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To make query processing e ective in data integration scenarios, the mediator needs to be able
to gather and use statistics about data sources as well as to adapt to the often con icting user
preferences. We present a framework for e ectively mining multiple types of statistics including
source coverage statistics, inter-source overlap statistics and source latency pro les. Using these
statistics enables the mediator to optimize the coverage and execution cost respectively. However,
users in data integration systems often require query plans that are optimal with respect to
multiple objectives and such objectives often con ict. We present a joint optimization model that
uses latency as well as coverage/overlap statistics simultaneously to support a spectrum of trade-
0 s between the coverage and latency requirements of query plans. Moreover, motivated by the
dynamic and evolving nature of data integration systems, we introduce an incremental approach
for maintaining source statistics.

We describe the details of our approaches and present extensive experimental results in the
context of Bib nder, a elded bibliographic mediator system. Our results demonstrate the e ec-
tiveness of statistics learning and maintenance and multi-objective optimization.

Categories and Subject Descriptors: H.2.5 [Database Management]: Heterogeneous Databases;
H.2.4 [Database Management]: Systems ] Query Processing; H.3.3 [Information Storage
and Retrieval]: Information Search and Retrieval;, H.3.5 [Information Storage and Re-
trieval]: Online Information Services

General Terms: Algorithms, Design, Experimentation, Performance
Additional Key Words and Phrases: Data Integration, Multi-Objective Optimization, Statistics
Mining, Incremental Maintenance

1. INTRODUCTION

The availability of structured information sources on the web has recently led to
signi cant interest in query processing frameworks that can integrate information
sources available on the Internet. Data integration systems [Duschka et al. 2000;

Parts of this paper{dealing with the learning of coverage and overlap statistics{have been presented
at ICDE 2004 [Nie and Kambhampati 2004]. This paper signi cantly expands the ICDE paper
by (1) Considering incremental maintenance of statistics (2) learning source latency statistics and
(3) considering multi-objective source selection using coverage as well as latency statistics. This
paper is also di ers in content and approach from a related journal publication in IEEE TKDE
[Nie et al. 2004]. Please see the related work section for details.
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Adali et al. 1996; Lambrecht et al. 1999; Levy et al. 1996; Nie et al. 2003; Pottinger
and Levy 2000] are being developed to provide a uniform interface to a multitude of
information sources, query the relevant sources automatically and restructure the
information from di erent sources. Not only must a data integration system adapt
to the variety of sources available, but it also has to take into account multiple and
possibly con icting user objectives. Such objectives can include overall coverage
objectives, cost-related objectives (e.g. response time [Gruser et al. 2000]), and
data quality objectives (e.g. density [Naumann et al. 2004], provenance of results
[Buneman et al. 2001]). To address these con icting user preferences, query opti-
mization in data integration requires the ability to gure out what sources are most
relevant both to the given query and to the speci c user objectives. For this pur-
pose, the query optimizer needs to access several types of source-speci ¢ statistics
and perform a multi-objective optimization of the query using these statistics.

Unfortunately, the autonomous and decentralized nature of the data sources con-
strains the mediators to operate with very little information about the structure,
scope, contents, and access costs of the information sources they are trying to in-
tegrate. While some types of statistics may well be voluntarily publicized by the
individual data sources, many of these statistics need to be learned/gathered, and
actively maintained by the mediator. This thus raises three challenges:

(1) How to automatically gather various statistics from autonomous sources,

(2) How to use the gathered statistics to support multi-objective query processing,
and

(3) How to maintain the gathered statistics to keep up with the continuously evolv-
ing system.

Not surprisingly, due to the lack of available source statistics, most existing
integration frameworks are unable to support exible query processing that takes
con icting user preferences into account.

Our work is motivated and evaluated in the context of Bib nder (Figure 1,
http://rakaposhi.eas.asu.edu/bib nder), a elded bibliography mediation system.
Bib nder currently integrates several computer science bibliography sources in-
cluding ACM Digital Library, ACM Guide, Network Bibliography, IEEE Explorer,
DBLP, CSB and Sciencedirect. The global schema of Bib nder is a single relation:
P aper(title; author; conference=journal;year). Each source only covers a subset
of the global schema. Bib nder presents a uni ed and more complete view to the
users to query these bibliography sources. The queries submitted to Bib nder are
selection queries on the Paper relation and they are directed to the most relevant
data sources, and the tuples returned by the sources are presented to the users.
Since its unveiling in December 2002, Bib nder has answered more than 100,000
queries which were logged and used in our statistics mining and evaluation.

BibFinder o ers interesting contrasts with respect to other bibliography search
engines like CiteSeer [CiteSeer ]. First of all, because it uses online integration
approach (rather than a data warehouse one), user queries are sent directly to the
integrated Web sources and the results are integrated on the y to answer a query.
This obviates the need to store and maintain the paper information locally. Sec-
ondly, the sources integrated by BibFinder are autonomous and partially overlap-
ping. By combining the sources, BibFinder can present a uni ed and more complete
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Fig. 1. The BibFinder User Interface

view to the user. These features require the Bib nder to tackle the challenges of
mining, using and maintaining various types of source statistics as discussed above.
Speci cally, the following are several motivating examples from this scenario:

I A naive way to answer a query is to send it to all the integrated sources, collect
the answers from them and show it to the user. However, some sources may not
have any answers for that query, and di erent sources may export same answers.
To call every source for every query will unnecessarily increase the work load
of the sources. In stead, the mediator should select only a relevant subset of
the sources to be called for a given query. To make such source selection, the
Bib nder needs to know the degree of relevance of each source to that query
(coverage), and the size of intersection of answer sets among multiple sources
(overlap). These statistics are not directly available to the mediator. They have
to be mined by the mediator and used in the query processing to gure out the
most relevant subset of sources for a given query.

| For a given bibliography query, the user may want to have some bibliography
entries found as quickly as possible and doesn’t care about the completeness of
the answer set. In this case, the mediator needs to know for that query, which
source is able to respond with the shortest delay. Thus such statistics (latency)
also needs to be learned by the mediator.

I A user might want a query plan to be optimal in multiple dimensions simulta-
neously. For example he/she might want the query to be answered as quickly as
possible and as completely as possible. Therefore the mediator needs to combine
the multiple types of statistics together and tries to jointly optimize the multiple
objectives.

I The Bib nder system is constantly evolving. New bibliography entries are in-
serted into the individual sources on a daily basis; the focus of interest of the
user population shifts rapidly with the emergence of new \hot spots" of com-
puter science literature; the sources may upgrade their server and network topol-
ogy might change. All these changes indicate that the corresponding statistics
(coverage/overlap and latency) learned by the mediator have to be updated ac-
cordingly so that they can keep being e ectively used in query processing.

We have been developing an adaptive data integration framework to address
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the challenges above. Figure 2 shows the architecture of this framework. Our
contribution can be classi ed into 3 parts:

1. Mining Query Sensitive Statistics: In this framework the statistics mining
module (Statminer) can automatically identify a set of \frequently accessed query
classes" and gathers source coverage/overlap statistics with respect to them. Stat-
miner also gathers source latency pro les in a query sensitive way by learning them
with respect to the binding patterns of the queries.

Statminer

Query
List Learn AV Hierarchies
Discover Frequent
Query Classes

Learn Coverage/
Overalap Statistics

User Queries

Query
Processor

Statistics
Maintainer

Monitor Statistics
Usage

Learn Latency Statistics
w.r.t. Binding Patterns

Statistics

Modify Statistics

Coverage/Overlap and Latency Statistics

Fig. 2. The Adaptive Data Integration Architecture

2. Supporting Multi-Objective Query Processing: With the learned sta-
tistics the mediator will be able to make source selection to optimize individual
objectives such as higher coverage or lower latency, using coverage/overlap and
latency statistics respectively.

In data integration systems, the users usually prefer query plans that are optimal
in terms of multiple objectives. Unfortunately such objectives often con ict. A
plan optimal with respect to one objective cannot in general be post-processed
to account for the other objectives. For example, sources with high coverage are
not necessarily the ones that respond quickly. Therefore the mediator will need to
generate a plan optimizing both coverage and latency so that the users can get most
answers as soon as possible. The query processor in our framework adopts a novel
joint optimization model in source selection to resolve con icting user requirements
with respect to coverage and latency and make exible trade-o s between them,
using both the coverage/overlap and latency statistics gathered.

3. Incremental Statistics Maintenance: Data integration systems usually
evolve continuously over time. As a result, the statistics of the sources have to be
updated accordingly to keep their accuracy. Maintenance of statistics is not always
a trivial task of relearning, considering the impact of learning cost on the scalability
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of the system. We introduce an incremental statistics maintenance approach for
the purpose of reducing maintenance cost and keeping statistical accuracy.

We have evaluated the mining, usage and maintenance aspects of our adaptive
data integration framework on Bib nder test bed. We will demonstrate in Section
3.1.4 that the Statminer is able to learn source coverage, inter-source overlap and
source latency statistics e ectively. The learned statistics are able to estimate the
statistics for new queries with high accuracy and thus enhance the source selection
task of the query processor. We will then show in Section 3.2.2 that the joint
optimization model we propose can e ectively resolve con iction of coverage and
latency and make exible trade-o s between them. Finally we will show in Section
4.3 that our incremental statistics maintenance approach can signi cantly reduce
the learning cost and keep the statistics accurate.

The rest of this paper is organized as follows. In the next section, we will rst in-
troduce Statminer which automatically discovers frequent query classes and learns
source coverage/overlap statistics. Then we will show how the source latency sta-
tistics are learned in a query sensitive way. In Section 3 we will demonstrate how
using learned statistics can help source selection. We will discuss the need of multi-
objective query optimization, and present our joint optimization model and show
the experimental evaluation on it. In Section 4 we will discuss the motivation and
present the solution and empirical evaluation of incremental statistics maintenance
approach. We will discuss related work in Section 5 and summarize our conclusion
in Section 6.

2. MINING SOURCE STATISTICS

In Bib nder, the mediator keeps track of a query list which contains the past user
queries. For each query it keeps information of how often it is asked and how many
answers came from each source and source set. Figure 3 shows a fragment of the
query list in Bib nder. The query list is used in learning source statistics.

Query Frequency |Answers| Overlap (Coverage)
Author= andy king 106 46 DBLP 35
CSB 23
CSB, DBLP 12
DBLP, Science 3
Science 3
CSB, DBLP, Science 1
CSB, Science 1
Author= fayyad & 1 27 CSB 16
Title= data mining DBLP 16
CSB, DBLP 7
ACMd 5|
ACMdI, CSB B
ACMd|, DBLP 3
ACMdI, CSB, DBLP 2
Science 1

Fig. 3. A fragment of query list in Bib nder.
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