A Data Warehouse (DW) is a large collec-
tion of data integrated from multiple distributed
autonomous databases and other information
sources. A DW can be seen as a set of materi-
alized views defined over the remote source data.
Until now research work on DW design is re-
stricted to quantitatively selecting view sets for
materialization. However, quality issues in the
DW design are neglected.

In this paper we suggest a novel statement of the
DW design problem that takes into account qual-
ity factors. We design a DW system architec-
ture that supports performance and data consis-
tency quality goals. In this framework we present
a high level approach that allows to check whether
a view selection guaranteeing a data completeness
quality goal also satisfies a data currency quality
goal. This approach is based on an AND/OR dag
representation for multiple queries and views. It
also allows determining the minimal change prop-
agation frequencies that satisfy the data currency
quality goal along with the the optimal query eval-
uation and change propagation plans. Our results
can be directly used for a quality driven design of
a DW.
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1 Introduction

A Data Warehouse (DW) is a large collection of data used
by companies for On-Line Analytical Processing (OLAP)
and Decisison Support System (DSS) applications [4].
Because of the enormous quantity of information avail-
able to companies nowadays, DWSs often grow to be very
large. Data warehousing is also an approach for integrat-
ing data from multiple, possibly very large, distributed,
autonomous, heterogeneous databases and other informa-
tion sources [44]: selected information from each source
is extracted in advance, cleaned, translated and filtered
as needed, merged with relevant information from other
sources and stored in a repository. OLAP in the DW
is decoupled as much as possible from On-Line Transac-
tion Processing (OLTP) supported by the remote source
databases. A DW can be abstractly seen as a set of ma-
terialized views defined over source relations. We provide
below a brief overview of issues related to the design of a
DW.

Query evaluation. OLAP and DSS applications make
heavy use of complex queries (usualy with group-
ing/aggregation). These data intensive queries often re-
quire sequential scans. Ensuring high query performance
is one of the most significant challenges when implement-
ing a DW. To this end, the queries addressed to the DW are
evaluated locally (using exclusively the materialized views)
without accessing the original information sources. There-
fore a complete rewriting [24] of the queries over the views
materialized at the DW must be possible [41, 40].
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type of environmentnd for a distributed environment the strategy the queries involve also differentials (source rela-
type of information sourcd43, 44, 48]. tion changes). We call theses quemnegintenance queries
Maintaining materialized views incurs a cost for computing

anincrementalone, or arecomputatiorof the views from maintenance queries, a cost for transmitting data from the
scratch. In an incremental strategy, the changes to thg?Urces o the DW and inversely (in a distributed DW envi-

views are computed using the changes to the source relﬁ?‘nment)’. af‘d a cost for applying the computed changes to
tions [2, 27, 12, 9, 28, 38, 6]. Incremental maintenance ca e materialized views [45].

be significantly cheaper and more space efficient than remultiquery optimization on maintenance queries. The
computing the view from scratch, especially if the size ofchanges taken into account for maintaining the material-
the view is much larger than the size of the changes [9, 49Jized views at the DW may affect more than one view. Then

Maintenance timing policy. The maintenance timing pol- multi'ple maintenange queries are is;ued against thg source
icy can be eitheimmediateor deferred In an immedi- relathns for evaluat'lon. These mglntepance queries may
ate timing policy [2, 3], a materialized view is maintained contain subexpressions thz?\t are identical, equivalent, or
within or immediately after the transaction that changes thénore generally subexpressions such that one can be com-
source relations. In a deferred timing policy [5], the main-Puted from the other.  We describe these subexpressions
tenance of the view is delayed. It can be dpeeodically ~ PY the generic termcommon subexpressiofis9]. The

[34], atquery time[16], or on-demandy the user. It can technlques. ofmultiple query optimizatioi35, 36] a[low

also betriggered by eventat the sources (e.g. when the €se queries to be computed together by detecting com-
net change to a source database exceeds a certain thre§}2n subexpressions between maintenance queries: non-

old). Sometimes supporting multiple maintenance timmgoptimal local query evaluation plans are combined into an
policies may be appropriate [6, 33]. optimal global plan which is more efficient to execute than

i ) executing separately the optimal local evaluation plan of
Type of environment. Most of the research work onincre-  gach maintenance query.

mental view maintenance assumes a centralized database

environment where a single system has control of théJsing auxiliary views to reduce the view maintenance
materialized views, the source relations, and the change&st. A global evaluation plan for maintenance queries
[27, 12, 9, 28]. Therefore, changes to the source relation§an be executed more efficiently if some intermediate sub-
and to the materialized views can be combined within thedueries are kept materialized in the DW, or can be com-
same transaction. DWs are typically distributed databasguted from views that are kept materialized in the DW
environments. Some approaches to incremental view maid30, 42]. These materialized subqueries (views) are called
tenance in distributed environments are based on timegauxiliary views. It is worth noting that an optimal global
tamping the changes to the source relations [34, 33]. HoweVvaluation plan without auxiliary views can be completely
ever, the source databases can be autonomous, a glotshiferent than the optimal global evaluation plan when
clock cannot be assumed and therefore inconsistencies mg}aterlahzed views are used. The existence of auxiliary
appear [49]. Approaches that keep materialized view dat¥lews can greatly reduce the cost of evaluating mainte-

loosely consistent with the remote sources are more appréiance queries. Indeed, the computation of the correspond-
priate for DW environments [49, 50, 18, 51]. ing subqueries is avoided or simplified. Further, since DWs

are typically distributed systems, access of the data sources
and expensive data transmissions are reduced. Obviously,

of the changes of the source data, the sources can be ffere is a cost associated with the process of maintaining
the following types [44]: cooperative source@they pro- o o xiliary materialized views. But, if this cost is less

vide active database features with triggering [26], and aly, 5, the reduction to the maintenance cost of the initially

low t_he detection, filtering, storage, processing, and PrOPmaterialized views, it is worth keeping the auxiliary views
agation of changes to the DW to be programmed and 0, the pw.

cur automatically)logged source@hey maintain a log and

allow changes of interest to be extracted by inspecting th&elf-maintenability. By appropriately selecting auxiliary
log), queryable source@hey can be queried periodically in views to materialize in the DW, it is possible to maintain
order to detect changes of interest), amapshot sources the initial materialized views and the auxiliary views al-
(they only allow snapshots of data to be taken periodicalljfogether, for any source relation change, without issuing
and changes are extracted by comparing successive snapseries against the source relations. Such a set of views is
shots [23]). calledself-maintainablgl11, 18, 29].

Maintenance strategies. A maintenance strategy can be

Types of sources.Concerning the detection and handling

Maintenance queries. When changes are reported by a DW design. When designing a DW, a number of choices
data source, it may be necessary to issue queriesto the samee made first by the DW designer (e.g. the maintenance
or other data sources in order to maintain the affected maiming policy, the maintenance strategy, or the DW system
terialized views. In the case of an incremental maintenancarchitecture) dictated by physical parameters (e.g. the type
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and the availability of data sources, the type of changesxceed a maximal frequency. These maximal frequencies
the data transmission rates over the network, the hardwai@e set by the administrators of the source databases and
computational power etc.) and the requirements of thexpress the availability of the data sources and the degree
knowledge workers that will use the DW. of decoupling of OLTP at the operational data sources from
The next step in the DW design process concerns th®W activities.
selection of views to materialize in the DW according to  The data completeness quality goal guarantees that the
use the DW is intended to (i.e. the queries the DW hasiata necessary for answering the input queries are present
to answer). This is th®W view selection problemThe  at the DW. Therefore, it requires a complete rewriting of
view selection problem takes as input a set of queries othe input queries over the materialized views
views and aims at selecting a set of views to materialize in  The data currency quality goal upper bounds the time
the DW that minimizes the overall query evaluation cost,g|apsed between the time point the answer to a query is
or the overall view maintenance cost, or a combination oketyrned to the user and the time point the most recent
both. A number of constraints may be additionally pro-changes to a source relation that are taken into account in
vided as input for satisfaction (e.g. the materialized viewshe computation of this answer are read (this time reflects
should fit in the space allocated for materialization or thene currency of answer data). The data currency quality
view maintenance cost should not exceed a certain limityog) js expressed bgurrency constraintessociated with
[32, 17, 41, 15]. The DW design problem is complex. Oneeyery source relation in the definition of every input query.
of the reasons of its complexity relies on the fact that com-the ypper bound in a currency constraint (minimal cur-

mon subexpressions between the input queries need to bgncy required) is set by the knowledge workers according
detected and exploited. to their needs.

Quality factors in DW design. Until now research work The query evaluation and view maintenance perfor-
on DW design is restricted to quantitatively selecting viewmance quality goal requires the minimization of a combi-
sets for materialization. Quality issues in the DW designnation of these costs.

are neglected. However, the design of a DW at the log- The data consistency quality goal ensures that at every
ical and physical level is subject to a number of qualitymoment the state of the DW reflects a certain state of the
factors. These quality factors determimgality goalsthat  source relations. It is expressed by a number of properties
have to be achieved through the design process [20, 22fhat the DW data must satisfy. These properties are for-
The present research work is done in the framework of thenally presented in Section 3.

European Foundations of Data Warehouse Quality (DWQ)  Thjs formalization of the problem of designing a DW
project. The goal of the DWQ project is to develop se-ysing quality goals is novel. Further, it allows:

mantic foundations that will allow the designers of DWs (g) stating currency constraints at the query level and not
to link their choice of deeper models, rich data structures gt the materialized view level as is the case in other ap-
and rigorous implementation techniques to quality factors proaches [33, 18]. Therefore, currency constraints can
in a systematic manner, thus improving the design, the op-  pe exploited by DW view selection algorithms where
eration and the evolution of DWs [21]. In this paper, we  the queries are the input, while the materialized views

deal mainly with the quality factors afata currencydata are the output (and therefore are not available).
consistencydata completenesandquery and view main- () stating different currency constraints for different re-
tenance performandea the design of a DW. lations in the same query. This flexibility is necessary.

For instance, a query that combines share prices and
1.1 The problem companies introduced in the stock market requires dif-
When designing a DW, alternative view selections for ma- ferent currency constraints for the data derived from
terialization are examined in order to find one that satisfies ~ the source relation providing information on share
the DW design goals. View selection algorithms for Data  prices and for the data derived from the source rela-
Warehousing proceed in a similar manner [17, 41, 15, 47].  tion providing information on companies.

The framework. We consider that the approach adoptedProblem addressed.In the framework set up above, we
for designing a DW aims at selecting a set of views for ma-address the problem of checking whether for a view selec-
terialization that satisfies the following quality goals: (a) tion that satisfies the data completeness quality goal, there
data completeneséb) data currency(c) query evaluation are change propagation frequencies that satisfy the given
and view maintenance performan@nd (d)data consis- data currency and source availability constraints. Addition-
tency We suppose also that the sources are subject to ally, it is required:

source availability constrainiWe explain these notions be- (a) In case of a positive answer,

low. (al) the change propagation frequencies that guaran-
The source availability constraint states that the change tee the satisfaction of the currency and source
propagation frequency from each source is restricted not to availability constraints, while minimizing the
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view maintenance cost, and the set of source relations that cause the violation of
(a2) the optimal way the queries are evaluated from source availability and currency constraints. This in-
the materialized views (query evaluation plans), formation can guide the view selection algorithms in
and the optimal way the changes to the sourcere-  providing alternative view selections that satisfy the
lations are propagated and applied to the affected  constraints, or can help the DW designer in finding

materialized views (change propagation plans). a solution to the view selection problem by negotiat-
(b) In case of a negative answer, the set of source relations  ing the relaxing of some currency constraints and/or
that cause the violation of a currency constraint. source availability constraints.
We call this problencurrency constraint satisfiabilitgrob- i i
lem. The rest of the paper is organized as follows. Next sec-
tion reviews related work. Section 3 presents the archi-
1.2 Contribution and outline tecture of the data warehousing system, outlines change

] o o ) propagation and defines data consistency. In Section 4 we
The main contributions in this paper can be summarized agroduce multiquery AND/OR graphs, and provide initial
follows. definitions. We also state formally the currency constraint
satisfability problem. The different steps of our approach

¢ We provide a novel statement for the DW view selec- ted in Section 4. In Section 5 we di :
tion problem based on quality goals and source avaijl &€ Presented in Section 2. 1n Section > We diScuss Improv-

ability constraints. In particular, the data currency'ng a selected view set in order to satisfy the constraints.

quality goal is expressed by a set of currency Con_FlnaIIy, Section 6 contains concluding remarks and future

straints flexibly specified, on a per relation basis, atresearch directions.

the query level. 2 Related work

¢ Zﬁoﬂiﬁgggg S%lg)r\é\éssiﬁir(g)asrﬁh'tﬁ(r:tt:;ﬁeovjérre:gi%nswering queries using views has been studied in many
ation and view maintenance per?c?rmance guali%/y goalf)aperg, e.g. [24]. I.n particglar, this i;sue, in connection to
(by evaluating queries exclusively from the materi- groupmg/aggregatloq queries and views, has been St?‘d'ed
y 94 y in [10] for set semantics, and in [7] for multiset semantics.

alized V'.e.WS’ gnd by exploiting §elf-ma|nta|nab|l|ty Materialized view maintenance has been addressed in
and auxiliary views), and (b) achieves the data com-

pleteness quality goal (by appropriately materializingrecent years by a plgthora of researchers. A numbgr of
views over the source relations at the DW), and thepapers dealing W|t_h dlf.ferent. aspects.of matgrlallzed view
data consistency quality goal (by the appro;oriate Se_malr_ltenancg are cited in the mtroducuoq andin subsequgnt
lection of an update propagation process) sgctlong. Dlﬁgrent levels of data cqnqstency of mat'erl—
' alized view maintenance processes in distributed environ-
o We formally define the currency constraint satisfiabil- ments are discussed in [49, 50, 18, 51]. Data consistency
ity problem using an AND/OR dag representation for in this paper is defined similarly to that in [18].
multiple queries and views. The multiquery AND/OR  View selection problems for Data Warehousing usually
dag representation allows to take into account comfollow the following pattern: select a set of views to ma-
mon Subexpressions between queries and views and tgrialize in order to Optimize the query evaluation cost, or
forma”y express query evaluation and Change propathe view maintenance cost or a combination of both, pos-
gation plans. sibly in the presence of some constraints. In [32] views
are seen as sets of pointer arrays and the goal is to opti-
e In this framework, we present a high level approachmize the combined cost under a space constraint. [17] aims
for solving the currency constraint satisfiability prob- at minimizing the query evaluation cost in the context of
lem. The approach proceeds by “pushing down” cur-aggregations and multidimensional analysis under a space
rency constraints from the queries to the materializedsgnstraint. Given a materialized SQL view, [30] presents
views along optimal query evaluation plans and byan exhaustive approach as well as heuristics for selecting
“pushing up” source availability constraints from the gyxiliary views that minimize the total view maintenance
source relations to th_e materialized views along opti-cost. Given an SPJ view, [29] derives, using key and ref-
mal change propagation plans. erential integrity constraints, a set of auxiliary views, other
(than the base relations, that eliminate the need to access

e Our approach allows also to determine the minima he b lati h intaining both the initial and th
change propagation frequencies that satisfy the conthe base relations when maintaining both the initial and the

straints along with the optimal query evaluation andaux.iliar_y views (i.e. that makes the. views altogether self-
change propagation plans. mamtgmaple). In [14] gregdy algon.th'm; are provided for
selecting views to materialize that minimize the query eval-

¢ When the satisfaction of the data currency and sourceation cost under a space constraint. A solution for select-
availability constraints is not possible, we provide ing views that minimize the combined cost is given in [47].
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None of the previous approaches requires the queries tBurther, no currency constraints are considered, nor exam-
be answerable exclusively from the materialized views in aning alternative change propagation plans in order to guar-
non-trivial manner (that is without considering that the baseantee the “freshness” of the materialized views.
relations and the materialized views reside in the same site,
and without replicating all the base relation at the DW).
This requirement is taken into account in [41] where the

problem of configuring a DW without space restrictions is e describe in this section the architecture of the DW sys-
addressed for a class of select-join queries. This work isem on which our analysis is based. Among the goals of
extended in [42] in order to take into account space rehjs architecture is high query performance and low view

strictions, multiquery optimization over the maintenancemgintenance cost. Figure 1 illustrates the DW system ar-
queries, and the use of auxiliary views when maintainingehitecture. On the bottom of the diagram are shown the
other views. Another extension of [41] deals with the sameemote source relations. The materialized views are kept at
problem for a class of PSJ queries under space restrictionge pw component. Some of these views may be defined
[40]. The approach adopted in the last three papers is tajjsing other views. Knowledge workers and analysts, de-

lored for the static DW design problem. An incremental picted on the top of the diagram, address their queries to
version of the DW design problem (dynamic DW design) the DW.

is addressed in [43]. ] )

A variation of the DW design problem endeavoring to Query evaluayon. The queries of the analysts are evalu-
select a set of views that minimizes the query evaluatiorfit€d locally without accessing the source databases. Thus,
cost under a total maintenance cost constraint is adopted #is DW architecture satisfies the data completeness qual-
[15]. However, restricting the total view maintenance cost'y 90al which requires a complete rewriting of the input
does not provide any guaranty whatsoever for the currenc§Ueries over the matenallzed views. We conS|derthat_vvhen
of the query answer data. Quite the contrary, reducing th€hanges are applied to a materialized vigwthe previ-
view maintenance cost may result in lower update propagd2Us State o#” is available for evaluating queries usiig
tion frequencies, and therefore in stale query answer datal nerefore, the evaluation process is not delayed by the ap-

An analytical study of optimal refresh policies based plication of the changes to the materialized views.

on parametrization of the average query response time argimple and auxiliary materialized views. The material-
the average cost for materialized view maintenance is deized views that are used in the optimal query evaluation
scribed in [37]. Yet, this analysis concern a single viewplans of the queries are callsiinple viewsThe rest of the
defined over relations of the same source in a centralizeghaterialized views are used for reducing the view mainte-
environment without communications costs. Further, nohance cost of the materialized views, and are calledl-
currency constraints are introduced. iary views Simple views too can be used in the same man-
A periodical or at query time (hybrid) timing policy is ner, yet they have to appear in the optimal query evaluation
adopted in [33] where a materialized viéwis updated plan of a query.
either at the end of a time perigdor when a queryy is
issued against’ and the currency of/ is unsatisfactory
with respect to). An algorithm is provided that aims at

minimizing the average updating costléfper query by se- ) . .

lecting a materialized view from which is to be updated such that all the views in the DW can be clompletely rewnt—

and the time period. Currency constraints are associated.ten over thev;'s. These VIEWS are call urce relation
ages Select-project views are self-maintainable [11].

with the queries but they are different than those introduce ther vi defined th . o b i
here since they refer to the currency of views from which Er views detined over these views may also beé mate-

the query is answered, they do not characterize each reI:S'—aIIZGd at the DW. The rolg of Fhe source relation Images
tion in the query, and they are used to trigger the updating® to guarantee the seif-maintainability of all the matenial-
of the viewV'. Further, a centralized environment based on Ed. VIEWS. A source relation image can be either simple or
timestamping is assumed, while all the views are define&lUXIIIary VIEW.
over a single source relation. Type of sources and changesie assume that the source
[18] characterizes the “freshness” of materialized viewsdatabase systems are autonomous and can cooperate with
in a mediator using time upper bounds required for the difthe DW in the following sense: each source database sys-
ferent steps of the view maintenance process (e.g. commtem is able to keep in a buffer the tuples inserted to a source
nication delay, maintenance query processing delay etc.jelation and the tuples deleted from it (modifications are
That mediator system architecture is different than oursnodeled by deletions followed by insertions). A source is
since queries can be answered also from the source relaware of the view definition of the corresponding source
tions, an immediate maintenance timing policy is adoptedrelation image. It can also filter the changes, compute the
and source relation changes are buffered at the mediatanet changes to be applied to the source relation image, and

3 DW system architecture and operation

Self-maintainability. For each source relatioR; there
is at the DW a materialized view; obtained by apply-
ing selections and projections d¥y as much as possible
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Figure 1: A DW system architecture
periodically transmit the changes to the DW. image, using the source relation image view definition and

Change filtering. Using the view definition of the corre- the change; to .the source relation, and (c) it transmits the
source relation image changes to the DW.

sponding source relation image, a source filters out changes
that are irrelevant to the source relation images and projects There are two advantages when the computation of the
only relevant attributes. A source relation changere-  soyrce relation images is performed by the sources: (a)
evantif it has no effect on the state of the source relationyrocessing at the DW is saved, and (b) the transmission
image, independently on the source relation state [1, 25kt is reduced. Determining the change propagation fre-
Since the source relation images are select-project viewgy,ency for each source relation is an objective of this pa-

selection conditionsinvolve only attributes of the source reper. Each source relation frequency is upper bounded by
lation. Therefore, detecting irrelevant changes can be pel; given maximal frequency for that source as indicated by

formed efficiently by the sources. Alternatively, source re-the corresponding source availability constraint. The maxi-

lation changes can be transmitted to and gathered in buffega| frequencies are determined by the time the source data

our approach, yet changes cannot be filtered by the data

sources. Therefore, the communication cost is increased When the net changes of a source relation im&ge
by the transmission of irrelevant changes and of useless attrive at the DW, they are propagated to the material-
tribute values of tuples from the remote sources to the DWized views that are affected by these changes (that is the
views that include the source relation in their view defini-
tion), according to a change propagation plan. Net changes
o L . nentalY om different sources are transmitted to the DW asyn-
maintaining a materialized view from other materialized .

chronously. We assume that different changes from the

views in the DW (and a source relation image from thes me source relation are received by the DW in the order

source relations), we consider the changes actually insert% . )
; : ey are transmitted. Further, different changes are prop-
to or deleted from each view (source relation). These

X agated to the affected views in the order they are received
changes are calledet changes For example, if a tuple

is inserted and then deleted, it is not represented at all itqy the DW. The affected materialized views are maintained

the net changes. In the following ‘changes’ refer to ‘netmcrementally.. During the propagatmn'of the changes from
changes. a source relation to the materialized views, changes are not

applied to a materialized view until all the changes for
Change propagation.Changes are propagated to the DW all the other materialized views that are directly defined us-
views periodically. At the end of the change propagationing V have been computed. Parts of the update transactions
period for a source relation, the source database systethat propagate changes from the source relation images to
performs three tasks: (a) it reads the changes in the cothe materialized views can be executed concurrently. Note
responding buffer and flashes the content of the buffer, (bdhat employing recomputation of the materialized views
it computes the changes, to be applied to the source relatidnom scratch instead of an incremental view maintenance

Net changes. In order to avoid wasteful insertions and
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strategy does not affect our approach. in AND nodes and OR nodes. AND nodes are catipdr-
Data consistency.The DW system we presented above isation nodegand are labeled by operations_ while OR nodes
consistent. We define a DW system to be consistent if it&"® calledview nodesind are labeled by views. In the fol-
data satisfy the following properties [18, 51]. owing we may identify nodes vy|th their Iabel;. An opera-
(a) If a number of changes is applied to the source relation node has one or two outgoing edges to view nodes and

tions, and this activity has ceased, the state of the ma2"€ incoming edge from a view node. lts meaning as an

terialized views at the DW eventually reflects the final AN,D node is that its pargnt View can be -obtamed.by ap-
state of the source relations. plying the labeling operation tall its child views. A view

o . ~node has one or more outgoing edges (if any) to operation
(b) The state of each mat.erlahzed view at the DW at t'_menodes and one or more incoming edges (if any) from an op-
t reflects some anterior state of the source relationgation node. Its meaning as an OR node is that the labeling
(not nepessquly the state of the source'relatlons at diew can be computed by applyimgy of the child opera-
single time since the changes from multiple consecusjgns 1o their respective child views. The root node and sink
tive update transactions to the same source relation arg, jes ofG, are view nodes. The root node is labeledeby
transmitted together to the DW, and change transmisgnq represents alternative ways of evaluatirfglternative
sions from different sources is asynchronous). equivalent rewritings of overV), while the sink nodes are
(c) The states of a materialized view, defined using soméabeled by the views iiV.
source relatiorR, at timest; andt,, t; < ts, reflects Given a set of expressiofsdefined over a set of views
the state ofR at timest| andt),, wheret] < t. V, amultiexpression AND/OR dagfor E is an AND/OR
dag resulting by merging the expression AND/OR dags for
4 Multiguery AND/OR dags and formal theexpressionsiB. G is not necessarily a rooted dag (that
problem statement is it does not necessarily have a single root). All the root

) . . ) nodes ofG are view nodes labeled by expression&ibut
We introduce in this section multiquery AND/OR dags. We not 4| the expressions iR label necessarily root nodes).

then use this notion to formally describe change propagarhe sink nodes i are labeled exactly by the views Wi.
tion to multiple views, to introduce time cost functions, and |, 5qdition. view nodes in a (multi)expression AND/OR
finally, to state the currency constraint satisfability prOb‘dagcan be markedMarked nodes represent views materi-
lem. alized at the DW. O

4.1 Class of queries Additonal auxiliary definitions are provided below.

We assume relational queries and views possibly with finition 4.2 A " ion dai i
grouping/aggregation operations that have multiset (bagge Inition 4. (multiexpression dags a (multiex-

semantics. A multiset algebra allows incrementally main- ression AND dag (.that Is is a (multi)expression AND/OR
taining views that have the SQL multiset semantics [9, 28]_dag such that no view node has more than one outgoing
Duplicate retention (or at least a replication count) is es_edges). . . .

sential if select-project views are to be self-maintainable A (mulﬂ)expressmn AND/OR. dag’ is a'subdagof a

[2, 11]. We think that it is necessary to include group- (multiexpression AND/OR dag if and only if:

ing/aggregation queries since they are extensively used ir{a) dagg' is a subdag of dag,
Dgtag\]/?/arghousir?g applications. y y (b) if an operation node of is in G’, all its child view

nodes ing are inG’, and
4.2 Multiquery AND/OR dags (c) all and only the marked nodesdhthat are present in

_ _ _ _ G' are marked nodes i@’ o
Alternative ways for evaluating a relational expression can

be compactly represented by AND/OR dad32, 14]. A We can now define query and multiquery AND/OR dags.
particular representation of AND/OR dags distinguishes

between AND nodes and OR nodes [30] and has beePefinition 4.3 A query AND/OR dafpr a query() defined
developed initially for performing cost-based query opti- over a set of source relatiolit is an expression AND/OR
mization [8]. We use here this representation for multipledag for@. The sink nodes of the dag are labeled by source
queries, extended with marked nodes to account for viewselations. A query dag fo€) is essentially a query eval-

materialized at the DW [43]. uation plan of@ from the source relations. Aultiquery
We start by defining expression and multiexpressiorAND/OR dagfor a set of querie€) defined oveR is an
AND/OR dags. expression AND/OR dag faR. View nodes representing

o . (and labeled by) the queries@ are calledquery nodesO
Definition 4.1 An expression AND/OR ddgr an expres-

sion e defined over a set of view¥ is a rooted bipartite In the following we consider only multiquery AND/OR
dagg. defined as follows. The nodes @f are partitioned dagsg for the set of queries satisfied by a DW, where the
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Figure 2: A multiquery AND/OR dag fo® = {Q1, @=}

marked nodes are exactly the materialized views of the DWare represented. Note that as shown in [46] in this case the
In these multiquery AND/OR dags, all the paths from agrouping/aggregation operator can be pushed past the join.
qguery node to a source relation contain a source relatioMarked nodes (materialized views) are depicted by filled
image. Note that a source relation nadenmay coincide  black circles. Source relatioR; and R, are depicted by
with its image node (for instance if there are no selectionsectangles. Their images are the vielisand V> respec-
or projections oveR in a query represented @). In this  tively. Remark that all the paths from query nageor Q-
caseR is replicated at the DW. to source relation nodB; or R, contain a source relation

[ . |
Example 4.1 Consider the source relatior®, (4, B, C) mage
andR»(D, E,G, A). Underlined attributes denote the key Construction of multiquery AND/OR dags. A multi-
of the corresponding relation. L€l be the SQL query:  query AND/OR dag for a querg) can be constructed by

SELECT R1.A4, R1.B, COUNT(R1.G) AS H applying transformation rules to an initial query dag. The
FROM R1, R2 initial query dag represents the expression defignghe
WHERE R1.A = R2.A AND R2.G > 1000 transformation rules add new operation and view nodes and
GROUP BY R1.A, R1.B link these nodes with existing nodes by adding new edges.
HAVING COUNT(R1.G) > 10 The dag resulting by the application of the transformation

rules is a query AND/OR dag fof) [8]. A multiquery

and@: be the SQL query: AND/OR dag for a set of querigQ can be constructed by

SELECT R1.4, R1.B, R2.G merging equivalent view nodes of the query AND/OR dags

FROM R1, R2 for the queries iQ. [31] presents transformation rules for

WHERE R1.A = R2.A AND R2.G > 1000 AND R1.B =' ¢ multiquery AND/OR dags using a different representation
scheme.

Figure 2 shows a multiquery AND/OR dag f@ =
{Q1,Q-2} overR = {R;,R,}. Operation nodes are de- Expression AND/OR dags is a general formalism that cap-
picted by small circles while view nodes are depicted bytures many of the notions mentioned previously. In par-
bigger ones.X denotes the natural join operation. Sym- ticular they can represent views and materialized views
bol F stands as a shorthand for the expressiord > (source relation images, simple and auxiliary views), com-
F < count(G) as H > denoting a grouping/aggregation plete rewritings of the queries over the materialized views
operation: the prefixx A > indicates the grouping at- and/or the source relations, and common subexpressions
tribute, while the suffix< count(G) as H > indicates between (maintenance) queries, between views, and be-
the aggregate function, the aggregated attribute, and theveen (maintenance) queries and views. Different types of
attribute renaming. Query nodes are emphasized by prexpression AND/OR dags will be used below to represent
ceding their names by a *. Two query dags for each queryuery evaluation plans and change propagation plans.
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4.3 Query evaluation and change propagation dags the views that are affected by these changes. Recall that the
type of multiquery AND/OR dags we consider here implies
that the materialized views that are affected by the changes
to R are also affected by the changesito We describe

this change propagation process below.

Consider a multiquery AND/OR dag for a set of queries
Q. A query evaluation plan over materialized views is rep-
resented by a query evaluation dag defined as follows.

Definition 4.4 A query evaluation dag for a querly € Q
is an expression AND subddg of G such that: 4.4 Incremental view maintenance using change prop-
(a) E is rooted at. agation dags
(b) All and only the sink nodes of are marked nodes™  The changes to the materialized views that are affected by
the changes to a source relation image can be computed us-
ing the maintenance expressions provided in [9] for a mul-
Siset algebra and in [28] for grouping/aggregation operators
under multiset semantics. We call these expressions main-
A change propagation plan is represented by a change profgnance queries. Maintenance queries mvglve in genergl
agation dag defined below. he pre-upd.ate state of th_e source relation images (that is
the state prior to the application of the changes), the pre-
Definition 4.5 A Change propagation dag for a source re- Update state of the materialized view, and the Changes to
lation imageV’ is a multiexpression AND subddg of G the source relation image.
such that:

(a) All the marked view nodes that are ancestor nodes
V' in G (that is the marked view nodes that occur in a
path from a root node t&" in G) are present i/, and
the root nodes of’ are among them.

(b) The sink nodes aff are marked nodes of, andV is

Example 4.2 Consider the multiquery AND/OR of exam-
ple 4.1. Figure 4 shows two query evaluation dags for th
queriesy); and@- respectively.

OltExampIe 4.4 Consider the querg)s = op=r. (V1 X V3)
of example 4.1 rewritten over the materialized vielfs
andV, and suppose that it is a vieWw materialized at the
DW. Let AV; denote the tuples inserted 1§, and VV;
denote the tuples deleted froby. Recall that we con-
sider net changes. Therefore, any tupleVifr, appears

one of them. . )
(c) The non-sink marked nodes ih are ancestor nodes In Vi at least as many tlmgs as Wvi, and AV: and
of - VVi do not have any tuple in common. The net changes

to V' are computed by the following maintenance queries.
op=(AV) X V,) evaluates to the tuples to be inserted
into Vs andop= . (VV; X V%) to the tuples to be deleted
Example 4.3 Consider the multiquery AND/OR dag of from V5. Vi andV; in the maintenance queries denote the
example 4.1. Figure 3 shows two different change propagapre-update states of views andVs. m|

tion dags for the source relation imagge Figure 5 shows . )

two change propagation dags for the source relation imagkh® changes to the source relation images (which are
Va. As this example makes clear, there can be more thanc/€Ct-Project views) are computed using maintenance

one change propagation dags for a source relation image fueries, exclu5|yely f_rom the change_s tq the source rela-
a given multiquery AND/OR dag. O tions (select-project views are self-maintainable when mul-

tiset semantics are adopted).
A change propagation dag for the imdgef a source rela- If the maintenance queries for different materialized
tion R indicates the way the changedfare propagatedto views that are affected by the changes to a source relation

Clearly a change propagation dag is a connected graph.
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image have a common subexpression, we can use the tedby joining its child nodes and thus its pre-update state is not
nigues of multiquery optimization to compute this subex-needed for the computation of its own changes [9]. There-
presion only once. Further if a subexpression (that does ndore the computation of the pre-update statelpfis not
include changes) of a maintenance query is a view alreadgeeded irlJ. a
materialized in the DW (other than a source relation im-

age), we can use this view as an auxiliary view in the com4.5 Time cost functions

putation of the maintenance query. Therefore, the compu- . ] . ]
tation of this subexpression from the source relation image¥/e Now introduce time cost functions that we use in deter-

is avoided. mining the time needed to evaluate queries and to propagate
We maintain the views affected by the changes to th&hanges to the materialized views.

image of a source relatiaR by considering a change prop- ~ Consider a multiquery AND/OR dag for a set of

agation dag’ for the image ofR, and by proceeding in gueriesQ defined over a set of source relatioRs Let

a bottom-up fashion. This way, we can take advantage of’ denote an update propagation plawifor the image of

the views materialized in the DW that are not affected bySource relatioriz € R.

the changes, while common subexpressions between main- With every operation nod® in G a costio is asso-

tenance queries are Computed on|y once. ciated. COSEO denotes the time needed to Compute the
The changes to a (marked or non-marked) view rigde Parent view node of) from the its child node(s), assuming

that is affected by the changes to the source relation imagéat the later are already computeid = 0 if the parent

are computed from the changes to its child view node(syiew node is marked.

V;. (A view node is affected by the changes to the source With every operation nod® in U, a costtg is asso-

relation image if it is an ancestor of the source relation im-ciated. Costo reflects the time needed to compute the

age sink node.) In general, the pre-update state of Bgch Parentview nodé” of O from its child node(s), it is not

and the pre-update state 6fare also needed for this com- marked and is needed @i (refer to the previous subsec-

putation {/’s pre-update state can of course be computedion). Thereforetg = to if V is needed iU/, andtg, = 0

from the pre-update state &fs). In particular cases, the Otherwise.

pre-update state 6f and/or the pre-update statelgs are With every operation nod® in G, a costtZ is associ-

not needed [9, 28]. For instance}ifis a self-maintainable ated.tZ reflects the time needed to compute the changes to

view (with respect to the changes 16s) the pre-update the parent view nod& of O assuming that the pre-update

state ofV;s is not needed. As another exampld/ifs ob-  state ofl’, and the pre-update state and the changes of the

tained by a selection or a projection or an additive uniorchild view node(s) oD are availabletf = 0 if O is not

onV;s, neither the pre-update state of dfig norV’s pre- ~ an ancestor ok in g.

update state are needdd's changes can be computed ex- ~ With every view nodé’ in G, a cost{! is associated:t

clusively from the changes fig;s. If V is marked (materi- denotes the time needed to apply the chang&swden the

alized), the computed changes are applied to it. Howeveghanges to source relatidhare propagated to the materi-

these changes are not applied until the changes and the pized views. tff = 0 if V' is not a materialized view or

update state (if needed) of the parent view nodels @re  if V' is not an ancestor @R in G (in the last casé’ it not

computed. Thus the pre-update statd/ofemains avail- ~ affected by the changes f¢). Clearly,tZ andtf are inde-

able where needed. pendent of the change propagation dag for the image of
The (pre-update state) of a non-marked view ndde used to propagate the changes/of

is computed from the (pre-update state of its) child view ¢% denotes the time needed by the source holdirtg

node(s)V;. This computation is not necessaryiifis not  compute the changes to the imagefbfrom the changes

needed neither for the computation of the changéstmr  Stored in the buffer. The time needed to transmit the

by any of its parent view nodes. A parent view nodd’of changes to the image & from the source of? to the DW

may need the pre-update statelofor the computation of is denoted by;.

its own changes or (in case it is a non-marked view) be- We assume that the time is measured in units repre-

cause its own pre-update state is needed by one of its pagenting the lowest granularity of interest. The time costs

ents. By a top-down scan of the change propagation daglepend on hardware features, the physical storage model

prior to the propagation of the changes, the non-markednd the availability of indexes which must also be updated.

view nodes that need not be computed can be detected [39]hey also depend on the sizes of source relations and their

changes which we assume that they are relatively stable

Example 4.5 Consider the change propagation dagor ~ overalong period of time. Table 1 summarizes the symbols

V1 of Figure 3(b). There in only one non-marked view nodefor the cost functions introduced above and other symbols

Vs in U. The only parent view nod&; of V5 is a marked  introduced below.

node and does not need the pre-update staig d6r the Given a query evaluation ddg for a query@, the time

computation of its own changes [28]; itself is obtained tg needed to comput® according toE is given by the
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‘ Symbol‘ Meaning

R source relation

0] operation node

\%4 view node

U update propagation dag for the imagefof

Q query defined using

to time needed to compute the parent view node of O

tg to if the parent view node ab is needed irV and 0 otherwise

tB time needed to compute the changes to the parent view nadelaé to changes t&
tR time needed to apply the changedtalue to changes t&

t& time needed to compute the changes to the imadge ddie to changes t&
tir time needed to transmit the changes to the image of

t currency for the data fronk in the answer of)

Tg’ minimal currency required for the data fraRin the answer of)

fo frequency of issuing)

Ir frequency of propagating the changes to the image of

Fr maximal frequency allowed for propagating the changes to the imafe of

Table 1: Summary of symbols used and their meaning

formula: tV =t =% =0. 12 = ¢! = 0sinceVs is nota
tg = E to marked view node, antl> is not an ancestor df; in G.

R R R R
OcE Thenty = (tF +tf +t720) + (tp) + 0 + 1)), O

Different query evaluation dags for the same query yield
different time costs. The query evaluation dagd@byield-

ing the minimal time cost is calledptimal query evalua-
tion dag for@. The minimal time, needed to compui@

Different change propagation dags for the same source re-
lation image yield different time costs. The change prop-
agation dag fol yielding the minimal time cost is called
optimal change propagation dag féf. The minimal time

IS: . R tr needed to propagate the change¥tto all the mate-
tq = m,}n{tQ} rialized views inG that are affected by the changesifo
LetQ = {Q1,...,Qn}. Foraqueng); € Q, fo, denotes IS- U
the frequency with which querg; is issued against the tr = min{tp}
DW. Then the DW query evaluation caBtis provided by )
the formula: LetR = {Ry,...,R,}. For a source relatiof®; € R,
fr, denotes the frequency with which the changes tare
P= Z fo:to. (1) propagated from the corresponding source to the DW. Then
ic[L,m] the DW view maintenance co3( is given by the following
formula:
Given a change propagation dagfor the imageV of
a source relatio?, the timet%, needed to propagate the M= Z fritr; (2)
changes td/ to all the materialized views i@/ that are i€l,n]

affected by these changes is given by the formula

th=Y o+ > th+ > tf

oeU OeU Veu Definition 4.6 Let Fr be a frequency value expressing

the maximal frequency allowed for the propagation of the

Example 4.6 Consider the change propagation dador  changes from the source holding source relatian A

V1 of Figure 3(b). As shown in example 4.5, the pre-updatesource availability constraintor R is an inequality of the

state of the non-marked view nodig (parent of the oper-  form fr < F. We also defind’z = 1/Fpg. O

ation nodeX) need not be computed . All the other

view nodes, parents of operation node#/inare material- Before defining currency constraints, we provide a defini-

ized and thus their pre-update state is available. Thereforéipn on answer data currency.

We can now define source availability constraints
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Definition 4.7 Let t; be the time point (commit point of 5 A solution to the problem
the corresponding transaction) when the answer of a quer

Q is returned to the user. Suppose that the most recel%/e now present a solution to the currency constraint sat-

changes to a source relatidhthat are propagated and ap- isfiability problem. Our approach proceeds in three steps.

plied to the affected views and are taken in consideration” the first step the optimal query evaluation dags and the

in the evaluation of) are read at the source at time We minimal query evaluation cost is determined, and the cur-
definet? = #, — t,. t2 expresses theurrency of the data "€N¢Y constraints are “pushed down” from the queries to
fromRﬁl the answerRoQ - the simple views. In the second step, the optimal change

propagation dags are determined and the source availability

Note that a higher value fd,g means that the data from Constraints are “pushed up” from the source relations to the

R in the answer of) are “older” (less current). Currency Simple views. The third step checks constraint satisfability,

constraints are defined as follows. and computes the minimal change propagation frequencies
and the minimal view maintenance cost.

Definition 4.8 Let Tg be a time value expressing the min-

imal currency required for the data frofin the answer 5.1 pyshing currency constraints down to the simple

og; Q. Achrrency constraints an inequality of the form views

ts <TgZ. O

f=rh In this step we first detect the alternative query evaluation

The time costs associated with the view and operatiomlags inG for every query inQ. Then, the optimal one for

nodes ofG can be computed given statistics about theeach query is chosen among them. This procedure allows:

source relations and information about the hardware an¢h) determining the simple views (@& (that is the material-

the network. Our approach is independent of the cosized views that occur in the optimal dags), and (b) comput-

model used but of course the solution to the problem deing the minimal query evaluation coBtusing formula (1).

pends on it. Query AND/OR dags used in real optimizersRecall that, by definition, the only marked nodes occurring

[8] incorporate also complex mappings of consecutive opin a query evaluation dag are sink nodes.

erations to a single operation node (e.g. a join followed by

a projection) as well as physical properties (e.g sort order)example 5.1 Consider the multiquery AND/OR dag of

These features affect the computed time costs, but we dexample 4.1. One can easily see that there is only one query

not go to that depth of detail for simplicity. evaluation dag fof),, and two query evaluation dags for
Q- in G. Assuming, for the needs of this example, that
4.6 The currency constraint Sat|Sf|ab|||ty pr0b|em there are not indexes on the materialized ViEWS, performing

_ ~_anatural join of; andV; and then a selection is more time
We can now state formally the currency constraint satisfiagzonsuming than performing a single natural joirfafand

bility problem. Vs. Therefore, the optimal query evaluation dags ar
Input; and(@- are those depicted in Figure 4. The marked view
o A multiquery AND/OR dagg for a set of querie®) ~ nhodeslz, V3 andV; are the simple views ig. 0
defined over a set of source relatidRs
e For everyR € R, a source availability constraint *Q1 *Q2
fr < Fr.
e For every@ € Q and everyR in the definition ofQ, OH>10 X
a currency constrainf < TS
o Time cost functionso, tg, t&, t&, t&, andtir. v, Vi Vs
Output:
¢ Adecision on whether the constraints can be satisfied.
e Ifthe constraints can be satisfied: Figure 4: Optimal query evaluation dags @1 and@-

- The minimal change propagation frequencies

that guarantee the satisfaction of the constraints .
g Then, the currency constraints are “pushed” from the query

- The corresponding minimal view maintenancen des down to the simple views alon timal v eval
costM, and the optimal change propagation dags odes cown 1o the SImple views along optimal query eva

for the images of the source relationshin gatlon da%ﬁ a:s fo."OWIS: it in th timal
- The minimal query evaluation coBt, and the op-  >UPPOS€ that a Simple VIEW occurs In the optimai query

timal query evaluation dags for the querie€n evaluat|or|1 ?ags_ f(t)r: th? qu;r;@lt_, . &QCV Iaetf.R be a
o If the constraints can not be satisfied: source retation in the view detinition ot. Vve define

- The source relations that cause the violation of R . Q:
the constraints. Hy = min {T5" —to:}
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Figure 5: Change propagation dags ¥er

HE represents the minimal currency required for the datave are sure that the new state of each of these views is avail-
from source relatioriz in the simple viewl” as set by the able for querying only when the propagation of the changes
currency constraints associated wihandR,i =1, .. . k. using this propagation dag has finished.

5.2 Pushing source availability constraints up to the 53 Checking constraint satisfaction
simple views
This step starts by checking the satisfaction of the con-

In this step we first detect the alternative change propagagyaints. The constraints are satisfied if and only if for every
tion dags for each source relation imagginThen, the op- simple viewV’ in G and for every source relatiaf in the
timal one for each source relation image is chosen amongia definition ofl” LE < HE.

them. A source relationR violates the constraints if and only

Example 5.2 Consider the multiquery AND/OR da@ if there is a viewl” defined usingz such thatL{i. £ HE.
shown in Figure 26y represents two change propagationThe mformatlon on the ylolatlpg source relat|ons.can be
dags for each of the source relation imagggshown in exp]oned by the DW deIS|gner in prowdmg better view se-
Figure 3) and/ (shown in Figure 5). Assuming that there lections for materialization (see ne?<t section). N

are no indexes, it is reasonable to consider that comput- SUPPOse now that the constraints are satisfiable. We
ing the changes to view nodé from the changes t&; show how the mlnlmal change propagatlon frequencies that
and the pre-update state 6 is less time consuming than ggarantee thg satisfaction of the constraints can be deter-
computing the changes 1G; from the changes t&; and m|neq. Con;:lder a source relatidhand letVy, . . ., Vl be

the pre-update state &5 and then the changes 1@ from the simple views that are ancestorgfdin G. We define

the changes tds and the pre-update state 6f. Note that ) v

V3 has no more tuples thafn, and the computation 6f; is Hp = ig}g]{HR’}

not needed as shown in example 4.5. Therefore the change

propagation dag of Figgrg 3(a) is the optimal change propay gt Tmin = Hp — (tR + 5 + tg). Clearly, since the
gat!on dag fonVl'. By aS|m.|Iar argument, the change Propa- constraints are satisfief; — (t2 + 7 +t5) > Tx. Then,
gation dag of Figure 5(b) is the optimal change propagatioghe minimal change propagation frequencyfds i =

dag forVs. O I/Tlr%mn

The source availability constraints are pushed from theMlgle. correspor:jdlng mfmlma: V|2e\{v maintenance. cost
source relations up to the simple views along optimal is computed using formula (2):
change propagation dags as follows: . .
Consider a simple view” defined using source relatid M = Z TR R,
We define i€[1,n]
L =Tk +th + 1t +tg

. 6 Discussion
L represents the maximal currency allowed for the data

from source relatiork in the simple viewl” as set by the When the constraints cannot be satisfied, our approach de-
source availability constraint associated with Note that  tects the source relations that violate the constraints. The
we do not fix a specific order for applying the changes toDW designer can use this information in order to improve

the simple views in a change propagation dag. Thereforaghe selected view set. Suppose for instance that the view
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V = o¢,(R1) X V', whereV' is a complex view, is ma- completeness, and data currency quality goals. The data
terialized at the DW. Further, suppose that there are no maurrency quality goal is specified by a number of detailed
terialized views involving the source relations used in thecurrency constraints at the query level while availability
definition of V' (besides source relation images). Then, byconstraints at the data source level are also taken into ac-
adding the materialized view’ as an auxiliary view the count. We have described a DW system architecture that
time cost of the optimal change propagation planReris  supports the performance quality goal and satisfies the data
reduced. This addition may be sufficient for satisfying theconsistency and completeness quality goals. In this frame-
constraints that were previously violated. Note, howeverwork we have addressed the problem of checking whether
that this change may cause the violation of other constrainta view selection satisfies the given constraints. We have
involving source relations in the definition &f. presented an approach for solving this problem that uses
The selected view set can also be improved in ordean AND/OR dag representation for multiple queries and
to satisfy the constraints by removing redundant auxiliaryviews. Our approach allows also determining the change
views. Consider for instance the case where in each optimgdropagation frequencies that minimizes the view mainte-
change propagation dag, a specific auxiliary view is eithenance time cost and computes the optimal change propaga-
aroot node, or does not appear at all init. Such a view is retion and query evaluation plans. More importantly, it can
dundant: it is not used for answering the queries (since it ihelp the DW designer in the improvement of the selected
not a simple view), and is not useful for reducing the viewview set, and can cooperate with DW design algorithms to
maintenance cost of other materialized views (since it is @enerate a view set that satisfies the quality goals.
root node in the optimal plans where it appears). Removing Future work includes the integration of our approach
such a view/ from the DW reduces the cost of propagat- with DW view selection algorithms and the experimental
ing changes along the optimal change propagation dags the@lidation of an automatic quality-oriented DW design pro-
containV’. This reduction may be sufficient for satisfying a cess.
constraints that was previously violated. In [39] we provide
an approach for detecting redundant views in a DW. EverReferences
when the constraints are satisfied, by removing redundanh] J. A Blakeley,
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