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Abstract

A corpus-based knowledge representation system consists
of a large collection of disparate knowledge fragments or
schemas, and a rich set of statistics computed over the cor-
pus. We argue that by collecting such a corpus and comput-
ing the appropriate statistics, corpus-based representation of-
fers an alternative to traditional knowledge representation for
a broad class of applications. The key advantage of corpus-
based representation is that we avoid the laborious process of
building a (often brittle) knowledge base. We describe the
basic building blocks of a corpus-based representation sys-
tem and a set of applications for which such a paradigm is
appropriate, including one application where the approach is
already showing promising results.

1 Introduction

Declarative representation of knowledge has long been ac-
knowledged as a key building block of Al systems. A knowl-
edge base (KB) with associated reasoning mechanisms can
serve as a backbone for tasks such as query answering, learn-
ing and diagnosis. One of the key challenges in deploy-
ing knowledge representation (KR) systems is the cost and
the complexity of building the knowledge base, especially in
cases where it needs to cover a broad domain. Building a
KB is highly labor intensive for several reasons. First, the
acquisition of domain knowledge and articulating it in a for-
mal language can be incredibly difficult. Second, since the
KB needs to form a coherent logical whole, it is hard to dis-
tribute its creation of a knowledge base over multiple experts
or knowledge engineers. Finally, no matter how broad the
KB, it will be brittle at the edges of its knowledge — it can
only be used for tasks whose knowledge needs have been an-
ticipated in advance. While all of the aforementioned diffi-
culties have received significant attention, together they still
remain a fundamental challenge for knowledge representation
technology.

This paper argues that there is an alternative approach to
knowledge representation that has the potential of providing
competitive functionality for a broad class of applications.
In a nutshell, this approach, which we term corpus based
representation, is based on collecting a large corpus of dis-
parate fragments of knowledge, and building a set of tools
that are based on analyzing properties of the corpus. The
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fragments of knowledge in the corpus can include individ-
ual KBs, database schemas with or without data instances of
the schema, queries written over KBs and databases, and any
form of meta-data associated with them. Unlike a KB that
needs careful ontological design, the corpus is a set indepen-
dent uncoordinated contributions. The intuition is that if the
corpus is large enough, then the patterns we identify in it can
be of great use for knowledge intensive tasks.

Corpus-based knowledge representation is an outgrowth of
our work on schema and ontology matching [Doan et al.,
2001; 2002]. The matching problem (which we elaborate on
in Section 2), is to find a semantic mapping between two dis-
parate representations, be they database schemas or ontolo-
gies. While a detailed KB about the domain of the represen-
tations being matched could be of great value for the match-
ing task, such KBs rarely exist, and their construction is not
cost effective. Instead, our approach to matching is based
on analyzing the variations of representations in a corpus of
schemas. This paper extends the idea of using a corpus to a
general approach to knowledge representation. Specifically,
we identify other tasks in which corpus-based representation
can be useful, and then define preliminary version for the con-
tents of a corpus and the interfaces it should support.

We emphasize that corpus-based representation is not a re-
placement for traditional knowledge representation. There
are many tasks in which very finely tuned reasoning is re-
quired, and such reasoning can only be done with a very well
designed knowledge base (e.g., medical diagnosis, monitor-
ing spacecraft, and making sense of tax laws). Our goal is
to explore the space of problems in which the laborious con-
struction of knowledge bases can be avoided.

2 A motivating application: matching
dispar ate representations

The discussion in this paper spans many kinds of representa-
tions, ranging from database schema to ontologies in expres-
sive KR formalisms. Collectively, we use the term domain
model to refer to representations in any of these formalisms.
The term schema refers to intensional knowledge, such as the
names of database tables and their respective columns, or to
the terminological component of a KB. The ground facts (or,
rows in a database) are called instance data.

Sharing data among multiple data sources and applica-
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tions is a problem that arises time and again in large en-
terprises, B2B settings, coordination between government
agencies, large-scale science projects, and on the World-
Wide Web. The problem has received significant attention
in both the Al and Database communities, and over the
years, several paradigms for data sharing have been imple-
mented, each appropriate for certain scenarios. Examples in-
clude data warehousing oriented architectures, data integra-
tion systems [Lenzerini, 2002; Draper et al., 2001], message
passing systems (e.g., [MQSERIES, 2003]), web services,
and peer-data management systems [Halevy et al., 2003b;
Kalnis et al., 2002; Bernstein et al., 2002].*

No matter what paradigm we employ to share the data, a
key problem is the semantic heterogeneity between the do-
main models of data sources that were originally designed
independently. Thus, to obtain meaningful interoperation,
one needs a semantic mapping between the schemas. A
semantic mapping is a set of expressions that specify how
the data in one database corresponds to the data in another
database [Madhavan et al., 2002]. While languages for spec-
ifying semantic mappings have been developed and are well
understood (see [Lenzerini, 2002; Halevy, 2001] for surveys),
the creation of semantic mappings has become a key bottle-
neck as it is labor intensive and error-prone.

The goal of schema matching is to assist a human to relate
two domain models. Complete automation of the process is
unlikely to be possible, but the goal is to significantly increase
the productivity of human experts. The matching problem is
difficult because it requires understanding the underlying se-
mantics of the domain models being matched. While a do-
main model (with its instance data) provides many clues on
its intended semantics, it does not suffice in order to relate it
to a different domain model.

The process of generating a semantic mapping has tradi-
tionally been divided into two phases. The first phase finds a
match between the two schemas. The match result is a set
of correspondences between elements in the two schemas,
stating that these elements are somehow related. For ex-
ample, a correspondence may state that agent in one do-
main model corresponds to contact in another. The second
phase builds on the correspondences by creating the mapping
expressions. The mapping expressions, often expressed as
queries or rules, enable translating data from one data source
to another, or reformulating a query over one data source into
a query on the other. A plethora of techniques have been pro-
posed for schema matching: see [Rahm and Bernstein, 2001]
for a survey, and [Noy and Musen, 2002; Doan et al., 2002;
Do and Rahm, 2002] for some work since then. Collectively,
these techniques mirror the heuristics that a human designer
may follow. For example, techniques have considered ex-
ploiting relationships between names of elements in the do-
main models, structural similarities between them, similari-
ties in data values, and even correlations between values in
different attributes. Several recent works on schema match-
ing are based on combining multiple techniques in a prin-
cipled fashion [Madhavan et al., 2001; Doan et al., 2001;

1This paper accompanies an invited talk at the conference that
surveys the successes and challenges in data integration to date.
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Do and Rahm, 2002].

Corpus-based matching

Conceivably, detailed knowledge about the domain in which
the matching is being performed can be an important resource
in a schema matching system. However, creating an appro-
priate KB is often hard, and furthermore, the result may be
brittle in the sense it only helps on its domain of coverage,
and only provides a single perspective on the domain.

We are pursuing an alternate approach in which knowledge
is gleaned by analyzing a large corpus of database schemas
and previously validated mappings. There are two types of
knowledge that we can glean from such a corpus. First, we
can learn the different ways in which words (or terms) are
used in database structures (i.e., as relation names, attribute
names and data values). Second, the validated mappings
show how variations in term usages correspond to each other
in disparate structures.

Although such a corpus is not easy to construct, it is a very
different kind of activity than building a detailed and com-
prehensive knowledge base. It does not require the careful
ontological design as a knowledge base does, nor the careful
control on its contents, thereby removing the key bottlenecks
present in the design of knowledge bases. The corpus of-
fers multiple perspectives on modeling a particular domain,
including different coverages of the domain. Thereby, it is
more likely to provide knowledge that is useful for matching
two disparate schemas.

In our initial work on the LSD system [Doan et al., 2001],
we investigated the benefit of learning from previously val-
idated mappings. In [Doan et al., 2001] we considered the
case where multiple data sources are mapped to a single me-
diated schema, on which users pose queries. We provided
LSD with the mediated schema and a set of training matches
for some data sources. LSD used these matches to learn mod-
els of the elements of the mediated schema. Since no single
learning algorithm captures all the cues from the domain, we
used a multi-strategy approach that combined the predictions
of several learners. We then asked LSD to predict matches be-
tween the mediated schema and a set of test schemas. Our ex-
periments showed that (1) it is possible to achieve high accu-
racy with multi-strategy learning, and (2) additional accuracy
is obtained by considering domain constraints (i.e., a simple
form of domain knowledge). Overall, LSD achieved match-
ing accuracy of 75-90% on small to medium sized schemas
of data sources on the Web. We extended LSD to consider
simple taxonomies of concepts in [Doan et al., 2002].

In recent work [Madhavan et al., 2003], we investigate the
benefit of a corpus of schemas and matches, and the ability
to use such a corpus to predict mappings between a pair of
schemas that have not been previously seen. Like in LSD, we
learn models for elements in the corpus, using both the infor-
mation available in the schema and validated matches that are
provided in the corpus. Given two schemas, S and Sa, we
calculate for each element in them a similarity vector w.r.t.
the corpus, i.e., how similar each element in S; is to each el-
ement in the corpus. Very roughly speaking, if the similarity
vectors of two elements a; € S and ay € S, are similar to
each other, then we predict that a; matches a,. The results of
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our experiments show that (1) even with a modest corpus of
10 schemas we are able to achieve good accuracy, and (2) the
correct matches found by using the corpus and those found
by other previously known techniques overlap, but have sig-
nificant differences. Hence, the use of the corpus is finding
matches that would not have been predicted by other tech-
niques.

3 The corpus-based representation principle

This paper argues that using a corpus of domain models is a
general technique that can be applied in many applications as
an alternative or complement to traditional knowledge repre-
sentation. Section 3.1 describes a few such applications, and
Section 3.2 presents the components of a corpus-based repre-
sentation system.

3.1 Applicationsof corpus-based representation

The following are classes of applications that can benefit from
corpus-based representation.

Web search and query answering: the first class of ap-
plications concerns various information finding tasks on the
Web (or intranet). The first application is query answering on
the web (e.g., [Kwok et al., 2001; Radev et al., 2002]): a nat-
ural language query is posed to a web search interface, and
rather than finding relevant pages, the search engine tries to
find the answers to the query. A second, very related appli-
cation, is focused crawling (e.g., [Sizov et al., 2003]), where
the search engine is given a particular topic, and it tries to find
pages relevant to it by starting at a set of initial pages, and
crawling from them in a focused fashion. In both of these ap-
plications, the presence of additional domain knowledge has
been shown or argued to be useful. However, the cost of con-
structing knowledge bases with such wide domain coverage
would be prohibitive.

Creating and querying structured knowledge:  one of the
greatest impediments to using database and knowledge base
technology is the conceptual difficulty of dealing with struc-
tured data versus unstructured text (the so called structure
chasm [Halevy et al., 2003a)). It is well known that creating
domain models (whether for database schema or knowledge
bases) is a conceptual effort. Querying requires a different
kind of effort — understanding someone else’s domain model.
Hence, a significant challenge for the KR and Database com-
munities is to create tools that facilitate the creation and
querying of structured data. [Halevy et al., 2003a] argues
that a corpus of schemas enables building several tools for
this purpose.

One such tool would be a schema design advisor, which
assists in the authoring of structured data, much in the spirit
of an auto-complete feature. A user of the such a tool cre-
ates a schema fragment and some data in a particular domain,
and the tool then proposes extensions to the schema using
the corpus. The user may choose a schema from the list and
modify it further to fit the local context. Note that besides
time savings, such a tool has other advantages, such as pos-
sibly resulting in better designs and helping users conform to
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Figure 1: A corpus-based representation system contains a large
collection of disparate domain models, instance data, validated map-
pings between domain models and meta-data. Applications access
the corpus and the statistics computed on it through a set of inter-
faces. Theinterfaces support different types factual queriesand sim-
ilarity queries.

certain standards, when these are applicable. One can also
imagine using corpus-based representation during the phase
of verifying the correctness of a knowledge base. Hence,
corpus-based representation can be an aid in creating tradi-
tional knowledge-based systems.

On the querying side, corpus-based representation can fa-
cilitate the querying of unfamiliar data. Specifically, consider
a tool that enables you to pose a query using your own termi-
nology to any database. The tool would then use the corpus to
propose reformulations of the your query that are well formed
w.r.t. the schemas of the database at hand. The tool may pro-
pose a few such queries (possibly with example answers), and
let you choose among them or refine them.

General properties of candidate applications: the exact
characterization of which applications lend themselves to
corpus-based representation is a subject for future research.
One property of such applications that immediately stands
out is that they use the knowledge base as an aid in resolv-
ing ambiguity. That is, the applications use a set of tech-
niques to propose plausible answers to a task, and then use
the knowledge base to help rank the answers, rule out certain
ones, or guide the search for answers. Hence, beyond the ap-
plications mentioned above, corpus-based representation can
be useful in learning tasks, natural language processing and
interfaces [Popescu et al., 2003], and information retrieval.
In fact, as we explain in Section 4, corpus-based representa-
tion was inspired by the use of corpora (of different kinds!)
in natural language processing and information retrieval. In
contrast, corpus-based representation would be of limited use
in applications that require intricate logical inference on care-
fully designed domain models (e.g., medical diagnosis, con-
trol of spacecraft, or reasoning about income-tax rules).

3.2 Corpus-based representation systems

We now offer some specific details on how corpus-based rep-
resentation systems can be built and used. We describe the
types of contents we may put in a corpus, and the interfaces
that the corpus provides to an application (see Figure 1).
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Contentsof a corpus
A corpus can include any kind of information related to struc-
tured data. In particular, it includes the following.

1. Various forms of domain-model information: on the
less expressive end, the corpus can include relational and
object-oriented database schema or entity/relationship dia-
grams, XML DTDs or schemas, possibly with associated in-
tegrity constraints (e.g., functional dependencies). On the
more expressive end, the corpus can include terminologies.

2. Instance data: we can include the actual rows of tables
(or representative rows), XML documents, or the assertion
(A-Box) component of a terminological knowledge base or
Horn theory. In fact we can include data sets that do not have
a schema (e.qg., certain file formats). Note that it is very often
the case that elements in the schema of one model may be in-
stance data in another model. Hence, the distinction between
schema and instance data is not clean cut.

3. Validated mappings. mappings can be given directly be-
tween pairs of domain models, or go through an intermediate
domain model [Madhavan et al., 2002].

4. Queries: queries (posed by users or applications) provide
important information about how certain data is used. For ex-
ample, when a database query performs a join over attributes
of two different tables, that indicates that the columns are
modeling the same domain (and this often not evident from
the schema that only specifies the data type).

5. Other meta-data: there are many forms of meta-data that
accompany domain models. They range from text descrip-
tions of the meaning of different fields to statistics about ta-
ble cardinalities or histograms on the set of possible values
within a column.

It is important to emphasize that a corpus is not a logi-
cally coherent universal database. Rather, it is a collection
of disparate structures, and there is relatively little control on
the logical design of elements of the corpus. We expect that
the domain-model information of the corpus will be stored
and accessed using tools for model management [Bernstein,
2003], which attempt to provide a set of operators for manip-
ulating models of data (as opposed to the data itself).

Statistics on the corpus

There is a plethora of possible analyses that can be performed
on such a corpus, and finding the most effective ones is a long
term research challenge. Below we describe certain kinds of
statistics that can be computed over the corpus. We classify
them according to whether they apply to individual words or
terms, partial structures, or to elements of particular schemas.

Word and term statistics: these statistics are associated with
individual words (in any language) and with noun or verb
phrases. These statistics indicate how a word is used in dif-
ferent roles in structured data. For each of these statistics,
we can maintain different versions, depending on whether
we take into consideration only word stemming, synonym ta-
bles, inter-language dictionaries, or any combination of these
three. The statistics include:

1. Term usage: How frequently the term is used as a relation
name, attribute name, or in data (as a percent of all of its uses
or as a percent of structures in the corpus).
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2. Co-occurring schema elements:. For each of the different
uses of a term, which relation names and attributes tend to
appear with it? What tend to be the names of related tables
and their attribute names? What tend to be the join predicates
on pairs of tables? Are there clusters of attribute names that
appear in conjunction? Are there mutually exclusive uses of
attribute names?

3. Similar names: For each of the uses of a term, which other
words tend to be used with similar statistical characteristics?

Composite statistics: the same statistics can be applied to
partial structures. Examples of partial structures are sets of
data instances, relations with associated attribute names, a re-
lation with some data (possibly with missing values).

Clearly, we need to significantly limit the number of par-
tial structures for which we keep statistics (e.g., use tech-
niques for discovering partial structures that occur frequently
e.g., [Polyzotis and Garofalkis, 2002]). Given statistics for
certain partial structures, we can estimate the statistics for
other related structures.

Statisticsfor schema elements: the same word, used in dif-
ferent structures, can have different meanings. Hence, we
may want to characterize the specific usages of terms in struc-
tures, and relate them to usage of terms in other structures.
For example, in [Madhavan et al., 2003] we learn a classifier
for every relation and attribute name in the corpus. Follow-
ing [Doan et al., 2001], we use meta-strategy learning. The
training data used for learning is gleaned from the schema to
which the element belongs and the training data of elements
that have been mapped to it by a validated mapping in the
corpus. Intuitively, the classifier is meant to recognize the
particular usage of the term, even if it appears differently in
another structure.

Application interfacesto the corpus

Applications built on a corpus should be able to access di-
rectly the statistics computed on the corpus, and perform the
obvious lookups and queries on the corpus. In addition, just
as knowledge based systems provide a set of higher-level in-
terfaces (e.g., in the spirit of [Chaudhri et al., 1998]), the
same could be done for corpus-based representation systems.
The following are examples of functions such an interface
could support. Note that the implementation of these inter-
faces poses many research challenges.

We classify the interfaces on whether they ask for factual
queries, or similarity queries. In all cases, we expect that the
answers returned will be a ranked list of answers. In addition,
as in traditional knowledge bases, we should be able to obtain
an explanation for the answers. In the notation used below,
variables are prefaced by $.

Factual information: in the simplest case, a query is a non-
ground formula, and the corpus should return the possible
groundings of the formula. As a simple example, we can ask
for the values of $x, where Killed($x, Elvis). A different ex-
ample would be a higher-order query, e.g., find all the $P,
such that $P(Toyota, Honda).

A more complicated function would take as input a set
of constants and return formulas that include all of these
constants. Here, the goal is to find how two terms are re-
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lated without specifying exactly what role they play in a for-
mula. For example, the input may be GPA and studentID,
and the answers could be GPA(studentID, $value) and Stu-
dent(studentID, GPA, address). Note that the two terms
play different roles in the two answers, and that the answers
are templates for formulas (i.e., schema description), rather
than particular sets of formulas.

In both of these cases, one can also complement the query
with background knowledge. The knowledge may eliminate
some answers or result in a different ranking of answers.

Similarity information: one of the key imports of the cor-
pus is that it contains different ways of saying similar facts.
Similarity queries try to get at these different perspectives. In
the simplest case, a query can be a ground fact, and the cor-
pus will return similar ways of saying the same thing. For
example, the input can be Class(Lexus, luxury), and the
output could be LuxuryCar(Lexus, Toyota), or even Car-
Review(Lexus, LuxuryClass, VeryGood, goodTires).

In a more complex case, the query would consist of two
terms, and the answer would be sets of facts in which these
terms tend to play similar roles. For example, the input
could be Review and Referee, and the answer would be
licaiReview(paperl, reviewer2, accept) and AlJournal-
Referees(round2, paper3, reviewer4, reject). The answer
could also specify where the terms are used differently, such
as refereeing a soccer game and reviewing a movie.

In summary, we note some of the fundamental challenges
in building an interface to a corpus. First, unlike logical
knowledge/databases, answers are ranked rather than defining
a boolean condition on data. Second, we are often interested
in similarity querying, looking for different ways of saying
the same thing 2. Third, the answers returned often summa-
rize sets of facts or describe schema fragments. Finally, it is
often useful to tell the user what is not an answer.

4 Related work

The corpus-based representation approach stands in stark
contrast to an approach like the Cyc Project [Lenat and Guha,
1990] that attempts to build a comprehensive knowledge base
of all common sense. A corpus is a collection of any set of
small domain models that are not centrally designed or co-
ordinated. Importantly, the corpus is likely to include sev-
eral models of the same domain. One of the key engineer-
ing challenges that arose in building Cyc was how to enable
several knowledge engineers to add to such a large knowl-
edge base without having to understand the entire knowl-
edge base. Contexts (e.g., [Guha, 1991; Nayak, 1994;
Giunchiglia and Ghidini, 1998]) are a mechanism proposed
to address this complexity, where each knowledge engineer
can focus on a small knowledge base, and then a set of lifting
rules makes sure the entire knowledge base is semantically re-
lated. Unlike a corpus, contexts are still logically coordinated
through a set of lifting rules.

The use of a corpus of structured data was first proposed
in [Halevy et al., 2003a]. There, the goal was to create tools

2There is a large literature on similarity querying in databases

and content based image retrieval, but these focus on similarities
between objects represented as points in multi-dimensional space.
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that facilitate the creation, querying and sharing of structured
data. That work was partially inspired by the use of large
corpora in information retrieval and in statistical natural lan-
guage processing (e.g. [Charniak, 1997]).

Several works have considered creating knowledge bases
by a large set of independent contributors. The Open Minds
Project [Singh et al., 2002] collects knowledge from contrib-
utors on the web and builds a KB of common sense. Al-
though the contributers are independent, the knowledge en-
try is guided by a set of templates, and hence the creation
of a coherent KB is possible. [Richardson and Domingos,
2003] describe how to create a feedback loop by which con-
sumers of knowledge provide indirect feedback to contribu-
tors of knowledge as to the usefulness of their contributions,
thereby ultimately filtering out the bad contributions.

5 Conclusions

The analysis of large corporais the key to the success of Infor-
mation Retrieval techniques and to recent progress on Natural
Language Processing. Corpus-based representation is predi-
cated on the idea that large corpora of domain models can be
leveraged to create novel tools in service of knowledge repre-
sentation. The key advantage of corpus-based representation
is that it avoids the need for careful logical design of a single
comprehensive ontology. In addition, since a corpus will con-
tain multiple ways of representing the same information, it
opens up opportunities for exploring transformations on data
and addressing problems related to representational hetero-
geneity. This paper laid the foundation for corpus-based rep-
resentation, by describing preliminary versions of the con-
tents of a corpus, the interfaces to it, some applications in
which it would be a powerful representational tool, and an
application from which the approach was inspired.

Corpus-based representation offers many exciting research
challenges, not the least of which is actually collecting a large
enough corpus to be of interest. In addition, there is a ques-
tion about how focused the corpus needs to be in order to be
useful in a particular domain. That is, can it only have domain
models in that domain? Can domains models in other (pos-
sibly related) domains be useful, or do they only introduce
noise that degrades the performance? Finally, no matter how
a corpus is constructed, it can probably be manually tuned to
perform even better. What form does such tuning take? While
the challenges for corpus-based representation are enormous,
we believe the payoffs could be huge, and the results can pro-
foundly impact how we create and use structured knowledge.
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Abstract

This article presentsa high-level discussionof
someproblemsthat are uniqueto web searchen-
gines.Thegoalis to raiseawarenesandstimulate
researctin theseareas.

1 Introduction

Websearchenginearefacedwith anumberof difficult prob-
lemsin maintainingor enhancinghe quality of their perfor
mance. Theseproblemsare eitheruniqueto this domain,or
novel variantsof problemshathave beenstudiedin theliter-
ature.Our goalin writing this articleis to raiseawarenes®f
severalproblemghatwe believe couldbenefitfrom increased
studyby theresearclcommunity We deliberatelyignorein-
terestingand difficult problemsthat are alreadythe subject
of active research An earlierversionof this paperappeared
in [Henzingeretal., 2007.

We bggin with ahigh-level descriptiornof theproblemshat
we describan furtherdetailin the subsequergections.

Spam. Usersof web searchenginestendto examineonly

the first pageof searchresults. Silversteinet al. [Silverstein
etal., 1999 shavedthatfor 85% of the queriesonly thefirst

resultscreenis requested.Thus,inclusionin the first result
screenwhich usually shavs the top 10 results,canleadto

anincreasein traffic to a web site, while exclusion means
thatonly a smallfraction of the userswill actuallyseealink

to theweb site. For commercially-orientedveb sites,whose
incomedependson their traffic, it is in their interestto be

ranked within the top 10 resultsfor a query relevantto the

contentof thewebsite.

To achieve this goal, someweb authorstry to deliberately
manipulatetheir placementin the ranking order of various
searctenginesTheresultof this processs commonlycalled
search enginespam In this paperwe will simply referto it
asspam To achieve high rankings,authorseitherusea text-
basedapproachalink-basedapproacha cloakingapproach,

*Part of thiswork wasdonewhile theauthorwasvisiting Google

Inc. Work alsosupportedn partby NSF Grantll1S-0118173,and
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or a combinationthereof. Thereare web ranking optimiza-
tion serviceswhich, for afee, claimto placea givenwebsite
highly on agivensearchengine.

Unfortunately spamminghasbecomeso prevalentthatev-
ery commercialsearchenginehashadto take measurego
identify andremove spam.Without suchmeasuresthe qual-
ity of therankingssuffersseverely.

Traditionalresearchn informationretrieval hasnot hadto
dealwith this problemof “malicious” contentin the corpora.
Quite certainly this problemis not presenin the benchmark
documentollectionsusedby researcherm the past;indeed,
thosecollectionsconsistexclusively of high-quality content
suchasnewspaperor scientificarticles. Similarly, the spam
problemis notpresentn the context of intranetsthewebthat
existswithin acorporation.

Oneapproacho dealwith thespamproblemis to construct
aspanxclassifietthattriesto labelpagesasspamor not-spam.
Thisis achallengingproblem whichto thebestof our knowl-
edgehasnotbeenaddressetb date.

Content Quality. Evenif the spamproblemdid not exist,
therearemary troublingissuesconcernedvith the quality of
thecontentontheweh Thewebis full of noisy, low-quality,
unreliable,and indeedcontradictorycontent. A reasonable
approachor relatively high-quality contentwould be to as-
sumethatevery documenin a collectionis authoritatve and
accuratedesigntechniquedor this context, andthentweak
the techniquego incorporatethe possibility of low-quality
content. However, the democrationatureof contentcreation
onthewebleadsto a corpusthatis fundamentallynoisy and
of poorquality, andusefulinformationemegesonly in a sta-
tistical sense In designinga high-qualitysearchengine,one
hasto startwith theassumptionthata typical documentan-
not be “trusted” in isolation; rather it is the synthesisof a
large numberof low-quality documentshatprovidesthe best
setof results.

As afirst stepin the directionoutlinedabove, it would be
extremelyhelpful for web searchenginego be ableto iden-
tify the quality of web pagesndependenof a givenuserre-
quest. Therehave beenlink-basedapproachesfor instance
PageRanKBrin andPage, 1994, for estimatingthe quality
of web pages.However, PageRanlonly usesthe link struc-
ture of the web to estimatepagequality. It seemdo usthat
a betterestimateof the quality of a pagerequiresadditional
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sourcef information,bothwithin apage(e.g.,thereading-
level of a page)and acrossdifferentpages(e.g., correlation
of content).

Quality Evaluation. Evaluating the quality of different
rankingalgorithmsis a notoriouslydifficult problem. Com-
mercial searchengineshave the benefit of large amounts
of userbehaior datathey can useto help evaluate rank-
ing. Usersusuallywill not make the effort to give explicit

feedbackout nonetheleskeave implicit feedbacknformation
suchastheresultson which they clicked. Theresearchssue
is to exploit theimplicit feedbacko evaluatedifferentrank-
ing strateies.

Web Conventions. Mostcreatorof webpageseento fol-

low simple“rules” without anybodyimposingtheseruleson
them. For example,they usethe andhor text of alink to pro-
vide a succinctdescriptionof the target page. Since most
authorsbehave this way, we will referto theserulesasweb
corventions eventhoughtherehasbeenno formalizationor
standardizatiof suchrules.

Searchenginesrely on theseweb conventionsto improve
the quality of their results. Consequentlywhenwebmasters
violate thesecornventionsthey can confusesearchengines.
Themainissuehereis to identify thevariouscorventionshat
have evolvedorganicallyandto developtechniquegor accu-
rately determiningwhenthe corventionsarebeingviolated.

Duplicate Hosts. Websearchenginedry to avoid crawling
andindexing duplicateand nearduplicatepagesasthey do
not add new informationto the searchresultsand clutter up
theresults. Theproblemof identifying duplicateswithin aset
of crawled pageds well studied.However, if asearchengine
canavoid crawling theduplicatecontentin thefirst place the
gainis evenlarger. In generalpredictingwhethera pagewill
endupbeingaduplicateof analready-cravled pageis changy
work, but theproblembecomesnoretractabldaf welimit it to
finding duplicatehosts thatis, two hostnameshatsene the
samecontent.Oneof the waysthatduplicatehostscanarise
is viaanartifactof thedomainnamesystem(DNS)wheretwo
hostnameganresole to the samephysicalmachine.There
hasonly beensomepreliminarywork on the duplicatehosts
problem[Bharatetal., 2000.

Vaguely-Structured Data. Thedegreeof structurepresent
in datahashad a stronginfluenceon techniquesusedfor
searchandretrieval. At one extreme,the databaseommu-
nity hasfocusednhighly-structuredrelationaldatawhile at
the othertheinformationretrieval communityhasbeenmore
concernedvith essentiallyunstructuredext documents.Of
late, therehasbeensomemovementtoward the middle with
thedatabaséteratureconsideringheimpositionof structure
overalmost-structuredata.ln asimilarvein,documenman-
agemensystemsiseaccumulateadneta-informatiorto intro-
ducemore structure. The emegenceof XML hasled to a
flurry of researchnvolving extraction,imposition,or mainte-
nanceof partially-structurediata.
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Web pagesin HTML fall into the middle of this contin-
uum of structurein documentspeing neithercloseto free
text nor to well-structureddata. InsteadHTML markuppro-
vides limited structuralinformation, typically usedto con-
trol layout but providing cluesaboutsemanticinformation.
Layout informationin HTML may seemof limited utility,
especiallycomparedto information containedin languages
like XML thatcanbe usedto tag content,but in factit is a
particularly valuablesourceof meta-datan unreliablecor-
porasuchastheweh Thevaluein layoutinformationstems
from the fact that it is visible to the user: Most meta-data
which is not uservisible and thereforeis particularly sus-
ceptibleto spamtechniqueshut layoutinformationis more
difficult to usefor spamwithout affecting the user experi-
ence. Therehasonly beensomeinitial, partly relatedwork
in this vein [Nestorw et al., 1998; Chakrabartiet al., 2001;
Chakrabarti2001]. We believethattheexploitationof layout
information canleadto direct anddramaticimprovementin
websearchresults.

2 Spam

Somewebauthorstry to deliberatelymanipulatetheir place-
mentin the rankingsof varioussearchengine. The result-
ing pagesare calledspam Traditionalinformationretrieval
collectionsdid not containspam. As a result,therehasnot
beenmuchresearchnto makingsearchalgorithmsresistant
to spamtechniques Web searchenginespn the otherhand,
have beenconsistentlydevelopingandimproving techniques
for detectingandfighting spam.As searcltenginetechniques
have developed,new spamtechniqueshave developedin re-
sponse.Searchenginesdo not publishtheir anti-spamtech-
niquesto avoid helpingspammerso circumventthem.

Historicaltrendsindicatethatthe useandvariety of spam
will continueto increase.Thereare challengingresearchs-
suesinvolvedin bothdetectingspamandin developingrank-
ing algorithmsthat areresistanto spam. Currentspamfalls
into following threebroadcateyories: text spam,link spam,
andcloaking. A spammemight useone or somecombina-
tion of them.

2.1 Text Spam

All searchenginesevaluatethe contentof a documento de-
termineits rankingfor a searchquery Text spamtechniques
areusedto modify thetext in sucha way thatthe searchen-
gineratesthe pageasbeingparticularlyrelevant,eventhough
themodificationsdo notincreaseercevedrelevanceto ahu-
manreaderof adocument.

Therearetwo waysto try to improve ranking. Oneis to
concentrateon a small setof keywordsandtry to improve
perceved relevancefor that setof keywords. For instance,
thedocumentauthomightrepeathosekeywordsoftenatthe
bottom of the documentwhich it is hopedwill not disturb
the user Sometimeghe text is presentedn small type, or
evenrenderednvisible (e.g., by beingwritten in the pages
backgroundolor) to accomplishthis.

Anothertechniqués to try to increasehe numberof key-
words for which the documentis perceved relevant by a
searchengine. A naive approachs to include (somesubset
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of) adictionaryatthebottomof thewebpage to increasehe
chanceghatthe pageis returnedfor obscurequeries.A less
naive approachis to addtext on a differenttopic to the page
to make it appeathatthis is the maintopic of the page.For
example,pornsitessometimesaddthe namesof famousper
sonalitiesto their pagesn orderto make thesepagesappear
whenausersearche$or suchpersonalities.

2.2 Link Spam

The adwent of link analysisby searchengineshasbeenac-
companiedy aneffort by spammerso manipulatdink anal-
ysis systems.A commonapproachis for an authorto put a
link farm at the bottomof every pagein a site, wherea link
farmis a collectionof links thatpointsto every otherpagein
thatsite,or indeedto ary sitetheauthorcontrols. Thegoalis
to manipulatesystemghatuseraw countsof incominglinks
to determinea web pages importance.Sincea completely-
linkedlink farmis easyto spot,moresophisticatedechniques
like pseudoweb-ringsandrandomlinkagewithin a member
grouparenow beingused.

A problemwith link farmsis thatthey distractthe reader
becausehey are on pagesthat also have legitimate content.
A moresophisticatedorm of link farmshasbeendeveloped,
called doorwaypages Doorway pagesare web pagesthat
consistentirely of links. They arenotintendedto be viewed
by humansrather they areconstructedn awaythatmakesit
very likely thatsearchengineswill discoverthem. Doorway
pagesftenhave thousandsf links, oftenincludingmultiple
links to the samepage. (Thereis no text-spamequialent
of doorway pagesbecausdext, unlike links, is analyzedby
searchengineson a perpagebasis.)

Both link farms and doorway pagesare most effective
when the link analysisis sensitve to the absolutenum-
ber of links. Techniquesthat concentratensteadon the
guality of links, such as PageRank[Brin and Page, 1998;
Brin et al., 1994, are not particularly vulnerableto these
techniques.

2.3 Cloaking

Cloaking involves serving entirely different contentto a
searchenginecrawler thanto otheruserst As a result, the
searchengineis deceved asto the contentof the pageand
scoreghepagein waysthat,to ahumanobsener, seenrather
arbitrary

Sometimegloakingis usedwith theintentto “help” search
enginesfor instanceby giving themaneasilydigestible text-
only versionof a pagethat is otherwiseheary with multi-
mediacontent,or to provide link-basedaccesdo a database
which is normally only accessiblevia forms (which search
enginescannotyet navigate). Typically, however, cloakingis
usedto deceve searchenginesallowing theauthorto achieve

A searctenginecrawler is aprogranmthatdovnloadswebpages
for the purposeof includingthemin the searchengineresults.Typ-
ically a searchenginewill dowvnloada numberof pagesusingthe
crawler, thenprocesghe pagesto createthe datastructuresusedto
servicesearchrequests.Thesetwo stepsarerepeatedontinuously
to ensurethe searchengineis searchingover the most up-to-date
contentpossible.
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the benefitsof link and text spamwithout incorveniencing
humanreaderf thewebpage.

2.4 Defending against Spam

In generaltext spamis defendedagainstin a heuristicfash-
ion. For instancejt wasoncecommonfor sitesto “hide” text

by writing it in white text on a white backgroundgensuring
that humanreaderswere not affectedwhile searchengines
were misled aboutthe content. As a result, searchengine
companiegetectedsuchtext andignoredit. Suchreactve

approachesre, obviously, not optimal. Can pro-actve ap-
proachesucceedPerhapsheseapproachesould be com-
bined; it might be possiblefor the searchengineto notice
what pageschangein responseéo the launchof a new anti-

spamheuristic,andto considetthosepagesaspotentialspam
pages.

Typically, link-spamsiteshave certainpatternof links that
areeasyto detect,but thesepatternscanmutatein muchthe
sameway aslink spamdetectiontechniquesA lessheuristic
approachto discovering link spamis required. One possi-
bility is, asin the caseof text spam,to usea more global
analysisof thewebinsteadof merelylocal page-leel or site-
level analysis. For example,a clusterof sitesthat suddenly
sproutthousand®f new andinterlinked webpagess a can-
didatelink-spamsite. Thework by [Kumaret al., 1999 on
finding smallbipartiteclusteran thewebis afirst stepin this
direction.

Cloaking can only be discorered by crawling a website
twice, onceusingan HTTP client the cloaker believesis a
searchengine,andoncefrom a client the cloaker believesis
notasearchengine.Eventhisis notgoodenoughsinceweb
pagegypically differ betweendownloadsfor legitimaterea-
sonssuchaschangingnews headlines.

An interestingchallengeis to build a spamclassifierthat
reliably detectsalargefractionof the currentlyexisting spam
catgyories.

3 Content Quality

While spamsare attemptsto deliberatelymisleadsearchen-
gines, the web is repletewith text that — intentionally or
not — misleadsits humanreadersaswell. As anexample,
thereis a webpagewhich claims(falsely!) that ThomasJef-
fersonwasthefirst presidenbf theUnited States Many web-
sites, purposefullyor not, containmisleadingmedicalinfor-
mation? Othersitescontaininformationthat wasoncecor-
rectbutis now outof date;for example,sitesgiving nameof
electedofficials.

While therehasbeena greatdealof researcton determin-
ing therelevanceof documentstheissueof documentjuality
or accuray hasnotbeenrecevedmuchattention,whethern
web searchor otherforms of information retrieval. For in-
stancethe TREC conferencexplicitly statesulesfor when
it considersa documentto be relevant, but doesnot men-
tion theaccurag or reliability of thedocumenttall. Thisis
understandablesincetypical researclcorpora,includingthe

20nestudyshaved mary reputablemedicalsitescontaincontra-
dictory information on different pagesof their site [Berlandet al.,
2001 — aparticularlydifficult content-qualityproblem!
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onesusedby TREC andfoundin corporateintranets consist
of documentsourcesthat are deemedboth reliable and au-

thoritative. Theweb, of coursejs not sucha corpus,sotech-
niguesfor judging documentguality is essentiafor generat-
ing goodsearchresults.Perhapshe onesuccessfuapproach
to (heuristically)approximatingguality on the web is based
onlink analysisfor instancePageRanKBrin andPage,1998;

Brin etal., 1999 andHITS [Kleinberg, 1994. Thesetech-
niguesarea goodstartandwork well in practice but thereis

still ampleroomfor improvement.

Oneinterestingaspecbf the problemof documentuality
is specificto hypertext corporasuchasthe web: evaluating
the quality of anchor text. Anchortext is thetext, typically
displayedunderlinedandin blue by the web browser, that
is usedto annotatea hypertet link. Typically, web-based
searchenginesbenefitfrom including anchortext analysisin
their scoringfunction[Craswelletal., 2001]. However, there
hasbeenlittle researchinto the perils of anchortext analy-
sis e.g.dueto spamand on methodologiedor avoiding the
pitfalls.

Forinstancefor whatkindsof low-quality pagesnightthe
anchortext still be of high quality?Is it possibleto judgethe
quality of anchortext independenthpf the quality of therest
of the page? Is it possibleto detectanchortext thatis in-
tendedto beeditorialratherthanpurely descriptve? In addi-
tion, mary fundamentaissuegemainopenin theapplication
of anchortext to determinatiorof documenguality andcon-
tent. In caseof documentswith multiple topics,cananchor
text analysisbe usedto identify thethemes?

Another promisingareaof researchs to combineestab-
lishedlink-analysisquality judgmentswith text-basedudg-
ments. A text-basedanalysis,for instance,could judge the
quality of the Thomaslefersonpageby notingthatmostref-
erencego thefirst presidentof the United Statesn the web
corpusattributetherole to Geoge Washington.

4 Quality Evaluation

Searchenginescannot easily improve their ranking algo-
rithms without running teststo comparethe quality of the
new rankingtechniquewith the old. Performingsuchcom-
parisonswith humanevaluatorsis quite work-intensve and
runsthedangef notcorrectlyreflectinguserneedsThus, it
would be bestto have endusersperformthe evaluationtask,
asthey know their own needghebest.

Users typically, arevery reluctantto give directfeedback.
However, web searchenginescancollectimplicit userfeed-
backusinglog datasuchasthe positionof clicks for asearch
and the time spenton eachclick. This datais still incom-
plete. For instance,oncethe userclicks on a searchresult,
the searchenginedoesnot know which pageghe uservisits
until the userreturnsto the searchengine.Also, it is hardto
tell whetherauserclicking onapageactuallyendsupfinding
thatpagerelevantor useful.

Giventheincompletenatureof theinformation,the exper
imentalsetupusedto collegeimplicit userdatabecomegpar
ticularly important. Thatis: How shouldclick-throughand
otherdatabe collected? What metrics shouldbe computed
from thedata?
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One approachis to simply collect the click-throughdata
from a subsebf the users— or all users— for two ranking
algorithm. The experimentercanthencomputemetricssuch
asthepercentagef clicksonthetop 5 resultsandthenumber
of clicks persearch.

Recently Joachimg2004 suggestedinotherexperimen-
tal techniquewhich involves meming the resultsof the two
rankingalgorithmsinto a singleresultset. In this way each
userperformsa comparisorof the two algorithms.Joachims
proposego usethe numberof clicks as quality metric and
shaws that, undersomeweak assumptionsthe clickthrough
for rankingA is higherthantheclickthroughfor B if andonly
if A retrievesmorerelevantlinks thanB.

5 Web Conventions

As the web has grown and developed, there has beenan
evolution of corventionsfor authoringweb pages. Search
enginesassumeadherenceo thesecorventionsto improve

searchresults. In particular therearethreecorventionsthat
areassumedelatingto anchortext, hyperlinks,and META

tags.

e As discussedn Section3, the fact that anchortext is
meantto bedescriptveis awebcorvention,andthiscan
be exploitedin the scoringfunction of a searchengine.

e Searchenginegypically assumehatif a web pageau-
thor includesa link to anotherpage,it is becausehe
authorbelievesthatreadersof the sourcepagewill find
the destinationpageinterestingand relevant. Because
of theway peopleusuallyconstructweb pagesthis as-
sumptionis usually valid. However, thereare promi-
nentexceptions:for instance link exchangeprograms,
in which web pageauthorsagreeto reciprocallylink in
orderto improvetheirconnectvity andrankings andad-
vertisementinks. Humansare adeptat distinguishing
links includedprimarily for commercialpurposedrom
thoseincludedprimarily for editorial purposes.Search
enginesarelessso.

To furthercomplicatematters the utility of alink is not
a binary function. For instance mary pageshave links
allowing you to downloadthe latestversionof Adobe's
AcrobatReader For visitors that do not have Acrobat
Readerthis link is indeeduseful,certainlymoreuseful
thanfor thosethosewho have alreadydownloadedthe
program. Similarly, mostsiteshave a termsof service
link at the bottom of every page. When the userfirst
enterghesite, thislink mightwell beveryuseful,but as
the userbrowsesotherwebpage®n the site, the link’s
usefulnessmmediatelydecreases.

¢ A third webcorventionconcernghe useof META tags.
Thesetags are currently the primary way to include
metadatawithin HTML. In theory META tagscanin-
cludearbitrary content,but corventionshave arisenfor
meaningfulcontent. A META tag of particularimpor-
tanceto searchenginesis the so-calledContentMETA
tag, which web pageauthorsuseto describethe content
of the document. Corvention dictatesthat the content
META tagcontainsitherashorttextual summaryof the
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pageor abrief list of keywordspertainingto thecontent
of thepage.

Abuse of this META tagsis common,but even when
thereis no attemptto deceve, therearethosewho break
the corvention, either out of ignoranceor overzealous-
ness. For instance,a webpageauthormight include a
summaryof their entiresitewithin the META tag,rather
thanjust the individual page. Or, the authormight in-
cludekeywordsthataremoregenerathanthepagewar
rants,usinga META descriptionof “carsfor sale”on a
webpagethatonly sellsa particularmodelof car

In generalthe correctnessf META tagsis difficult for
searchenginesto analyzebecausehey are not visible
to usersand thus are not constrainedto being useful
to visitors. However, thereare mary web pageauthors
thatuseMETA tagscorrectly Thus,if web searchen-
ginescouldcorrectlyjudgetheusefulnessf thetext in a
givenMETA tag, the searctresultscould potentiallybe
improved significantly The sameappliesto othercon-
tentnotnormallydisplayedsuchasALT text associated
with the IMA GE tag.

While link analysishasbecomeincreasinglyimportantas
atechniqudor web-basedhformationretrieval, therehasnot
beenasmuchresearchnto the differenttypesof links on the
weh Suchresearchmighttry to distinguishcommerciafrom
editoriallinks, or links thatrelateto meta-informatiorabout
thesite (“This sitebestviewedwith [startlink]browserX[end
link]") from links thatrelateto the actualcontentof the site.

To someextent, existing researcton link analysisis help-
ful, sinceauthorsof highly visible web pagesarelesslikely
to contraveneestablishedveb conventions. But clearly this
is not sufficient. For instancehighly visible pagesaremore,
ratherthanless,likely to includeadwertisementshanthe av-
eragepage.

Understandinghe natureof links is valuablenot only for
itself, but alsobecausét enablesa more sophisticatedreat-
ment of the associatecanchortext. A potential approach
would be to usetext analysisof anchortext, perhapscom-
binedwith meta-informatiorsuchasthe URL of thelink, in
conjunctionwith informationobtainedfrom thewebgraph.

6 Duplicate Hosts

Web searchenginestry to avoid crawling andindexing du-
plicate and nearduplicatepages,since suchpagesincrease
the time to crawl and do not contribute new informationto
the searchresults. The problemof finding duplicateor near
duplicatepagesn asetof cravled pagess well studied[Brin
et al., 1995; Broder 1997. Therehasalso beensomere-
searchon identifying duplicate or nearduplicate directory
trees[Choetal., 2004, calledmirrors.

While mirror detectionand individual-pagedetectiontry
to provide a completesolution to the problemof duplicate
pagesasimplervariantcanreapmostof thebenefitavhile re-
quiringlesscomputationatesourcesThissimplerproblemis
calledduplicatehostdetection Duplicatehosts(“duphosts”)
arethe single largestsourceof duplicatepageson the web,
sosolvingtheduplicatehostsproblemcanresultin a signifi-
cantlyimprovedwebcrawler.
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A host is merely a namein the domain name system
(DNS), and duphostsarise from the fact that two DNS
namescanresol\e to the samelP address. Companiegypi-
cally resene morethanonenamein DNS, both to increase
visibility and to protect againstdomain name “squatters.
For instance currentlyboth bikesport.com andbike-
sportworld.com resole to the samelP addressandas
a result the sites http://www.bikesport.com/ and
http://www.bikesportworld.com/ display identi-
cal content.

UnfortunatelyduplicatelP addresseareneithemecessary
nor sufficient to identify duplicatehosts. Virtual hostingcan
resultin differentsitessharingan IP addresswhile round-
robin DNS canresultin a singlesite having multiple IP ad-
dresses.

Merely looking at the contentof a small part of the site,
suchasthe homepagejs equally ineffective. Evenif two
domainnamegesolhe to the samewebsite theirhomepages
could be different on the two viewings, if for instancethe
pageincludesanadwertisemenbr otherdynamiccontent.On
theotherhand therearemary unrelatedsitesonthewebthat
have anidentical“underconstruction’homepage.

While there hasbeensomework on the duphostsprob-
lem [Bharatet al., 2004, it is by no meansa solved prob-
lem. Onedifficulty is thatthe solutionneedgo be muchless
expensve thanthe brute-forceapproachthatcomparesvery
pair of hosts. For instance pneapproachmight be to down-
load every pageon two hosts,andthenlook for a graphiso-
morphism. However, this defeatsthe purposeof the project,
whichis to nothave to downloadpagedrom bothof two sites
thatareduphosts.

Furthermoreweb crawls arenever complete soary link-
structureapproachwould have to be robust againstmissing
pages.Specifically a transieninetwork problemproblem,or
senerdowntime, maykeepthe crawler from crawling apage
in one hostof a duphostpair, but not the other Likewise,
dueto theincreasingamountof dynamiccontenton theweb,
text-basedapproachesannotcheckfor exactduplicates.

On the otherhand, the duphostgproblemis simplerthan
themoregeneralproblemof detectingmirrors. Duphostsal-
gorithmscantake advantageof the factthatthe urls between
duphostareverysimilar, differingonly in thehostnameom-
ponent. Furthermorethey neednot worry aboutcontentre-
formatting,which is acommonproblemwith mirror sites.

Finally — and this is not a trivial matter — duphost
analysis can benefit from semantic knowledge of DNS.
For instance,candidateduphostshttp://foo.com and
http://foo.co.uk are, all other things being equal,
likely to be duphostswhile candidatesttp://foo.com
andhttp://bar.com arenotaslikely to beduphosts.

3In fact, it's not necessaryhat they resole to the samelP ad-
dressto be duphostsjust thatthey resole to the samewebserer.
Technicallyeventhatis not necessarythe minimumrequirements
thatthey resole to computerghat sene the samecontentfor the
two hostname# question.
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7 Vaguely-Structured Data

While informationretrieval corporahastendedo beverylow
in structuredatabaseontents verywell structured Thishas
obviouslyledto amajordifferencan how thetwo fieldshave
evolvedovertheyears.For instancea practicalconsequence
of this differenceis thatdatabasepermita muchricherand
comple setof querieswhile text-basedquerylanguagesre
in generaimuchmorerestricted.

As databasecontent,or more generally structureddata,
startedbeing exposedthroughweb interfaces,there devel-
opeda third classof datacalledsemi-structueddata In the
webcontet, semi-structuredatais typically the contentof a
webpagepr partof a webpagethat containsstructureddata
but no longercontainsunambiguousnarkupexplicating the
structureor schema. Therehasbeenconsiderableesearch
on recovering the full structureof semi-structurediata, for
example,[Ahonenetal., 1994 and[Nestorw etal., 1999.

The threeexamplesabove cover three pointson the con-
tinuum of structureddata. However, mostweb pagesdo not
fall into ary of thesecatayories,but insteadfall into a fourth
catggorywe call vaguely-structueddata Theinformationon
theseweb pageis not structuredn a databasesense— typi-
cally it smuchcloserto prosethanto data— but it doeshave
somestructurepftenunintentional exhibitedthroughtheuse
of HTML markup.

We saythat HTML markupprovidesunintentionalstruc-
ture becausét is not typically the intent of the webpageau-
thor to describethe documents semantics. Rather the au-
thor usesHTML to control the documents layout, the way
the documentappeardo readers. (It is interestingto note
thatthis subvertsthe original purposeof HTML, which was
meantto be a documentdescriptionlanguageratherthana
pagedescriptiolanguage.)lo give oneexample HTML has
atagthatis intendedo beusedto markup glossaryentries.In
commonbrowsersthiscausedhetext to beindentedn apar
ticular way, andnow the glossarytagis usedin ary context
wherethe authorwantstext indentedin that manner Only
rarelydoesthis context involve anactualglossary

Of course pftenmarkupsenesbothalayoutanda seman-
tic purpose. The HTML headertags,for instance produce
large-font, bold text useful for breakingup text, but at the
sametime they indicatethat the text so marked is probably
a summaryor descriptionof the smallerfont text which fol-
lows.

Evenwhenmarkupprovidesnoreliablesemantianforma-
tion, it can prove valuableto a searchengine. To give just
one example,usershave grown accustomedo ignoring text
on the peripheryof a web page[Faraday 2001], which in
mary casesconsistsof navigational elementsor adwertise-
ments. Searchenginescould use positionalinformation, as
expressedn the layout code,to adjustthe weight given to
varioussectionf text in thedocument.

In addition, layout can be usedto classify pages.For in-
stance,pageswith an imagein the uppetleft of the page
areoften personahomepagesPageswith a regular markup
structurearelik ely to belists, which searctenginesnaywish
to analyzedifferentlythanpageswith runningtext.

Markup canbe meta-analyzeaswell. It is plausiblethat
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pageswith mary mistakesin themarkuparemorelik ely to be
of lower quality thanpageswith no mistales. Patternsin the
markupusedmay allow a searchengineto identify the web
authoringtool usedto createthe page,which in turn might
be usefulfor recorering someamountof structurefrom the
page.Markupmightbe particularlyusefulfor clusteringweb
pagesby author asauthorsoften usethe sametemplatefor
mostof the pageghey write.

And, of course HTML tagscanbe analyzedfor what se-
manticinformationcanbeinferred. In additionto thehheader
tagsmentionedabove, therearetagsthatcontrolthefont face
(bold, italic), size,andcolor. Thesecanbe analyzecto de-
terminewhich wordsin the documentthe authorthinks are
particularlyimportant.

One adwantageof HTML, or ary markuplanguagethat
mapsvery closely to how the contentis displayed,is that
thereis lessopportunityfor akuse:it is difficult to useHTML
markupin a way thatencouragesearchengineso think the
markedtext is important,while to usersit appearsinimpor
tant. For instancethefixedmeaningof the <H1> tagmeans
thatary text in anH1 context will appeamprominentlyon the
renderedveb page,soit is safefor searchenginesto weigh
this text highly. However, the reliability of HTML markup
is decreasedy CascadingStyle Sheets[World Wide Web
Consortium,], which separatehe namesof tagsfrom their
representation.

There has been research in extracting information
from what structure HTML does possess. For in-
stance[Chakrabartetal., 2001;Chakrabarti2001] createch
DOM treeof anHTML pageandusedthis informationto in-
creasdgheaccurag of topic distillation, alink-basedanalysis
technique.

However, therehasbeenlessresearchaddressinghe fact
HTML markupis primarily descriptve, thatis, thatit is usu-
ally insertedo affectthewayadocumentppears$o aviewer.
Suchresearchcould benefitfrom studiesof humanpercep-
tion: how peopleview changesén font sizeandfaceasaffect-
ing the percevedimportanceof text, haw muchmorelikely
peopleareto pay attentionto text at the top of a pagethan
thebottom,andsoforth. As newspaperpublishershave long
known, layoutconveys semantianformation,but it’ s nottriv-
ial to extractit.

Turning HTML into its markupis alsoa challenge. It is
possibleto renderthe page,of course,but this is computa-
tionally expensve. Is therearny way to figure out, say if a
given pieceof HTML text is in the “middle” of a rendered
HTML pagewithout actuallyrenderingt?

Of course,HTML text is only one example of vaguely
structureddata. What other kinds of contentexists that is
somavhere betweenunstructureddata and semi-structured
datain termsof quantity of annotation?How doesit differ
from HTML text? For that matter the continuumof struc-
ture is not well-mapped. What techniquesappropriatefor
unstructureddatawork equallywell with vaguelystructured
data?Whattechniquesvork for semi-structurediata? How
can thesetechniquesbe improved as datagets more struc-
tured,andis thereary way to maptheimprovementsiown to
lessstructuredormsof data(perhapsy imputingsomething
“structural”to thedata,evenif thatdoesnt correspondo any
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intuitive ideaof structure)?

8 Conclusions

In this paperwe presentedsomechallengingproblemsfaced
by currentweb searchengines.Thereareotherfruitful areas
of researchrelatedto web searchengineswe did not touch
on. For instance thereare challengingsystemsssuesthat
arisewhen hundredsof millions of queriesover billions of
web pageshave to be servicedevery day without ary down-
time andasinexpensvely aspossible.Furthermorethereare
interestinguserinterfaceissuesWhatuserinterfacedoesnot
confusenoviceusersdoesnotclutterthescreenbut still fully
empaverstheexperiencediser?Finally, arethereotherways
to minethe collectionof web pagessoasto provide a useful
serviceto the public atlarge?

9 Resources

Herearetwo resource$or theresearclcommunity:
Stanfords ~ WebBase project  (http://www-
diglib.stanford.edu/"testbed/doc2/W
distributesits contentof webpages.
Web term documentfrequeny is available at Berke-
ley's Web Term Document Frequeng and Rank site

(http://elib.cs.berkeley.edu/docfr eq/ ).
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Abstract

The information resources on the Web are vast, but
much of the Web is based on a browsing paradigm
that requires someone to actively seek information.
Instead, one would like to have information agents
that continuously attend to one’s personal informa-
tion needs. Such agents need to be able to extract
the relevant information from web sources, inte-
grate data across sites, and execute efficiently in
a networked environment. In this paper I describe
the technologies we have developed to rapidly con-
struct and deploy information agents on the Web.
This includes wrapper learning to convert online
sources into agent-friendly resources, query plan-
ning and record linkage to integrate data across
different sites, and streaming dataflow execution
to efficiently execute agent plans. I also describe
how we applied this work within the Electric Elves
project to deploy a set of agents for continuous
monitoring of travel itineraries.

1 Introduction

There is a tremendous amount of information available on the
Web, but the access to this information is largely dependent
on the information providers. The individual web sites de-
cide what information to provide to the visitors to their site
and how a visitor will access that information. There is little
in the way of capabilities to combine information across sites
and only the most primitive capabilities to monitor informa-
tion on individual sites. Of course, sites may provide inte-
grated access to specific data sources or sophisticated mon-
itoring capabilities on their data, but users of the Web are
dependent on a site to make these capabilities available.

In contrast, imagine a world where access to information
is driven by the consumers of the data. Where it is not only
possible, but simple to task your own personal information
agents to gather specific information, monitor for changes in
the gathered data, and to notify you of important information
or changes. The challenges are that the required information
is often embedded in HTML pages, the data is organized in
different ways on different sites, there are a huge number of
ways the information could be combined, and it can be slow
and cumbersome to combine the information.
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We have developed a set of core technologies to simplify
the task of building intelligent agents for gathering and mon-
itoring information on the Web [Knoblock ez al., 2003; 2001;
Barish and Knoblock, 2002a]. The technologies include the
ability to gather information from the Web, to link that infor-
mation with related information, to build plans to integrate
the various sources of data, and to efficiently execute these
plans in the Web environment. We have applied these tech-
nologies to build agents for a variety of applications [Barish
et al., 2000; Ambite et al., 2002], including an application for
monitoring travel plans from online sources.

Researchers have developed a variety of agents that have
been deployed on the Web over the years. Some notable sys-
tems include the Internet Softbot [Etzioni and Weld, 1994],
an agent that interacts with a range of Internet resources, Bar-
gainFinder [Krulwich, 1996], a comparison shopping agent
for CDs, ShopBot [Perkowitz et al., 1997], a system for au-
tomatically locating and incorporating new stores into a com-
parison shopping agent, and Warren [Decker et al., 1997], a
system for gathering data on a financial portfolio. There has
also been a significant amount of research on the underly-
ing technologies required for developing agents on the Inter-
net [Levy and Weld, 2000]. As noted by Etzioni [1996], the
Web provides a tremendous opportunity for building intelli-
gent software agents. Yet, surprisingly few have seized this
opportunity. This is almost certainly because there are many
technical issues that must be addressed to build such agents.
Our work is designed to address these issues and simplify the
task of building agents for the Web.

In this paper I first describe an example set of agents for
monitoring travel plans. Then I will briefly describe the tech-
nologies that we have developed to gather data from web
sources, link data across sources, generate plans to integrate
the data, and efficiently execute these plans. Finally, I present
directions for future research and conclusions.

2 Information Agents for Monitoring Travel

As part of the Electric Elves project [Chalupsky ef al., 2001;
Ambite et al., 2002] we have applied our agent technologies
to build a set of agents for various tasks including tracking
visitor schedules, monitoring meeting schedules, and moni-
toring a user’s travel plans. In the case of monitoring travel
plans, this task is particularly well-suited for applying agent
technology for several reasons: a) this is a fairly compli-
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cated task with many possible forms of failure ranging from
flight cancellations and schedule changes to hotel rooms be-
ing given away when a traveler arrives late at night, b) there
are a large number of online resources that can be exploited
to anticipate problems and keep a traveler informed, and c)
these tasks would be tedious and impractical for a human to
perform with the same level of attention that could be pro-
vided by a set of software agents.

To deploy a set of agents for monitoring a planned trip, the
user first enters the travel itinerary and then specifies which
aspects of the trip she would like to have the agents monitor.
A set of information agents are then spawned to perform the
requested monitoring activities. For the travel planning appli-
cation, we developed the following set of agents to monitor a
trip:

e A airfare-monitoring agent that tracks the current price
of a flight itinerary. The agent sends a notification on
price increases and/or decreases. A traveler might con-
sider reticketing if the price drops significantly below
what they paid.

e A schedule-change agent that keeps track of the pub-
lished schedule for a given flight itinerary and notifies
a traveler of any change to this itinerary. Small sched-
ule changes occur quite frequently, especially if one pur-
chases tickets well in advance of a flight. Travel agents
are supposed to notify their customers of changes, but
one usually arrives at the airport before discovering that
the scheduled departure time has changed.

o A flight-status agent that continually monitors the status
of a flight. When a change of status or cancellation is
detected, the traveler is immediately notified. This agent
also sends a fax to the hotel if the flight arrival is de-
layed past Spm in order to ensure that the hotel room
is held for the traveler. This agent differs from what is
available from commercial sites, such as ual.com, which
simply check the status a fixed period of time prior to the
flight. In contrast, our agents maintain state and can no-
tify the user of multiple status changes without sending
messages that provide no new information.

e An earlier-flight agent that checks for flights that leave
before the scheduled flight. It also checks the status of
these flights to avoid suggesting delayed or cancelled
flights. This agent is particularly handy when one fin-
ishes a meeting early or one wants to skip out of a par-
ticularly boring meeting.

o A flight-connection agent that monitors a users sched-
uled flights and if there is a connecting flight it wakes up
a few minutes before the projected landing time, checks
the status and gate information of the connecting flight
and also searches for any earlier flights to the same des-
tination that the user might be able to take instead. This
agent is particularly useful when there are only a few
minutes to make an earlier connection that is about to
depart.

o A restaurant-finding agent that locates the nearest restau-
rant based on the user’s GPS location. On request, it sug-
gests the five closest restaurants providing cuisine type,

INVITED SPEAKERS

price, address, phone number, latitude, longitude, and
distance from the user’s location.

These agents are scheduled to run at regular intervals,
where the agents are woken up to perform their task. The
agents can cancel their own task once it is complete and can
change the interval in which they are run based on the in-
formation from other agents. The agents often invoke other
agents to help them perform their tasks. For example, the
flight-status agent calls another agent that extracts the flight
status information directly from a web site and it invokes the
hotel notification agent, which in turn sends a message to the
fax agent.

Figure 1 shows the messages that various agents generated
during actual use of the system. The original set of agents
were in use for about a year and then based on feedback and
requests from the users we recently developed a new set of
agents that provide improved capabilities.

(a) Airfare-Monitoring Agent: Airfare dropped message

The airfare for your American Airlines itinerary (IAD - LAX) dropped to $281.
(b) Schedule-Change Agent:

The schedule of your United Airlines flight 1287 has changed from 7:00 PM to
7:31 PM.

(c) Flight-Status Agent: Flight delayed message

Your United Airlines flight 190 has been delayed. It was originally scheduled
to depart at 11:45 AM and is now scheduled to depart at 12:30 PM. The new
arrival time is 7:59 PM.

(d) Flight-Status Agent: Flight cancelled message

Your Delta Air Lines flight 200 has been cancelled.

(e) Flight-Status Agent: Fax to a hotel message

Attention : Registration Desk

| am sending this message on behalf of David Pynadath, who has a reservation
at your hotel. David Pynadath is on United Airlines 190, which is now scheduled
to arrive at IAD at 7:59 PM. Since the flight will be arriving late, | would like to
request that you indicate this in the reservation so that the room is not given
away.

(f) Earlier-Flight Agent:

The status of your currently scheduled flight is:

# 190 LAX (11:45 AM) - IAD (7:29 PM) 45 minutes Late

The following United Airlines flight arrives earlier than your flight:

# 946 LAX (8:31 AM) - IAD (3:35 PM) 11 minutes Late

(g) Flight-Connection Agent:

Your connecting United Airlines flight 925 will depart at 9:45 PM (25 minutes
late) at gate C6.

(h) Restaurant-Finding Agent:

These are the five closest restaurants from your location.

Wingmaster's on | St, American, 1825 | St NW, 202-429-0058, $5-10, Lat:
38.90111, Lon: -77.04158, 0.23 miles

Figure 1: Actual messages sent by monitoring agents

3 Gathering Data from Web Sources

A key capability for information agents is the ability to reli-
ably access information. As the Web moves towards XML
and Web Services, accessing data could become greatly sim-
plified. However, movement in this direction has been quite
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slow and for various reasons many sources will remain avail-
able only in HTML, so there is still a critical need to turn
HTML sources into agent-enabled sources.

The challenge in building wrappers for online sources is
how to achieve broad coverage and high accuracy with min-
imal user input. The two general approaches to this problem
are supervised machine learning techniques [Kushmerick,
1997; Muslea et al., 2001; Hsu and Dung, 1998] and unsu-
pervised grammar induction techniques [Lerman et al., 2001;
Crescenzi et al., 2001; Hong and Clark, 2001]. The unsuper-
vised grammar induction techniques have the advantage of
no user input, but they are not able to handle the full range
of semistructured sources. In contrast, the supervised learn-
ing techniques apply to a wider set of sites, but can require a
significant amount of labeled data to achieve high accuracy.

We developed an machine learning algorithm called
Stalker [Muslea et al., 2001] that requires labeled data, but
attempts to minimize the amount of information that must be
provided by a user. Given labeled data, the system employs
a greedy set covering algorithm to learn extraction rules that
define a wrapper for a source. We minimize the amount of
labeled data required by decomposing the learning problem
into a number of simpler subproblems, which require fewer
examples to learn. The decomposition is based on the hier-
archical structure of the information in a web source. This
approach allows Stalker to learn how to extract data from
complicated sites that involve lists of information and even
arbitrary nesting of embedded lists.

An issue for any learning system, even Stalker, is that to
achieve high accuracy the system must see the right set of ex-
amples. Since the expectation in a wrapper is to extract the
data with 100% accuracy, finding a representative set of ex-
amples is a critical part of the problem. Rather than relying
on the user to identify these examples, we developed an active
learning technique called Co-Testing [Muslea ez al., 2000;
Muslea, 2002; Muslea et al., 2003] that selects the most in-
formation examples to label. Co-Testing works by learning
multiple classifiers using different views of the same problem.
In the case of wrapper learning, the system exploits the fact
that it can learn equally well a classifier by finding landmarks
from the beginning of the page or by finding landmarks from
the end of the page. The system can then exploit the fact that
both classifiers should agree if they have learned the same
concept and any disagreement provides a source of training
examples. Both classifiers are applied to the unlabeled exam-
ples and the user is asked to label the examples where there
is disagreement. This allows the system to quickly identify
the unusual cases in the data set to rapidly converge on an
accurate set of extraction rules.

Another important challenge building wrappers is to ensure
that they continue to work properly over time. This problem
has not received much attention. The exception is the work
by Kushmerick [2000] who developed an approach that uses
the global properties of a page, such as the density of HTML
tokens on a page, to determine when the page or even the spe-
cific information being extracted has changed. The limitation
of this approach is that it is too coarse to detect some sites
that have changed [Lerman et al., 2003].

We developed a wrapper maintenance system that can re-
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Figure 2: Wrapper induction, verification, and reinduction
process

pair wrappers by learning a description of the content ex-
tracted by a wrapper [Lerman ef al., 2003]. This approach
learns a pattern by using a hierarchy of pattern types, such as
number or capitalized word, and then learning a description
of the beginning and ending of the information that is being
extracted. The resulting description or learned patterns are
then stored and compared to the information being extracted.
The patterns are compared statistically to avoid false positives
due to examples that have not been seen before. In a large test
set, this approach was able to identify 95% of the Web sites
that had changed.

Once the system has identified a source that has changed,
the learned patterns can then be used to automatically rela-
bel the site and run the labeled examples through Stalker, the
wrapper learning system. The wrapper learning, validation,
and reinduction process are illustrated in Figure 2.

4 Linking Information

Once data has been extracted from a web site, then one fre-
quently needs to combine it with other information in order
to perform some task. For example, if one wants to build an
agent for recommending nearby restaurants, then one might
want to combine the data on a restaurant review site with the
department of health site to ensure that the restaurant has an
adequate health rating. The problem is that the information
on these two distinct sites will often refer to the restaurants in
different ways — the name, address, and phone number may
all have slight variations that preclude simply joining the two
sites across a single attribute.

To address this problem, we developed a machine learn-
ing approach to record linkage [Tejada et al., 2002; 2001]. In
this approach the system, called ActiveAtlas, compares the
attributes that are shared across the two data sets and learns
two things. First, it uses a committee of decision tree learn-
ers to decide whether two records are matched based on the
strength of the match of the various attributes (Figure 3). Sec-
ond, it improves the accuracy of these matches by learning an
appropriate set of weights on a library of transformation rules
(Figure 4). ActiveAtlas takes an active learning approach to
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Street Phone
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Name
| Zagat’s ” Art’s Deli
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Branch-db
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Figure 3: ActiveAtlas learns which attributes are important to
decide whether two records should be linked

’ Zagat’s ‘ | Transformations | ’ Dept of Health ‘

Art’s Deli < »Abbreviation 4 Art’s Delicatessen
California Pizza Kitchen 47— »Acronym < CPK o
Philippe The Original < » Stemming<——p-Philippe’s The Original

Figure 4: ActiveAtlas also learns the weighting of the trans-
formation rules for an application

select examples for the user to label in order maximize the ac-
curacy of the matches and minimize the amount of user input.
Compared to other approaches to this problem [Cohen, 2000;
Sarawagi and Bhamidipaty, 2002], the combination of the
transformation weight learning and the active learning of the
rules allows the system to achieve very high accuracy in
matching entities.

S Planning to Integrate Sources

Once an agent has access to the sources and can link the data
across sources, the problem remains how to compose a set of
information sources to perform some task. We developed an
approach to automatically planning the integration of these
sources to answer queries. In this approach, which is im-
plemented in the Ariadne information mediator [Knoblock et
al., 1998; 20011, the contents of the sources available to the
system are described using a common model [Ambite et al.,
2001]. The system uses this model to create a plan that spec-
ifies both the data sources and the specific operations to be
performed to satisfy a request.

One of the interesting problems is that due to the large
search space and the need to optimize the plans, traditional
planning techniques do not scale. To overcome this problem
we developed a general-purpose planning approach, called
Planning by Rewriting [Ambite and Knoblock, 2001], and
we use it as the planner for Ariadne [Ambite and Knoblock,
2000]. In Planning by Rewriting, the system starts with an
initial, but suboptimal plan, and then the planner performs
a local search through the space of plan transformations to
maximize the given evaluation criterion. In the query plan-
ning application, the planner searches through the space of
sources and the operations on these sources to find an effi-
cient way to process a query. Figure 5 shows a simple exam-
ple of how Planning by Rewriting searches through the space
of plan transformations. Researchers have explored a variety
of approaches to this general problem of planning for infor-
mation gathering (see [Lambrecht and Kambhampati, 1997]
for a summary of this work).

We are currently exploring planning techniques for com-
posing Web Services [Thakkar er al., 2003]. The Web Ser-
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Figure 5: Planning by Rewriting searches through the space
of possible transformations on a plan

vice infrastructure provides access to online sources in a form
with which agents can interact without having to construct a
wrapper for a site. In addition, the Semantic Web provides
semantic-level descriptions of the services that are available
[Ankolenkar et al., 2002]. Our approach to integration plan-
ning builds on previous work on data integration [Levy, 2000]
and applies the inverse rules approach of Duschka [1997].

One challenge is that the sources available online often
have restrictions on how they can be accessed in that cer-
tain inputs may be required to access a source. In the in-
verse rules framework this means that computing a complete
set of answers to a query may require recursion. Since it can
be expensive to execute integration plans in a language such
as Datalog, we have developed an approach to automatically
convert the recursive plans produced by the inverse rules al-
gorithm into a streaming dataflow execution framework that
can efficiently execute these plans [Thakkar and Knoblock,
2003]. This execution framework is described next.

6 Executing Plans

Given a plan for performing some task on the Web, an agent
needs to be able to efficiently execute this plan. In the Web
environment, sources can be quite slow and the latencies of
the sources are also unpredictable since they can be caused by
heavy loads on both servers and networks. Since the primary
bottleneck of most agent plans on the web is retrieving data
from online sources, we would like to execute information
requests as early as possible. To address these issues, we have
developed a streaming dataflow language and executor, called
Theseus [Barish and Knoblock, 2002al, which is optimized
for the Web environment in the following three ways. First,
since the executor is based on a dataflow paradigm, actions
are executed as soon as the data becomes available. Second,
Theseus performs the actions in a plan in separate threads, so
they can be run asynchronously and in parallel. Third, the
system streams the output from one action to the next so that
sequential operations can be executed in parallel.

Theseus is similar to network query engines, such as Tele-
graph [Hellerstein et al., 2000] or Tukwila [Ives et al., 2002],
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Figure 6: Example plan for integrating data from three car-
related sites

in that they are also streaming dataflow execution systems.
However, the network query engines focus on the efficient
execution of of XML queries, while Thesues provides an ex-
pressive language for expressing information gathering and
monitoring plans. The Theseus language supports capabili-
ties that go beyond network query engines in that it supports
recursion, notification operations, and writing and reading
from databases to support monitoring tasks.

Recently we developed an approach to increase the po-
tential parallelism in a streaming dataflow execution sys-
tem. This optimization technique, called speculative execu-
tion [Barish and Knoblock, 2002b; 20031, attempts to predict
the results of an operation based on data and patterns that it
has seen in the past. The predicted results can then be used to
speculate about the operations that will need to be performed
later in the plan. The system decides where to speculate by
analyzing a plan and determining the critical paths. On these
paths it then inserts a “speculate” operation, which uses in-
put to earlier operations to predict the input to later opera-
tions. The system also inserts a “confirm” operation, which
ensures that the final result is correct regardless of whether the
prediction is correct. This approach to optimizing streaming
dataflow plans can achieve arbitrary speedups by speculating
on the speculations. If the system is able to make accurate
predictions, the executor could speculate on all of the input,
execute the entire plan in parallel, and then confirm all of the
results.

Figure 6 shows an example agent plan for integrating car-
related data from three online sources. This plan first uses the
Edmunds.com site to find the midsize cars priced between
$4000 and $12000. Next it selects out those cars made by
Oldsmobile. Then for each of those cars, in parallel it calls
both the NHTSA site to get safety reports and the Consumer
Guide site to retrieve car reviews. Finally, all of this infor-
mation is combined into a single report. Figure 7 shows an
abstract version of the same plan with the speculation opera-
tions inserted into the plan. The use of speculative execution
in this plan makes it possible to invoke all three web sites in
parallel.

The effectiveness of the speculation technique depends on
making accurate predictions. We have developed a learning
system that uses decision tree learning to make predictions
on similar inputs and transducer learning to discover patterns
in Web navigation paths. The learning system is described in
more detail in [Barish and Knoblock, 2003].
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7 Future Directions

Given the growing interest in both Web Services and the Se-
mantic Web [Hendler, 20011, we believe it will become easier
to rapidly create and deploy agents on the Web. As more se-
mantic information becomes available about online sources,
we plan to exploit this information to automatically discover
and integrate new sources of information. Similarly, as web
services become available that can support transactions, we
plan to move beyond gathering and monitoring of online
sources to build agents that perform more complex tasks, such
as not just finding the lowest price ticket, but also purchasing
1t.

There are many possible uses of agents for retrieving and
monitoring data from online sources. Ideally, users could de-
fine their own tasks that they want an agent to perform. For
example, I might want an agent that monitors airfares and no-
tifies me the moment I can buy a ticket to Hawaii for less
then $300. Someone else might want an agent to monitor for
travel delays in their connecting airport and notify them when
the average delay exceeds 30 minutes. The possibilities are
endless. We are currently working on what we call an Agent
Wizard, which allows the user to define new agents for mon-
itoring tasks simply by answering a set of questions about
the task. The resulting system will work similar to the Excel
Chart Wizard, which converts numerical data into charts by
asking the user a set of questions. The Agent Wizard will au-
tomatically build the corresponding Theseus plan and sched-
ule the monitoring task for the user.

Another exciting direction is to deploy agents to collect and
learn about online data and then use the results to make pre-
dictions about the world. For example, we recently developed
a system called Hamlet that advises a user about whether they
should immediately buy a ticket on a particular flight or wait
for a possible drop in the price [Etzioni ez al., 2003]. Hamlet
makes these recommendations by collecting data on the cur-
rent pricing of flights on a particular route and then learning
a model of the pricing in order to make predictions about fu-
ture price behavior. In a simulation using real data, Hamlet
was able to save 607 simulated passengers $283,904, which
was 88.6% of the savings possible with complete knowledge
of the future price changes. Hamlet provides a compelling
example of the potential of information agents.

8 Conclusion

The World Wide Web provides a tremendous opportunity for
Al researchers to build, deploy and test software agents. The
Web provides a real world environment that sidesteps many
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of the difficult issues of sensing and control and makes it pos-
sible to explore higher level capabilities. We have developed
the tools and infrastructure for rapidly constructing agents on
the Web for performing various types of information gather-
ing and integration tasks.

While the agents we have developed are extremely useful,
there are many interesting and challenging problems that re-
main to be solved in order to widely deploy agents on the
Web. Agents need to be able to robustly accomplish their
tasks, responding appropriately to failures of various types.
They must be able to communicate flexibly with people and
other software agents, ideally in natural language. They need
the ability to explain their behavior, especially as the tasks
they perform become more complex. And, of course, we
want agents that can learn from their past experience to both
broaden their capabilities and improve their performance.
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1 Introduction

Constraint satisfaction problems constitute a broad class of
algorithmic problems that are ubiquitous in several differ-
ent areas of artificial intelligence and computer science.
In their full generality, constraint satisfaction problems are
NP-complete and, thus, presumed to be algorithmically in-
tractable. To cope with the intractability of these prob-
lems, researchers have devoted considerable research efforts
to both the design of heuristic algorithms for constraint sat-
isfaction and the pursuit of “islands of tractability”, that is,
special cases of constraint satisfaction problems for which
polynomial-time algorithms exist.

During the past decade, the pursuit of “islands of tractabil-
ity” of constraint satisfaction has been intensified and has
led to a number of discoveries that have also unveiled tight
connections between constraint satisfaction, database theory,
logic, and universal algebra. Our goal in this paper is to
present an overview of the current state of affairs in the study
of the computational complexity of constraint satisfaction
with emphasis on the connections of this area of research
with database theory and logic. The paper is organized as
follows: Section 2 contains the precise definition of the CON-
STRAINT SATISFACTION PROBLEM and its reformulation as
the HOMOMORPHISM PROBLEM; Section 3 contains some of
the connections between constraint satisfaction problems and
database theory; the remaining Sections 4, 5, and 6 contain
a high-level account of some of the main results about the
computational complexity of constraint satisfaction and the
pursuit of tractable cases of this problem.

2 The Constraint Satisfaction Problem and
the Homomorphism Problem

Constraint satisfaction problems were originally introduced
by Montanari [Mon74] to model problems in computer vi-
sion. Since that time, however, it has been realized that nu-
merous important problems in artificial intelligence and com-
puter science can be modeled as constraint satisfaction prob-
lems (see [Dec92a; PJ97]). An instance of the CONSTRAINT
SATISFACTION PROBLEM (CSP) consists of a set of vari-
ables, a set of possible values for the variables, and a set
of constraints on tuples of variables that restrict the combi-
nations of values that the variables may take; the question

*Partially supported by NSF Grant No. 11S-9907419
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is to determine whether there is an assignment of values to
the variables so that the constraints are satisfied. More pre-
cisely, a CSP-instance is a triple (V, D,C), where V of a
finite set of variables, D is a finite domain of values for the
variables, and C'is a set constraints (t, R), where ¢ is a tuple
t = (x1,...,xy) of variables for some m and R is a rela-
tion on D of arity m. A solution is a mapping h : V. — D
such that, for every constraint (¢, R) € C, we have that
h(t) = (h(z1),...,h(xn)) € R.

Consider the Boolean satisfiability problem 3-SAT: given
a 3CNF-formula ¢ with variables x1,... ,x, and clauses
ci,. .. ,Ck, 1S ( satisfiable? Such an instance of 3-SAT can
be thought of as the CSP-instance in which the set of vari-
ables is V' = {x1,... ,2,}, the domain is D = {0,1}, and
the constraints are determined by the clauses of . For ex-
ample, a clause of the form (z V —y V z) gives rise to the
constraint ((x,y,2),{0,1}® — {(0,1,0)}). In an analogous
manner, 3-COLORABILITY can be modeled as a constraint
satisfaction problem. Indeed, an instance H = (V, E) of
3-COLORABILITY can be thought of as the CSP-instance in
which the set of variables is the set V' of the nodes of the
graph H, the domain is the set D = {r, b, g} of three colors,
and the constraints are the pairs ((u, v), Q)), where (u,v) € E
and Q) = {(7“, b)(b7 ’I“), (’I“, g) (97 7“), (b7 g) (97 b)} is the inequal-
ity relation on D.

A vocabulary is a finite set of relational symbols
Ry,... R, each of which has a fixed arity. A rela-
tional structure over some vocabulary is a tuple A =
(A, R, ..., R®) such that A is a non-empty set, called the
universe of A, and each RZA is a relation on A having the
same arity as the symbol R;. Let A and B be two rela-
tional structures over the same vocabulary. A homomorphism
h from A to B is a mapping h : A — B from the uni-
verse A of A to the universe B of B such that, for every
relation RA of A and every tuple (a1, ... ,a,) € R*, we
have that (h(a1), ... ,h(a,)) € RB. Feder and Vardi [FV98]
were the first to point out that the CONSTRAINT SATISFAC-
TION PROBLEM can be identified with the HOMOMORPHISM
PROBLEM: given two relational structures A and B, is there
a homomorphism h from A to B? The intuition behind this
identification is that the structure A represents the variables
and the tuples of variables that occur in the constraints, while
the structure B represents the domain of values and the tu-
ples of values that these constrained tuples of variables are
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allowed to take. Moreover, the homomorphisms from A to
B are precisely the assignments of values to variables that
satisfy the constraints. For instance, 3-COLORABILITY is
equivalent to the problem of deciding whether there is a ho-
momorphism / from a given graph H to the complete graph
Kz = ({r,0,9},{(r,0)(,7), (r,9)(g.7) (b, 9)(g,b)} with 3
nodes. More generally, k-COLORABILITY, k& > 2, amounts
to the existence of a homomorphism from a given graph
H to the complete graph K with k£ nodes (also known as
the k-clique). Numerous other important NP-complete prob-
lems can be viewed as special cases of the HOMOMORPHISM
PROBLEM (and, hence, also of the CONSTRAINT SATISFAC-
TION PROBLEM). For example, consider the CLIQUE prob-
lem: given a graph H and an integer k, does H contain a
clique of size k? A moment’s reflection shows that this is
equivalent to the question: given a complete graph K, and a
graph H, is there a homomorphism from K, to H?

The conceptual insights gained from the identification of
the CONSTRAINT SATISFACTION PROBLEM with the HO-
MOMORPHISM PROBLEM have facilitated the use of tech-
niques from universal algebra in the study of constraint
satisfaction [Jea98; FV98]). Moreover, they have clari-
fied the tight connections between constraint satisfaction and
database theory. We discuss some of these connections in the
next section.

3 Constraint Satisfaction and Relational
Databases

The most frequently asked queries in relational database sys-
tems involve the computation of the join of two or more re-
lations in a database. Instead of spelling out the formal def-
inition of the join operation, let us consider for concreteness
a database relation R(A, B,C) with A, B, C as attributes
and a database relation S(B,C, D, E) with B, C, D, E as
attributes. Then the join R X S consists of all quintuples
(a,b,c,d,e) such that (a,b,c) € Rand (b,c,d,e) € S. Sev-
eral different researchers, including [Bib88], have pointed out
that computing the set of all solutions of a CSP-instance can
be viewed as a join evaluation problem. Indeed, if (V, D, C) is
a CSP-instance, then, for every constraint (V;, ... ,V;. ), R)
inC,let R;(Vi,,...,V;, ) bethe relation R itself viewed as a
database relation with attributes V;,,... ,V; . If R;,... , R:
is the collection of all database relations obtained this way,
then the join R; X --- X R; consists of all solutions to the
CSP-instance (V, D, ().

Join evaluation is a special case of conjunctive query
evaluation. Specifically, an n-ary conjunctive query
() over a relational vocabulary is a query definable
by a positive existential first-order formula of the
form  (3z1)--- Fzs)¥(x1,... , &0, 21,-..,25),  where
Y(xy,... &y, 21,...,2s) is a conjunction of atomic formu-
las. For example, the binary conjunctive query “there is a
path of length 3 from z; to x,” is definable by the formula
(321)(322)(E($1,21) A E(Zl,ZQ) A E(Zg,mz)). Note that
joins are precisely those conjunctive queries in which none
of the variables in ¢ is quantified. At other extreme, a
Boolean conjunctive query is a conjunctive query in which
all variables of 1) have been quantified out.
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Every finite relational structure A gives rise to a canonical
Boolean conjunctive query Q*; the positive existential first-
order sentence defining ) asserts that there exist as many
elements as the cardinality of the universe of A and states all
atomic facts satisfied by tuples from the universe of A. For
example, if A = (A, E) is the 3-cycle with A = {1, 2,3} and
E = {(1,2),(2,3),(3,1)}, then the canonical conjunctive
query Q? is definable by the sentence

(3z1)(3z2) (Fw3) (E(21,22) A E(72,73) A E(23,71)).

The following basic result, due to Chandra and Merlin
[CM77], establishes a strong connection between homomor-
phisms and conjunctive queries.

Theorem 3.1: [CM77] The following are equivalent for finite
relational structures A and B.

1. There is a homomorphism h from A to B.

2. QB C QA that is, QB logically implies Q™.

3. B |= QA, that is, the structure B satisfies the canonical

query Q™ of A.
As an example, we saw earlier that a graph G = (V, E) is 3-
colorable if and only if there is a homomorphism from G to
K. Consequently, Theorem 3.1 implies that G is 3-colorable
if and only if K3 satisfies the canonical query Q< of G.

In view of the identification of the CONSTRAINT SATIS-
FACTION PROBLEM with the HOMOMORPHISM PROBLEM,
the preceding Theorem 3.1 implies that the CONSTRAINT
SATISFACTION PROBLEM can also be identified with two
fundamental problems in database theory: conjunctive query
evaluation and conjunctive query implication (or contain-
ment). This fundamental connection between constraint sat-
isfaction and database theory was brought to front stage and
further investigated in [KV00al.

4 Computational Complexity of Constraint
Satisfaction

The CONSTRAINT SATISFACTION PROBLEM is NP-
complete, because it is clearly in NP and also contains
NP-hard problems as special cases, including 3-SAT, 3-
COLORABILITY, and CLIQUE. As explained in Garey and
Johnson’s classic monograph [GJ79], one of the main ways
to cope with NP-completeness is to identify polynomial-
time solvable cases of the problem at hand that are ob-
tained by imposing restrictions on the possible inputs. For
instance, HORN 3-SAT, the restriction of 3-SAT to Horn
3CNF-formulas, is solvable in polynomial-time using a
unit-propagation algorithm. Similarly, it is known that 3-
COLORABILITY restricted to graphs of bounded treewidth is
solvable in polynomial time (see [DF99]). In the case of con-
straint satisfaction, the pursuit of tractable cases has evolved
over the years from the discovery of isolated cases to the dis-
covery of large “islands of tractability” of constraint satisfac-
tion. In what follows, we will give an account of some of the
progress made in this area. We begin by introducing some
terminology and notation that will enable us to formalize the
concept of an “island of tractability” of constraint satisfaction
using the fact that the CONSTRAINT SATISFACTION PROB-
LEM can be identified with the HOMOMORPHISM PROBLEM.
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In general, an instance of the HOMOMORPHISM PROBLEM
consists of two arbitrary relational structures A and B. Thus,
all restricted cases of this problem can be obtained by impos-
ing restrictions on the input structures A and B.

Definition 4.1: Let A, B be two classes of relational struc-
tures. We write CSP(A, B) to denote the restriction of the
HOMOMORPHISM PROBLEM to input structures from .4 and
B. In other words,

CSP(A,B) = {(A,B):AcABecBanda

homomorphism & : A — B exists}

An island of tractability of constraint satisfaction is a pair
(A, B) of classes of relational structures such that CSP (A, B)
is in the complexity class P of all decision problems solvable
in polynomial time.

The ultimate goal in the pursuit of islands of tractability
of constraint satisfaction is to identify or somehow charac-
terize all classes A and B of relational structures such that
CSP(A, B) is in P. The basic starting point in this investiga-
tion is to consider the cases in which one of the two classes
A, B is as small as possible, while the other is as large as
possible. This amounts to considering the cases in which one
of A, B is the class All of all relational structures over some
arbitrary, but fixed, relational vocabulary, while the other is a
singleton {B} consisting of some fixed structure B over that
vocabulary. Thus, the starting points of the investigation is
to determine, for every relational structure B, the computa-
tional complexity of the decision problems CSP({B}, All)
and CSP(All, {B}).

Clearly, for each fixed B, the decision problem
CSP({B}, All) can be solved in polynomial time, because,
given a structure A, the existence of a homomorphism from
A to B can be checked by testing all functions h from the
universe B of B to the universe A of A (the total number of
such functions is | A|IZl, which is a polynomial number in the
size of the structure A). At the other extreme, however, the
situation is quite different, since the computational complex-
ity of CSP(All,{B}) may very well depend on the partic-
ular structure B. Indeed, CSP(All, {K3}) is NP-complete,
because it is the 3-COLORABILITY problem; in contrast,
CSP(All, {K>}) is in P, because it is the 2-COLORABILITY
problem.

For simplicity, in what follows, for every fixed structure B,
we put

CSP(B) = CSP(All, {B})

and call this the non-uniform constraint satisfaction problem
associated with B. Thus, the first major goal in the study
of the computational complexity of constraint satisfaction is
to identify those structures B for which CSP(B) is in P. Al-
though this goal has yet to be realized, much progress has
been made towards it. The next section contains a bird’s-eye
view of some of the main results obtained to date.

S The Computational Complexity of
Non-Uniform Constraint Satisfaction

The first major result in the study of non-uniform constraint
satisfaction problems was obtained by Schaefer [Sch78],
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who, in effect, classified the computational complexity of
all Boolean non-uniform constraint satisfaction problems.
A Boolean structure is simply a relational structure with a
2-element universe, that is, a structure of the form B =
({0,1}, RB,... |RB). A Boolean non-uniform constraint
satisfaction problem is a problem of the form CSP(B) with
B a Boolean structure. These problems are also known as
GENERALIZED SATISFIABILITY PROBLEMS, because they
can be viewed as variants of Boolean satisfiability problems
in which the formulas are conjunctions of generalized con-
nectives [GJ79]. In particular, they contain the well known
problems k-SAT, k& > 2, 1-IN-3-SAT, POSITIVE 1-IN-3-
SAT, NOT-ALL-EQUAL 3-SAT, and MONOTONE 3-SAT as
special cases. For example, 3-SAT is CSP(B), where B =
({0,1}, Ry, R1, R2, R3) and R; is the set of truth assign-
ments that satisfy a 3-clause in which the first ¢-literals are
negated, i = 0,1,2,3 (thus, Ry = {0,1}® — {(0,0,0)}).
Similarly, MONOTONE 3-SAT is CSP(B), where B =
({0,1}, Ro, Rs).

Ladner [Lad75] showed that if P # NP, then there are
decision problems in NP that are neither NP-complete, nor
they belong to P. Consequently, it is conceivable that a given
family of NP-problems contains problems of such interme-
diate complexity. Schaefer [Sch78], however, showed that
the family of all Boolean non-uniform constraint satisfaction
problems contains no problems of intermediate complexity.

Theorem 5.1: (Schaefer’s Dichotomy Theorem [Sch78])

o IfB = ({0,1},RB, ... RB)is Boolean structure, then
either CSP(B) is in P or CSP(B) is NP-complete. In a
picture,

v NP-complete

CSP(B) NP — P, P-complete

\ P

e Moreover, there is a polynomial-time algorithm to de-
cide, given a Boolean structure B, whether CSP(B) is
in P or it is NP-complete.

Schaefer [Sch78] actually showed that there are exactly
six types of Boolean structures such that CSP(B) is in P,
and provided explicit descriptions of them. Specifically, he
showed that CSP(B) is in P precisly when at least one of the
following six conditions is satisfied:

e Every relation RB. 1 <1t < m, of B is 0-valid, that is,

(3
RP contains the all-zeroes tuple (0, ... ,0).

e Every relation RB, 1 < i < m, of B is 1-valid, that is,
RP contains the all-ones tuple (1, ... ,1).

e Every relation RB, 1 < i < m, of B is bijunctive, that
is, RB is the set of truth assignments satisfying some
2CNF formula.
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e Every relation RB, 1 < i < m, of B is Horn, that is,
RB is the set of truth assignments satisfying some Horn
formula.

e Every relation R?, 1 < i < m, of B is dual Horn, that
is, R? is the set of truth assignments satisfying some

dual Horn formula.

e Every relation RB, 1 < i < m, of B is affine, that is,
RB is the set of solutions to a system of linear equations
over the two-element field.

Schaefer’s Dichotomy Theorem yields a complete classifi-
cation of the complexity of CSP(B) for Boolean structures
B. At the same time, it raises the challenge of classifying
the computational complexity of CSP(B) for arbitrary rela-
tional structures B. To this effect, Feder and Vardi [FV98]
formulated the following important conjecture.

Conjecture 5.2: (Feder-Vardi Dichotomy Conjecture)

If B= (B,R2,... ,RE) is an arbitrary relational structure,
then either CSP(B) is in P or CSP(B) is NP-complete. In a
picture,

v NP-complete

CSP(B) NP — P, P-complete

\ P

The Feder-Vardi Dichotomy Conjecture inspired intensive
research efforts that resulted into significant advances to-
wards resolving it. In particular, quite recently Bulatov con-
firmed two important cases of this conjecture that are de-
scribed next.

Theorem 5.3: Let B = (B, RB, ..
Structure.

e (Bulatov [Bul02al) If B = {0,1,2}, then either
CSP(B) is in P or CSP(B) is NP-complete.

e (Bulatov [Bul03]) If every non-empty subset of B is one
of the relations RB of B, then either CSP(B) is in P or
CSP(B) is NP-complete.

Moreover, in both cases there is a polynomial-time algorithm
to decide whether CSP (B) is in P or it is NP-complete.

The second of the two cases above is known as conserva-
tive constraint satisfaction. In effect, it is the case in which
all possible unary constraints on the domain are present.

In spite of the progress made, the Feder-Vardi Dichotomy
Conjecture remains unresolved for CSP(B) with |B| > 4.
The research efforts towards this conjecture, however, have
also resulted into the discovery of broad sufficient condi-
tions for tractability of non-uniform constraint satisfaction
that have provided unifying explanations for numerous seem-
ingly disparate tractability results and have also led to the dis-
covery of new islands of tractability of CSP(B). These broad
sufficient conditions for tractability of CSP(B) are based on

., RB) be a relational
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concepts and techniques from two different areas: universal
algebra and logic. The approach via universal algebra yields
sufficient conditions for tractabilty of CSP(B) in terms of
closure properties of the relations in B under certain func-
tions on B. The approach via logic yields sufficient condi-
tions for tractability in terms of expressibility of CSP(B) in
Datalog. In the remainder of this section, our primary focus
is on the latter approach.

Datalog is the main database query language used in de-
ductive database systems (see [Ul189]). In a nutsfell, a Dat-
alog program is a negation-free and function-free logic pro-
gram. More precisely, a Datalog program is a finite set of
rules of the form

T(j) L Sl(yl)w'- 7Sr(yr)7

where T, S1, ... , S, are relation symbols. In effect, the right-
hand side of each rule (called the body of the rule) is a con-
junctive query in which all variables not occurring in the left-
hand side (called the head of the rule) are existentially quan-
tified. Datalog embodies recursion because relation symbols
may occur both in the heads and the bodies of rules. Those
that do are the recursive or or intensional database predicates
(IDBs) of the program, while the remaining relation symbols
are the extensional database predicates (EDBs). One of the
IDB predicates is singled out as the goal of the program.

As a standard example, the transitive closure of the edge
relation E of a graph H = (V, E) is defined by the following
Datalog program.

T(Z’,y) c T
T(Z’,y) c T

Every Datalog program can be evaluated “bottom-up” in a
polynomial number of iterations on a given database. For ex-
ample, the k-th iteration of the above Datalog program yields
the set of all pairs of nodes of H that are connected via a path
of length at most k; moreover, at most r iterations suffice to
compute the transitive closure of E, where n is the number of
nodes in V. It follows that each fixed Datalog program can be
evaluated in time polynomial in the size of a given relational
structure. Consequently, if a query () is definable by a Data-
log program, then () is in P. Thus, expressibility in Datalog is
a sufficient condition for tractability.

Another important feature of Datalog is that queries de-
finable by Datalog programs are preserved under homomor-
phisms. This means that if a structure A satisfies the goal of
a Datalog program and there is a homomorphism from A to
B, then also B satisfies the goal of the program.

Let B = (B,RB,...  RB) be a relational structure. It
is easy to see that, except for trivial situations, CSP(B)
is not preserved under homomorphisms, which implies that
CSP(B) is not expressible in Datalog. Thus, at first sight,
it appears that there is no link between expressibility in Dat-
alog and tractability of non-uniform constraint satisfaction.
A moment’s reflection, however, reveals that the complement

CSP(B) of CSP(B) is preserved under homomorphisms,
where

E(z,y)
E(z,z) NT(z,y)

CSP(B) = {A : nohomomorphism h: A — B exists}.
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Consequently, it is conceivable that, for some structures B,
the non-uniform constraint satisfaction problem CSP(B) is
in P because its complement CSP(B) is expressible in Dat-
alog. Feder and Vardi [FV98] pursued this link in depth and
demonstrated that expressibility of CSP(B) in Datalog is a
unifying explanation for numerous tractability results about
CSP(B).

As an important concrete example, consider 2-
COLORABILITY, which is the same problem as CSP(K5).
The following Datalog program with () as its goal expresses
NON 2-COLORABILITY, since a graph is 2-colorable if and
only if it contains no cycles of odd length.

O(X,Y) :— E(X,Y)
O(X,Y) T O(X,Z),E(Z,W),E(W,Y)
— O(X,X)

As two additional important examples, recall that if B =
({0,1}, RB,... | RB) is a Boolean structure such that ev-
ery relation RB is Horn or every relation RB is bijunctive,
then CSP(B) is in P. It can be shown that in both these cases

CSP(B) is expressible in Datalog.

To gauge the broad spectrum of tractable cases covered by
Datalog, it is perhaps worth comparing tractability via Dat-
alog to tractability via closure properties, which, as men-
tioned earlier, is an approach to tractability based on uni-
versal algebra. For this, we need to first introduce some
basic concepts from universal algebra. If R is an n-ary
relation on a set B and f : B* — B is a function,
then we say that R is closed under f if for every k-tuples
(a115--- 1), -, (Ag1,--. ,aky) in R, we have that the
n-tuple (f(ai1,...,0k1),..,f(@1n,...,Gk,)) is also in
R. If B = (B,RB,... ,RB) is a relational structure, then
a polymorphism of B is a function f : B*¥ — B for
some k£ > 1 such that each relation R?, 1 < < m,
is closed under f. We write Pol(B) for the set of all
polymorphisms of B. As it turns out, the complexity of
CSP(B) is intimately connected to the kinds of functions
that Pol(B) contains. In particular, it has been shown that if
Pol(B) contains functions that satisfy certain algebraic iden-
tities, then CSP(B) is in P. This connection has been in-
vestigated in depth and with much success by Jeavons and
his collaborators in a sequence of papers, including [JCG97;
JCC98], and by Bulatov [Bul02b] (but also Feder and Vardi
[FV98] had results along these lines). The following are
the presently known most general sufficient conditions for
tractability of CSP(B) based on closure properties.

Theorem 5.4: Let B = (B,RB,..
structure.

e [f Pol(B) contains a near-unanimity function, then
CSP(B) is in P.

e IfPol(B) contains a set function, then CSP(B) is in P.
(

e [f Pol(B) contains a Maltsev function, then CSP(B) is
inP.

., RB) be a relational

A k-ary function f with k > 3 is a near unanimity func-
tion if f(z1,...,zr) = y, for every k-tuple (z1,...,x%)
such that at least £ — 1 of the x;’s are equal to y. Note that
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the ternary majority function on {0, 1} is a near unanimity
function. A k-ary function f with k > 2 is a set function if
for every k-tuple (z1,... ,x), we have that f(zq,..., )
depends only on the set {x1, ...,z }. Note that the Boolean
binary functions A and V are set functions. Finally, a ternary
function f(x,y, z) is a Maltsev function if, for every x and y,
it satisfies the identities f(y,y,z) = f(z,y,y) = x. Note
that the Boolean function x @ y @ z is a MaltSev function.
It should be pointed out that the preceding Theorem 5.4 con-
tains as special cases the non-trivial tractable cases in Schae-
fer’s Dichotomy Theorem 5.1. Indeed, it is known that a
Boolean relation is bijunctive if and only if it is closed under
the ternary majority operation; moreover, a Boolean relation
is Horn (dual Horn) if and only if it is closed under A (respec-
tively, V); finally, a Boolean relation is affine if and only if it
is closed under z ® y P z.

Concerning the comparison between Datalog and closure
properties, it can be shown that if Pol(B) contains a near-

unanimity function or a set function, then CSP(B) is express-
ible in Datalog. Thus, expressibility in Datalog subsumes two
of the three sufficient conditions for tractability based on clo-
sure properties. It also known, however, that there are struc-
tures B (in fact, even Boolean structures) such that Pol(B)

contains a Maltsev function, but CSP(B) is not expressible
in Datalog. At the same time, there are structures B such
that Pol(B) does not contain any near unanimity functions,
set functions, or MaltSev functions, yet CSP(B) is tractable

because CSP(B) is expressible in Datalog.

In what follows in this section, we will take a closer look at
the connections between Datalog and non-uniform constraint
satisfaction. In particular, we will address the following ques-

tion: when is CSP(B) expressible in Datalog? As we will

see, expressibility of CSP(B) in Datalog can be character-
ized in terms of pebble games and also in terms of consistency
properties.

Combinatorial games are a versatile tool in analyzing the
expressive power of logics. The most well known among
these games are the Ehrenfeucht-Fraissé-games for first-order
logic (see [EFT94]). A different family of games, known as
k-pebble games, has been used to study fixed-point logics and
infinitary logics with finitely many variables (see [KV90]. We
now describe a variant of k-pebble games that are suitable for
analyzing the expressive power of Datalog [KV95].

Definition 5.5: Let £ > 2 be a positive integer. The exis-
tential k-pebble game (or, in short, the (3, k)-pebble game) is
played between two players, the Spoiler and the Duplicator,
on two relational structures A and B according to the follow-
ing rules: each player has k pebbles labeled 1, ... , k; on the
i-th move of a round of the game, 1 < i < k, the Spoiler
places a pebble on an element a; of A, and the Duplicator
responds by placing the pebble with the same label on an el-
ement b; of B. The Spoiler wins the game at the end of that
round, if the correspondence a; — b;, 1 < @ < k, is not a
homomorphim between the substructures of A and B with
universes {ai, ... ,a} and {b1, ..., by}, respectively. Oth-
erwise, the Spoiler removes one or more pebbles, and a new
round of the game begins. The Duplicator wins the (3, k)-
pebble game if he has a winning strategy, that is to say, a
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systematic way that allows him to sustain playing “forever”,
so that the Spoiler can never win a round of the game.

To illustrate this game, let K,,, be the complete undirected
graph with m nodes. For every k£ > 2, the Duplicator wins the
(3, k)-pebble game on K}, and K1, but the Spoiler wins
the (3, %k + 1)-pebble game on K4 and K. As another
example, let L be the s-element linear order, s > 2. If m <
n, then the Duplicator wins the (3, 2)-pebble game on L,
and L,,, but the Spoiler wins the (3, 2)-pebble game on L,
and L,,.

Note that the above description of a winning strategy for
the Duplicator in the (3, k)-pebble game is rather informal.
The concept of a winning strategy can be made precise, how-
ever, in terms of families of partial homomorphisms with ap-
propriate closure and extension properties, where a partial
homomorphism from A to B is a homomorphism from a sub-
structure of A to a substructure of B.

Definition 5.6: Let k be a positive integer. A winning strat-
egy for the Duplicator in the existential k-pebble game on A
and B is a nonempty family F of partial homomorphisms
from A to B such that:

1. For every f € F, the domain dom(f) of f has at most
k elements.

2. F is closed under subfunctions, which means that if g €
Fand f C g, then f € F.

3. F has the k-forth property, which means that for every
f € F with |dom(f)| < k and every a € A on which
f is undefined, there is a ¢ € F that extends f and is
defined on a.

Intuitively, the second condition provides the Duplicator
with a “good” move when the Spoiler removes a pebble from
an element A, while the third condition provides the Dupli-
cator with a “good” move when the Spoiler places a pebble
on an element of A.

For every positive integer k, let k-Datalog be the collection
of all Datalog programs such that each rule has at most &k
distinct variables. The next result describes the connection
between (3, k)-pebble games and k-Datalog, and also gives
some of the algorithmic properties of (3, k)-pebble games.

Theorem 5.7: [KV95; KV00al Let k be a positive integer.

o Assume that () is a query definable by a k-Datalog pro-
gram. If A and B are two relational structures such that
A satisfies () and the Duplicator wins the (3, k)-pebble
game on A and B, then also B satisfies Q).

o There is a polynomial-time algorithm to decide whether,
given two finite structures A and B, the Spoiler or the
Duplicator wins the (3, k)-pebble game on A and B.

e For every finite relational structure B, there is a k-
Datalog program wg that expresses the query: given
a finite o-structure A, does the Spoiler win the (3, k)-
pebble game on A and B?

The preceding Theorem 5.7 can be used to characterize

when CSP(B) is expressible in Datalog.
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Theorem 5.8 [KVO00al Let k be a positive integer and B a fi-
nite relational structure. The following statements are equiv-
alent.

e CSP(B) is expressible in k-Datalog
e CSP(B) = {A : Duplicator wins the
(3, k)-pebble game on A and B}.

Note that if a homomorphism from A to B exists, then the
Duplicator wins the (3, k)-pebble game on A and B using the
values of the homomorphism as his strategy. Thus, Theorem

5.8 asserts that CSP(B) is expressible in k-Datalog if and
only if the following property holds: whenever the Duplicator
wins the (3, k)-pebble on A and B, a homomorphism from
A to B exists.

A striking consequence of Theorems 5.7 and 5.8 is that
all non-uniform constraint satisfaction problems CSP(B) for

which CSP(B) is expressible in k-Datalog can be solved
in polynomial time using the same algorithm, namely, the
polynomial-time algorithm for determining the winner in the
(3, k)-pebble game. Moreover, since expressibility in Data-
log subsumes the tractable cases in which Pol(B) contains
a near unanimity function or a set function, it follows that
the algorithm for determining the winner in the (3, k)-pebble
game can also be used to solve CSP(B) in polynomial time
in these two major tractable cases.

Many heuristic algorithms for constraint satisfaction in-
volve “constraint propagation”, which can be intuitively de-
scribed as the derivation of new constraints from the original
ones. This process has been formalized using various consis-
tency concepts that make explicit additional constraints im-
plied by the original constraints. The strong k-consistency
property is the most important one among them; in infor-
mal terms, this property holds when every partial solution on
fewer than k variables can be extended to a solution on k vari-
ables [Dec92b]. Closely related to this is the process of estab-
lishing strong k-consistency, which is the question of whether
additional constraints can be added to a given instance of
the CONSTRAINT SATISFACTION PROBLEM in such a way
that the resulting instance is strongly k-consistent and has
the same space of solutions as the original one (see [Dec92b;
KVO00b] for the formal definitions). It turns out that the fol-
lowing tight connection exists between strong k-consistency
properties and (3, k)-pebble games.

Theorem 5.9: [KVOOb] The following are equivalent for a
CSP-instance (V, D, C).

e [t is possible to establish strong k-consistency for
(V,D,C).

e The Duplicator wins the (3, k)-pebble game on A and
B, where A, B form the instance of the HOMOMOR-
PHISM PROBLEM associated with (V, D, C).

Furthermore, when this happens, the set W*(A,B) of
all winning configurations for the Duplicator in the (3, k)-
pebble game gives rise to the largest (and, hence, least con-
strained) CSP-instance that establishes strong k-consistency

for (V,D,C).

The preceding theorem provides a different perspective on
consistency properties and reinforces the usefulness of the
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(3, k)-pebble games in the study of constraint satisfaction.
In particular, Theorem 5.9 implies that computing winning
strategies for the Duplicator in the (3, k)-pebble game is the
most general form of constraint propagation. Moreover, as an
immediate consequence of Theorems 5.8 and 5.9, we obtain

another characterization of when CSP(B) is expressible in
k-Datalog.

Corollary 5.10: Let k be a positive integer and B be a fixed
finite relational structure. Then the following are equivalent.
e CSP(B) is expressible in k-Datalog
e For every finite relational structure A, establishing
strong k-consistency for A and B implies that there is a
homomorphism from A to B.

The results presented in this section make a strong case

for the importance of the property “CSP(B) in expressible
in Datalog” as a broad sufficient condition for tractability of
CSP(B), since this property subsumes numerous tractable
cases of non-uniform constraint satisfaction. In view of this,
one would like to have an efficient algorith to test whether,
given a relational structure B, we have that CSP(B) is ex-
pressible in Datalog. Such an algorithm could be used as a
building block in heuristic algorithms for constraint satisfac-
tion, where one first tests for expressibility in Datalog be-
fore resorting to some other exhaustive search procedure. At
present, however, no such efficient algorithm is known. In
fact, it is not even known whether expressibility of CSP(B)
in Datalog is a decidable property. More precisely, the fol-
lowing problem, originally posed by Feder and Vardi [FV98],
remains open.

Open Problem: Let £ > 2 be a fixed positive integer. Is
there an algorithm to decide whether, given B, we have that

CSP(B) is expressible in k-Datalog?

6 Uniform Constraint Satisfaction and
Bounded Treewidth

In Section 5, we focused on the pursuit of islands of tractabil-
ity of non-uniform constraint satisfaction, that is, islands of
the form

CSP(B) = CSP(All, {B}),

where B is a fixed relational structure. In particular, we saw
that substantial progress has been made towards obtaining a
complete classification of all relational structures B for which
CSP(B) is solvable in polynomial time. The state of affairs,
however, is different for constraint satisfaction problems of
the form CSP(A, B), where neither A nor B is a singleton
class. We call such problems uniform constraint satisfac-
tion problems, because an instance of CSP(A, B) is a pair
of structures A € A and B € B (unlike CSP(B), where an
instance is just a structure A).

At present, we are far away from even coming close to a
characterization of all classes .A and B such that CSP(A, B)
is solvable in polynomial time. Nonetheless, significant
progress has been made in the case in which B is the class All
of all relational structures over an arbitrary, but fixed, vocabu-
lary. In what follows, we present the main results concerning
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islands of tractability of uniform constraint satisfaction of the
form CSP (A, All).

As is well known, many algorithmic problems that are
“hard” on arbitrary graphs become “easy” on trees. This mo-
tivated researchers to investigate whether the concept of a tree
can be appropriately relaxed while maintaining good compu-
tational behavior. As part of their seminar work on graph
minors, Robertson and Seymour introduced the concept of
treewidth and showed that graphs of bounded treewidth are
“tree-like” structures exhibiting such good behavior. The
monograph by Downey and Fellows [DF99] contains com-
plete definitions and characterizations of these concepts.
Here, instead of giving the standard definition of treewidth
in terms of tree compositions, we present an equivalent one
in terms of partial k-trees.

Definition 6.1: Let k be a positive integer.

e A graph H is a k-tree if either H is a Ky 1-clique or
there are a k-tree G, nodes aq, ... ,a; in G forming
a Kg-clique, and a node b in H — G such that H is
obtained from G by connecting b to each of the nodes
ai, ... ,ay (thus, forming a Ky 1-clique).

e A graph is a partial k-tree if it is a subgraph (not neces-
sarily induced) of a k-tree.

e The treewidth of a graph H, denoted by tw(H), is the
smallest k£ such that H is a partial k-tree.

e We write 7 (k) to denote the class of all graphs H such
that tw(H) < k.

Clearly, if T is a tree, then tw(T) = 1. Similarly, if n > 3
and C,, is the n-element cycle, then tw(C) = 2. At the
other end of the scale, tw(Ky) = k — 1, for every k£ > 2.
Computing the treewidth of a graph is an intractable problem.
Specifically, the following problem is NP-complete: given a
graph H and an integer & > 1, is tw(H) < k? Nonetheless,
Bodlaender [Bod93] showed that for every fixed integer k& >
1, there is a linear-time algorithm such that, given a graph H,
it determines whether or not tw(H) < k.

The notion of treewidth can be defined for arbitrary finite
relational structures A = (A, R}, ... | R®) using the Gaif-
man graph G of the structure A. Specifically, tw(A) =
tw(G(A)), where G(A) = (A, E) and

E(a,a') <= a, a’ occurin a tuple of R;A, for some 1.

In what follows, 7 (k) will denote the class of all relational
structures of treewidth less than k over a fixed relational vo-
cabulary.

Dechter and Pearl [DP89] and Freuder [Fre90] showed that
the classes of structures of bounded treewidth give rise to
large islands of tractrability of uniform constraint satisfaction.

Theorem 6.2: [DP89; Fre90] If k > 2 is a positive integer,
then CSP(T (k), All) is in P.

The polynomial-time algorithm for CSP (7 (k), All) in the
above theorem is often described as a bucket elimination al-
gorithm [Dec99]. Tt should be noted that it is not a constraint
propagation algorithm. Instead, this algorithm uses the bound
on the treewidth to test if a solution to the constraint satisfac-
tion problem exists by solving a join evaluation problem in
which all intermediate relations are of bounded arity.
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Kolaitis and Vardi [KVOOb], and Dalmau, Kolaitis and
Vardi [DKVO02] investigated certain logical aspects of the
treewidth of a relational structure and showed that this
combinatorial concept is closely connected to the canoni-
cal conjunctive query of the structure being definable in a
fragment of first-order logic with a fixed number of vari-
ables. This made it possible to show that the tractability of
CSP(T (k), All) can be explained in terms of expressibility
in k-Datalog. Moreover, it led to the discovery of larger is-
lands of tractability of uniform constraint satisfaction.

Definition 6.3: Let k& > 2 be a positive integer.

e FO" is the collection of all first-order formulas with at
most k distinct variables.

e L* is the collection of all FO*-formulas built using
atomic formulas, conjunction, and existential first-order
quantification only.

As an example, it is easy to see that if C,, is the n-element
cycle, n > 3, then the canonical conjunctive query Q€= is
expressible in L®. For instance, Q€* is logically equivalent
to

(323y3z2) (E(z,y) A E(y, 2) A Fy)(E(z,y) A E(y, ).
As mentioned earlier, for every n > 3, we have that
tw(C,) = 2. The next result shows that this relationship
between treewidth and number of variables needed to express
the canonical conjunctive query is not an accident.

Theorem 6.4: [KV00b; DKVO02] Let k > 2 be a positive
integer.

e If A € T (k), then the canonical conjunctive query Q*
is expressible in L*.

o I[f B is an arbitrary, but fixed, structure, then
CSP(T (k),{B}) is expressible in k-Datalog.

e CSP(T (k), All) can be solved in polynomial time by de-
termining whether, given a structure A € T (k) and an
arbitrary structure B, the Spoiler or the Duplicator wins
the (3, k)-pebble on A and B.

As a consequence of the above Theorem 6.4, we see that
CSP(T (k), All) can be solved in polynomial time using a
constraint propagation algorithm that is quite different from
the bucket elimination algorithm in Theorem 6.2.

Definition 6.5: Let A and B be two relational structures.
e We say that A and B are homomorphically equivalent,

denoted A ~, B, if there are homomorphisms h : A —
Bandh' : B — A.

e We say that B is the core of A, and write core(A) = B,
if
1. B is a substructure of A.

2. There is no homomorphism 4 : B — B’ from B to
a proper substructure B’ of B.

Clearly, core(K;) = Ky, and core(C,,) = C,,. Moreover,
if if H is a 2-colorable graph, then core(H) = K,. It
should be note that cores play an important role in database
query processing and optimization (see [CM77]). The next
result shows that they can also be used to characterize when
the canonical conjunctive query is definable in L*.
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Theorem 6.6: Let k > 2 be a positive integer and A a
relational structure. Then the following statements are equiv-
alent.

o QA is definable in L*.
o There is a structure B € T (k) such that A ~} B.
o core(A) € T(k).

Definition 6.7: If k£ > 2 is a positive integer, then H (7 (k))
is the class of all relational structures over some fixed vocab-
ulary that are homomorphically equivalent to a structure in
T (k).

Equivalently, (7 (k)) is the class of all relational struc-
tures A such that core(A) has treewidth less than k.

It should noted that 7 (k) is properly contained in
H(T (k)). Indeed, it is known that there are 2-colorable
graphs of arbitrarily large treewidth. In particular, grids are
known to have these properties (see [DF99]). Yet, these
graphs are members of (7 (2)), since their core is K.

Theorem 6.8: [DKVO02] Let k > 2 be a positive integer.

o [f B is an arbitrary, but fixed, structure, then

CSP(H(T (k)), {B}) is expressible in k-Datalog.
)

);

o CSP(H(T (k)), All) is in P. Moreover,
CSP(H(T (k)), All) can be solved in polynomial
time by determining whether, given a structure
A € H(T (k)) and an arbitrary structure B, the Spoiler
or the Duplicator wins the (3, k)-pebble on A and B.

The preceding Theorem 6.8 yields new islands of tractabil-
ity for uniform constraint satisfaction that properly subsume
the islands of tractability constituted by the classes of struc-
tures of bounded treewidth. However, this expansion of the
tractability landscape comes at a certain price. Specifically,
as seen earlier, for every fixed k > 2, there is a polynomial-
algorithm for determining membership in 7 (k) [Bod93]. In
contrast, it has been shown that, for every fixed k > 2, deter-
mining membership in H (7 (k)) is an NP-complete problem
[DKVO02]. Thus, these new islands of tractability are not as
easily accessible as the earlier ones.

Since H(T (k)) contains structures of arbitrarily large
treewidth, the bucket elimination algorithm cannot be used to
solve CSP(H(T (k)), All) in polynomial time. Thus, Theo-
rem 6.8 also shows that determining the winner of the (3, k)-
pebble is a polynomial time algorithm that applies to islands
of tractability not covered by the bucket elimination algo-
rithm.

It is now natural to ask whether there are classes A of re-
lational structures over some fixed vocabulary such that they
are larger than the classes (7 (k)) and CSP (A, All) is solv-
able in polynomial time. A rather unexpected and remarkable
new result by Grohe [Gro03] essentially shows that no such
classes exist, provided a certain complexity-theoretic hypoth-
esis is true.

Theorem 6.9: [Gro03] Assume that FPT # W1]. If A is
a recursively enumerable class of relational structures over
some fixed vocabulary such that CSP (A, All) is in P, then
there is a positive integer k such that A C H(T (k)).
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The hypothesis FPT # W[1] is a statement in parametrized
complexity that is analogous to the hypothesis P # NP, and
it is widely accepted as being true (see [DF99]). In effect,
Grohe’s Theorem 6.9 is a converse to Theorem 6.8. Together,
these two theorems yield a complete characterization of all is-
lands of tractability of the form CSP (A, All). Moreover, they
reveal that all tractable cases of the form CSP (A, All) can
be solved by the same polynomial-time algorithm, namely,
the algorithm for determining the winner in the (3, k)-pebble
game. In other words, all tractable cases of constraint sati-
faction of the form CSP (A, All) can be solved in polynomial
time using constraint propagation.
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Abstract

Web Intelligence (WI) sheds new light on direc-
tions for scientific research and development which
explores the fundamental roles as well as practi-
cal impacts of Artificial Intelligence (Al) and ad-
vanced Information Technology (IT) on the next
generation of Web-empowered products, systems,
services, and activities. This paper gives new per-
spectives on the future WI research and highlights
some of the research challenges and initiatives.

The notion of Web Intelligence (WI) was first introduced
in [10; 17; 18; 19; 21; 22]. Since then, WI has become
a fast growing research field which concerns scientific re-
search and development to explore the fundamental roles as
well as practical impacts of Artificial Intelligence (AI) and
advanced Information Technology (IT) on the next generation
of Web-empowered systems, services, and environments. WI
is aimed at producing theories and technologies that will en-
able us to optimally utilize the global connectivity, as offered
by the Web infrastructure, in life, work, and play.

1 Been There, Done That

The Web has irrevocably revolutionized the world we live in.
This impact is inevitable due to the facts that the Web con-
nectivity rapidly increases and that the online information as-
tronomically explodes. In order not only to live with such a
change but also to benefit from the information infrastructure
that the Web has empowered, we have witnessed the fast de-
velopment as well as applications of many WI techniques and
technologies, which cover:

1. Internet-level communication, infrastructure, and
security protocols. The Web is regarded as a computer-
network system. WI techniques for this level include, for
instance, Web data prefetching systems built upon Web
surfing patterns to resolve the issue of Web latency. The
intelligence of the Web prefetching comes from adaptive
learning based on observations of user surfing behavior.

2. Interface-level multimedia presentation standards.
The Web is regarded as an interface for human-Internet
interaction. WI techniques for this level are used to
develop intelligent Web interfaces in which the capa-
bilities of adaptive cross-language processing, person-
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alized multimedia representation, and multimodal data
processing are required.

3. Knowledge-level information processing and man-
agement tools. The Web is regarded as a distributed
data/knowledge base. We need to develop semantic
markup languages to represent the semantic contents of
the Web available in machine-understandable formats
for agent based computing, such as searching, aggre-
gation, classification, filtering, managing, mining, and
discovery on the Web [3].

4. Application-level ubiquitous computing and social
intelligence environments. The Web is regarded as a
basis for establishing social networks that contain com-
munities of people (or organizations or other social en-
tities) connected by social relationships, such as friend-
ship, coworking or information exchange with common
interests. They are Web-supported social networks or
virtual communities. The study of WI concerns the im-
portant issues central to social network intelligence (so-
cial intelligence for short) [7; 15]. Furthermore, the mul-
timedia contents on the Web are not only accessible from
stationary platforms, but increasingly from mobile plat-
forms [16]. Ubiquitous Web access and computing from
various wireless devices need adaptive personalization
for which WI techniques are used to construct models
of user interests by inferring from user behavior and ac-
tions [1; 4].

In spite of on-going WI technological advances, it is still
rather unclear to many what will be the next paradigm shift in
WI. In what follows, I will present new perspectives on this
question and at the same time point out some WI research
challenges.

2  What’s Next?

In the movie Star Wars: Episode II, there is an interesting
scene: When Obi Wan Kenobi failed to locate any relevant
information about a mysterious planet (where later he discov-
ered the clone manufacturing ground), he turned to his friend
for advice. His friend, who apparently knew more than the
Jedi’s academy knowledge banks combined, had the follow-
ing in reply: Other people seek knowledge, but you my friend
know wisdom.
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The reply in the above scene also provides an answer to
our earlier question. The next paradigm shift in W1 lies in the
notion of wisdom. The goal of the new generation WI is to
enable users to gain new wisdom of living, working, playing,
and learning, in addition to information search and knowledge
queries. Here, the word of wisdom, according to the Webster
Dictionary (Page: 1658) [14], implies the following mean-
ings:

1. The quality of being wise; knowledge, and the capacity
to make due use of it; knowledge of the best ends and
the best means; discernment and judgment; discretion;
sagacity; skill; dexterity.

2. The results of wise judgments; scientific or practical
truth; acquired knowledge; erudition.

In the Web context, the manifestation of wisdom can best
be illustrated with a minimalist Wisdom Web example.

3 When the Web Offers Practical Wisdom ...

Imagine that this is your first trip to the city of Montreal. You
would like to find a really nice place to spend your evening.
So, you walk into a Cyber Cafe on Sherbrook Street (the only
street that you can recognize), and decide to get some prac-
tical wisdom from a public Wisdom Web outlet. You log in
with a user name, “Spiderman”, and ask:

“What is the best night life in Montreal during this
season of the year?”

The Wisdom Web thinks for about a second or two and then
responds:

“Spiderman, the hockey games are on during this
season of the year. Would you like to go?”

You reply:
KGYeSj?
Then the Wisdom Web suggests:

“As far as I know, there are still some tickets left
and you may purchase some at the Montreal Forum.
It is easy to get there by taking Metro to the Atwater
station.”

Now you decide that this could be an interesting evening for
you...

One hour later, you arrive at the ticket office by Metro, but
surprisingly find that the tickets left are all for the day after
tomorrow when you will be traveling in Quebec City.

As you are a bit disappointed, you notice that there is a
free Wisdom Web Kiosk right beside the ticket office. Well,
that’s convenient. So, without too much hesitation, you log
on to the Wisdom Web, again as “Spiderman”. The Wisdom
Web still remembers your conversations an hour ago. As soon
as it recognizes that you are “Spiderman”, it says to you:

“Hello Spiderman, you were in such a hurry last
time that I couldn’t have a chance to tell you that
all tickets available here are only for the day after
tomorrow. They are quite expensive too...”
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4 10 Capabilities of the Wisdom Web

In order to make the above Wisdom Web scenario a reality,
the following 10 fundamental capabilities have to be incorpo-
rated and standardized:

1. Self-organizing servers: The Wisdom Web will au-
tomatically regulate the functions and cooperations of
related Websites and application services available. A
Wisdom Web server automatically self-nominates to
other services its functional roles as well as correspond-
ing spatial or temporal constraints and operational set-
tings.

2. Specialization: A Wisdom Web server is an agent by
itself, which is specialized in performing some roles in
a certain service. The association of its roles with any
service will be measured and updated dynamically, for
instance, the association may be forgotten if it is not used
for some time.

3. Growth: The population of Wisdom Agents will dy-
namically change, as new agents are self-reproduced by
their parent agents in order to become more specialized,
or aged agents are deactivated.

4. Autocatalysis: As various roles of wisdom agents are
created through specialization and activated by the Wis-
dom Search requests, their associations with some ser-
vices and among themselves must be autocatalytically
aggregated. In this respect, the autocatalysis of asso-
ciations is similar to the pheromone laying for positive
feedback in an ant colony.

5. Problem Solver Markup Language (PSML): PSML
is necessary for wisdom agents to specify their roles and
settings as well as relationships with any other services.

6. Semantics: The Wisdom Web needs to understand what
are meant by “Montreal”, “season”, “year”, and “night
life”, and what is the right judgment of “best”, by under-
standing the granularities of their corresponding subjects

and the whereabouts of their ontology definitions.

7. Metaknowledge: Besides semantic knowledge ex-
tracted and manipulated in the Wisdom Search, it is also
essential for wisdom agents to incorporate a dynamically
created source of metaknowledge that deals with the re-
lationships between concepts and the spatial or tempo-
ral constraint knowledge in planning and executing ser-
vices. It allows agents to self-resolve their conflict of
interests.

8. Planning: In the above example, the goal is to find a
function or an event that may sound attractive to a visi-
tor. The constraint is that they must be happening during
this season. There are involved two associated subgoals:
In order to have an access to the recommended function
or event, one needs a ticket. Further, in order to go to get
the ticket, one can travel by Metro. In the Wisdom Web,
ontology alone will not be sufficient.

9. Personalization: The Wisdom Web remembers the re-
cent encounters and relates different episodes together,
according to (1) “Spiderman”, (2) time, and (3) attain-
ability of (sub)goals. It may further identify other goals
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as well as courses of actions for this user as their conver-
sation goes on.

10. A sense of humor: Although the Wisdom Web does
not explicitly tell a funny story, it adds some punch lines
to the situation or anxiety that “Spiderman” is presently
in when he/she logs on for the second time, which will
make “Spiderman” feel absurd.

5 Research Challenges

In the preceding sections, I have stated the goal and vision of
the new generation WI, and what constitutes a Wisdom Web.
In this section, I will point out some WI research challenges.

5.1 Problem Solver Markup Language (PSML)

One practical Wisdom Web issue that has to be addressed
is how to integrate distributed and centralized information
sources/structures. Information/knowledge on the Web can
be either globally distributed throughout the Web or locally
hosted, centralized on an intelligent portal providing Web ser-
vices (i.e., an intelligent service provider) that is integrated to
its own cluster of specialized intelligent applications. How-
ever, each approach has a serious flaw. As pointed out by
Alesso and Smith [1], the intelligent portal approach limits
uniformity and access, while the global semantic Web ap-
proach faces combinatory complexity limitations.

A way to solve the above issue is to develop and use
the Problem Solver Markup Language (PSML) for collect-
ing globally distributed contents and knowledge from Web-
supported, semantic social networks and incorporating them
with locally operational knowledge/databases in an enterprise
or community for locally centralized, adaptable Web intelli-
gent services.

The core of PSML is based on distributed inference en-
gines that can perform automatic reasoning on the Web by in-
corporating contents and metaknowledge, autonomically col-
lected and transformed from the semantic Web, with locally
operational knowledge/databases. A feasible way to work
with PSML is to use existing (Prolog-like) logic languages,
together with dynamic contents and metaknowledge collec-
tion and transformation agents.

By using this information transformation approach, the dy-
namic, global information sources on the Web can be com-
bined with the local information sources in an enterprise por-
tal for decision making and business intelligence.

Ohsuga et al. previously used KAUS for representing local
information sources and for performing inferences and rea-
soning. KAUS is a knowledge based system that involves
Multi-Layer Logic and databases based on the relational data
model [13]. KAUS enables the representations of knowledge
and data in the first order logic form with multi-layer data
structures. It can readily be used for inferences and reason-
ing as well as for transforming and managing both knowledge
and data.

5.2 Automatic Ontology Construction

Ontology is the basis for designing and implementing the Se-
mantic Web for Web intelligence. It plays a crucial role in
enabling Web based knowledge processing and management,
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such as Web community communication, semantics based
agent communication, knowledge based Web retrieval, Web
content understanding, and Web community discovery.
Although ontology engineering has been studied over the
last decade, there is still a demand for more automatic
methods in comprehensive ontology construction and learn-
ing [20]. The tedious, cumbersome task of existing manual
ontology construction can easily become a bottleneck in the
development of semantics based Web intelligence.

5.3 Wisdom Web Based Computing Paradigm

The paradigm of Wisdom Web based computing is aimed at
providing not only a medium for seamless information ex-
change and knowledge sharing but also a type of man-made
resources for sustainable knowledge creation, and scien-
tific and social evolution. The Wisdom Web will reply on
grid-like service agencies that self-organize, learn, and evolve
their courses of actions in order to perform service tasks as
well as their identities and interrelationships in communities.
They will also cooperate and compete among themselves in
order to optimize their as well as others resources and utili-
ties.

Self-organizing, learning agents are computational entities
that are capable of self-improving their performance in dy-
namically changing and unpredictable task environments. In
[8], Liu has provided a comprehensive overview of several
studies in the field of autonomy oriented computing, with
in-depth discussions on self-organizing and adaptive tech-
niques for developing various embodiments of agent based
systems, such as autonomous robots, collective vision and
motion, autonomous animation, and search and segmentation
agents. The core of those techniques is the notion of synthetic
or emergent autonomy based on behavioral self-organization.

5.4 A New Turing Test

In order to effectively develop the new generation WI sys-
tems, we need to define benchmark applications, i.e., a new
Turing Test, that will capture and demonstrate the Wisdom
Web capabilities.

Take the Wisdom Web based computing benchmark as an
example. We can use a service task of compiling and generat-
ing a market report on an existing product or a potential mar-
ket report on a new product. In order to get such service jobs
done, an information agent on the Wisdom Web will mine
and integrate available Web information, which will in turn
be passed onto a market analysis agent. Market analysis will
involve the quantitative simulations of customer behavior in a
marketplace, instantaneously handled by other serviced agen-
cies, involving a large number of grid agents [2]. Since the
number of variables concerned may be in the order of hun-
dreds or thousands, it can easily cost a single system years to
generate one predication.

6 Recent Initiatives

In this section, I will describe two recent WI research ini-
tiatives: (1) information foraging agents and (2) ubiquitous
agent communities.
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6.1 Information Foraging Agents

One of the important roles of wisdom agents is concerned
with searching and filtering information from distributed Web
sources. In this respect, understanding and developing the
right information foraging behaviors for wisdom agents will
become a real challenge. In order to tackle this challenge, the
first step is to have a clear picture of how humans search in-
formation, what kind of human behavior dominates, and what
is the origin of Web usage regularities. There have been few
efforts on describing various aspects of human Web surfing
regularities [5; 6]. However, the origin and interrelated vari-
ables of the regularities still remain unknown.

Liu and Zhang have developed a model for information for-
aging agents on the Web [11]. The foraging agent model
takes into account Web topology, information distribution,
and agent interest profile. They have validated this model
using empirical Web log datasets, and used it to explain the
origin of regularities in Web surfing. In particular, they have
discovered that it is the unique distribution of agent interest
that leads to the regularities in agent surfing behavior, i.e.,
a power law distribution of agent surfing depth. The Web
topology can only influence the shape parameters of the dis-
tribution without changing the nature of the distribution. Also
discovered is that the power law of link click frequency is
largely due to agent purposeful surfing behavior. This work
shows that Web regularities are interrelated.

Also in their studies, they have studied three categories of
foraging agents, according to their interests and familiarities
with the Web: Random agents who have no obvious inten-
tion in Web surfing, rational agents who have certain goals
to achieve but are not familiar with the Web structure, and
recurrent agents who have certain specific intents and are
very familiar with the Web structure. The ability to predict
the contents at the next level nodes becomes stronger when
moving from random to recurrent agents. Experimental re-
sults with respect to the three agent categories have unveiled
that the regularities of agent surfing depth on pages and do-
mains still remain the same, while a power law of link click
frequency distribution will disappear as we move from recur-
rent agents to random agents. This result shows that the order
existing in link click frequency comes from agent’s content
prediction ability, that is whether or not an agent can deter-
mine the next step according to its own interest and current
information.

6.2 Ubiquitous Agent Communities

One of the key features in wisdom agents is ubiquity. Ubiq-
uitous agents are autonomous entities that automatically ex-
plore and exploit WI-based Web services. There have been
some earlier work performed in the domains of e-business
and e-commerce. Related issues and applications in which
various tasks and objectives were achieved can be found in
[91.

In this area of research, a reasonable challenge to begin
with would be to develop and demonstrate a Ubiquitous
Agent Community (UAC), i.e., an intelligent infrastructure
that enables agents to look ahead, plan, and deliver what a
user wants [12]. It works like a personal agency. For in-
stance, it can help a user to effectively manage tedious daily
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routine activities, such as processing emails, placing orders,
making meeting arrangements, downloading news, etc.

A UAC can interact with its users in various ways. For
instance, as a person uses a smart handheld device to enter a
subway station on his/her way to work, a UAC can seamlessly
upload a list of things to be done to the person’s handheld
device. Along with each of the things listed, the informa-
tion provided by the UAC can also include its corresponding
tasks necessary to be carried out. Thus, inside the moving
subway train, he/she will be able to go through each of the
recommended task items and to further verify and delegate
certain jobs to a community agent (c-agent) in the UAC, such
as forwarding a report or making a meeting appointment. In
addition to planning and executing the items on a calendar,
the user can also receive other personalized services based on
his/her profile, which may include sports news, urgent emails,
and specific documents prepared for the day’s meetings.

Figure 1 gives an illustrative example of personal services
that can be provided by a community of competing and coop-
erating agents, i.e., a Ubiquitous Agent Community (UAC).

A UAC contains two types of agents: community agents
(c-agents) and service agents (s-agents). The former makes
task plans as well as contracting decisions on what and where
some tasks will be carried out, whereas the latter performs
the delegated tasks. In the illustrative example of Figure 1,
suppose a user writes a few words on his/her PDA regarding
what he/she plans to do. A c-agent in the distributed UAC
will recognize the intention of the user and find similar ser-
vice cases from its case base. Thereafter, it will perform task
planning based on the similarity between the task at hand and
the previous tasks. Once the c-agent completes its task plan-
ning, a cluster of s-agents will be called upon to distribute and
carry out the planned subtasks.

In the UAC, s-agents will not act alone, but work coordi-
nately, in order to accomplish their subtasks. Coordination is
one of the most important characteristics of UAC agents. The
coordination of UAC agents is essentially the coordination of
their ubiquitous service actions.

Take a buyer-seller market community as an example. The
goal of each agent is to maximize its own interest; agents are
antagonistic in a certain sense. At the same time, the market
exists on the basis of buyer-seller competitions. In this case,
the coordination of the market agents is reflected in their com-
petitions for the best prices.

Generally speaking, the coordination of UAC agents in-
volves both competition and cooperation. UAC agents han-
dle their services in two main stages: task allocation and task
execution. As mentioned above, a service task often consists
of several subtasks. Each of the subtasks will be allocated to
a specific s-agent. Thus, as far as the task allocation is con-
cerned, various s-agents will compete among themselves in
order to get a subtask assignment. In this case, coordination
manifests itself as competition. On the other hand, during the
course of task execution, an s-agent will require assistance
from other s-agents in order to effectively fulfill the task at
hand. Thus, coordination also manifests itself as cooperation,
as s-agents exchange information and services among each
other. In many ways, the technical issues of implementing
UAC can be reduced to those of implementing coordination
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Figure 1: A scenario of services being provided by a community of competing and cooperating ubiquitious agents. The community is called

a Ubiquitous Agent Community (UAC).

among ubiquitous agents.

7 Conclusions

I have started this paper by giving perspectives on the new
generation WI. The Web, as an information infrastructure,
will remain to create a strong impact in the future by offering
world-wide presence and connectivity. The major challenge
of the Web research and development in the next decade will
be WI-centric, focusing on how we can intelligently make the
best use of the widely available Web connectivity. The new
WI technologies to be developed will be precisely determined
by human needs in a post-industrial era; namely:

1. information empowerment;

2. knowledge sharing;

3. virtual social clustering;

4. service enrichment;

5. practical wisdom development.

The next paradigm shift in WI will be towards the notion of
wisdom. Developing the Wisdom Web will become a tangi-
ble goal for WI research. The new generation WI will enable
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humans to gain wisdom of living, working, playing, in addi-
tion to information search and knowledge queries.

I believe that our current efforts will pave the way toward
the next biggest technological invention of this century, the
Wisdom Web, whose significance and impact will be equiva-
lent to, or even far beyond, those of Alexander Graham Bell’s
invention of the telephone in 1876.

The Web Intelligence Consortium (WIC)

To meet the strong demands for participation and the growing
interests in WI, the Web Intelligence Consortium (WIC) was
formed in spring 2002. The WIC (http://wi-consortium.org/)
is an international non-profit organization dedicated to pro-
moting world-wide scientific research and industrial devel-
opment in the era of Web and agent intelligence. Its activi-
ties include collaborations with WI research centers through-
out the world and organization/individual members, technol-
ogy showcases at [IEEE/WIC conferences and workshops, and
WIC publications.

In addition to various special issues on WI published
by several international journals, including IEEE Com-
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puter, a WI-focused scientific journal, Web Intelligence
and Agent Systems: An International Journal (http://wi-
consortium.org/journal.html), has been successfully launched
as the official journal of the WIC.
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Abstract

We wish to create versatile robots by using self-
reconfiguration: hundreds of small modules au-
tonomously organize and reorganize as geometric
structures to best fit the terrain on which the robot
has to move, the shape of the object the robot has
to manipulate, or the sensing needs for the given
task. Self-reconfiguration allows large collections
of small robots to actively organize as the most op-
timal geometric structure to perform useful coordi-
nated work.

A self-reconfiguring robot consists of a set of
identical modules that can dynamically and au-
tonomously reconfigure in a variety of shapes, to
best fit the terrain, environment, and task. Self-
reconfiguration leads to versatile robots that can
support multiple modalities of locomotion and ma-
nipulation.  Self-reconfiguring robots constitute
large scale distributed systems. Because the mod-
ules change their location continuously they also
constitute ad-hoc networks.

This talk will discuss the challenges and successes
of creating self-reconfiguring robots, ranging from
designing hardware capable of self-reconfiguration
to developing distributed controllers and planners
for such systems that are scalable, adaptive, and
support real-time behavior.
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Abstract

Automated verification is one of the most success-
ful applications of automated reasoning in com-
puter science. In automated verification one uses
algorithmic techniques to establish the correctness
of the design with respect to a given property. Au-
tomated verification is based on a small number of
key algorithmic ideas, tying together graph theory,
automata theory, and logic. In this self-contained
talk | will describe how this "holy trinity” gave rise

to automated-verification tools, and mention some

~vardi

formal-verification tools, based amodel-checking technol-
ogy [Clarke et al, 1986; Lichtenstein and Pnueli, 1985;
Queille and Sifakis, 1981; Vardi and Wolper, 198@ve en-
joyed a substantial and growing use over the last few years,
showing an ability to discover subtle flaws that result from ex-
tremely improbable evenf€larkeet al, 1999. While until
recently these tools were viewed as of academic interest only,
they are now routinely used in industrial applications, result-
ing in decreased time to market and increased product in-
tegrity [Kurshan, 199¥. It is fair to say that automated verifi-
cation is one of the most successful applications of automated
reasoning in computer scienp@larke and Wing, 1996

applications to planning.
2 Basic Theory

The first step in formal verification is to come up witHca-

1 Introduction
Th hi q ity h mal specificatiorof the design, consisting of a description of
e recent growth in computer power and connectivity Nagy,o qesired behavior. One of the more widely used specifica-

changed the face of science and engineering, and is chan%n languages for designs ismporal logic[Pnueli, 1977.

ing the way business is being conducted. This revolution i§y jinear temporal logics, time is treated as if each moment
driven by the unrelenting advances in semiconductor man

. . system. (An alternative approach is to umanchingtime.
semiconductor manufacturing. As a result, they are unable tor a discussion of linear vs branching time, $eardi

exploit the enormous capacity that this technology provideszooﬂ )
The International Technology Roadmap for Semiconductors | !

suggests that the semiconductor industry will require producfrom a set Prop of atomic propositions using the usual

tivity.gains greater.than the historical 20% per-year to !‘eeqsoolean connectives as well as the unary temporal connec-
up with the increasing complexity of semiconductor designsy; " v (“next’), F (“eventually”), G (“always”), and the bi-

ghls is referred to as theI de_flgn productlwt_y ctr|3|_st. g\s nary temporal connective (“until”). For example, the LTL
esigns grow more compliex, It becomes €asier 10 INroAUCH, 3 (request — F grant), which refers to the atomic

flaws into the design. Thus, designers use various ValidatioBrOpositionSrequest and grant, is true in a computation pre-

techniques to verify the correctness of the design. Unfortubi ely when every state in the computation in whiehuest

nately, these techniques themselves grow more expensive aj) s i followed by some state in the future in whiglant
difficult with design complexity. As the valldaplon Process oids. The LTL formulaG(request — (request U grant)) is
has begun to consume more than half the project design r¢z,6 i 5 computation precisely if, wheneveguest holds in

sources, the semiconductor industry has begun to refer to th!asstate of the computation, it holds until a state in whigt
problem as the “validation crisis”. holds is reached '

Formal verificationis a process in which mathematical | 1| is interpreted ovecomputationswhich can be viewed

techniques are used to guarantee the correctness of a des jnfinite sequences of truth assignments to the atomic
sign with respect to some specified behavior. Automate ropositions; i.e., a computation is a functian: IN —

*Supported in part by NSF grants CCR-9988322, CCR-01240772" "7 that assigns truth values to the elementsPobp at
11S-9908435, 11S-9978135, and EIA-0086264, by BSF grantéach time instant (natural number). For a computati@md
9800096, and by a grant from the Intel Corporation. a pointi € IN, the notationr, i |= ¢ indicates that a formula

n the linear temporal logic LTL, formulas are constructed
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¢ holds at the point of the computationr. For example, an automata-theoretic problem as folloWardi and Wolper,
mi = Xeiff mi+ 1 ¢, and andr,i = U iff for 1984d. Suppose that we are given a systéiand an LTL
somej > i, we haver,j = ¢ and forallk,i: < k < j, we  formulay. We check whetheE (M) C modelgy) as fol-
haver, k |= ¢. We say thair satisfiesa formulap, denoted  lows: (1) construct the automatofi,, that corresponds to
7 = @, iff 7,0 = ¢. The connectiveg’ andG can be defined the negationof the formulay, (2) take thecross producof
in terms of the connectivE: F'y is defined asrue Uy, and  the systemV/ and the automatoA -, to obtain an automaton
Gy is defined as-F—. Anr,p, suchthatl (A, ) = L(M)NL(A-,), and (3) check

Designs can be described in a variety of formal descriptiorwhether the languagé(A,, ) is nonempty, i.e., whether
formalisms. Regardless of the formalism usefinde-state Az, acceptsomeinput.

designcan be abstractly viewed aslaeled transition sys- Theorem 2 Let M be a labeled transition system agdbe

tem i.e., as a structure of the ford/ = (W, Wo,R,V),  an LTL formula. Therl satisfies iff L(Ax,) = 0.
whereW is the finite set of states that the system can be in ’

W, C W is the set of initial states of the syste®,C W2 is if L(AM_,@) is empty, then the design is correct. Otherwise,
a transition relation that indicates the allowable state transith® design is incorrect and the word acceptedZigyl ;)

tions of the system, and : W — 2F7°P assigns truth values i

is an incorrect computation. Model-checking tools use algo-
to the atomic propositions in each state of the system. (A lalithms for checking emptiness ofthi automatdEmerson
beled transition system is essentially a Kripke structure.) A

and Lei, 1985; Courcoubetet al., 1997 to check emptiness
pathin M thatstarts atu is a possible infinite behavior of the Of L(A1r,,). In case of nonemptiness, the incorrect computa-
system starting at, i.e., itis an infinite sequenasy, u; . . . of tion is presented to the user as a finite trace, possibly followed
states iV such thatuy = u, andu; R u;,, foralli > 0.The by a cycle. Thus, once the automatén,, is constructed, the
sequencd” (ug), V(ui). .. i’s acor;putalltiomf M thatstarts  verification task is reduced to automata-theoretic problems,
at u. It is the sequence of truth assignments visited by thé'@Mely, intersecting automata and testing emptiness of au-
path, Thdanguageof M, denoted. (M) consists of all com- ~ tomata, which have highly efficient solutiofardi, 1994.
putations of\/ that start at a state it Note thatL (M) can Furthermore, using data structures that enable compact repre-
be viewed as a language of infinite words over the alphab entation of very large state space makes it possible to verify
2Pror (M) can be viewed as an abstract description of a1€Signs of significant complexifBurchet al, 1993.
system, describing all possible “traces”. We say thasatis- The linear-time framework is not limited to using LTL as
fiesan LTL formulay if all computations inZ (M) satisfyy, & specification language. ForSpec is a recent extension of
that is, if L(M) C modelgp). WhenM satisfiesy we also LTL, designed to address the need of the semiconductor in-

say thatM is a model ofy, which explain why the technique duUSty [Armoni et al, 2003. There are those who prefer
is known asnodel checkingClarkeet al, 1999. to use automata on infinite words as a specification formal-

One of the major approaches to automated verificatiofs™ [Vardi and Wolper, 1994 in fact, this is the approach of
is the automata-theoretic approagtwhich underlies many COSPANIKurshan, 1994 In this approach, we are given a
model checkers, e.g., SPIMolzmann, 1997 The key idea J€Sign represented as a finite transition systérand a prop-
underlying the automata-theoretic approach is that, given a@)rty_rrhep(rjesente_d by aLBh.'f (?Ir a related_vananjt\)/[automaton
LTL formula ¢, it is possible to construct a finite-state au- * - gbif'gn 'SLC(J)\Zre‘ét ILaP CO_I[?]PUtat'OHSBr@] ) a:le gch
tomatonA,, on infinite words that accepts precisely all com- ::epte WP, i.e., L(M) C L( )h T IS approac hls called the
putations that satisfy. The type of finite automata on infinite 'anguage-containmerpproach. To verif}/ with respect to
words we consider is the one defined biyoRi 1962. ABichi L We: (1) construct the automata? thatcomplements,
automatoris a tupleA = (%, S, So, p, F), wheres: is a finite (2 takg the product of the systeid and the automato#®
alphabet,S is a finite set of statesS, C S is a set of initial  (© OPtain an automatar,y, p, and (3) check that the automa-
statesp : S x ¥ — 29 is a nondeterministic transition func- ton Ay, p is nonempty. As before, the design is correct iff

tion, andF C S is a set of accepting states.ran of A over ~ “M.P iS émpty. Thus, the verification task is again reduced to
an iﬁfinite wordw — ayas - - -, iS @ SEqUENCeys; - - -, where automata-theoretic problems, namely intersecting and com-

so € So ands; € p(si_1,a;) foralli > 1. Arun so, 1, ... plementing automata and testing emptiness of automata.

is acceptingif there is some accepting state that repeats in- .

finitely often, i.e., for some € F there are infinitely many 3 Concluding Remarks

i's such thats; = s. The infinite wordw is acceptedoy A Over the last few years, automated formal verification tools,

if there is an accepting run ol overw. Thelanguageof  such as model checkers, have shown their ability to provide
infinite words accepted byl is denoted.(A). The following  a thorough analysis of reasonably complex desigbser-

fact establishes the correspondence between LTL amthiB  ing, 1997. Companies such as AT&T, Cadence, Fujitsu, HP,

automatdVardi and Wolper, 199¥(for a tutorial introduction  1BM, Intel, Motorola, NEC, SGI, Siemens, and Sun are using

for this correspondence, sBéardi, 1994): model checkers increasingly on their own designs to reduce

Theorem 1 Given an LTL formulap, one can build a Behi time to market and ensure product quality, ¢Beeret al,,

automatonA, = (5,5, S, p,, F), whereS = 2P7o» and ~ 1994. o '
gl < 20(|9"‘)¢sucr$ tr;at’L Zp’ Es (gxactl the set of computa. 1 Ere has recently also been an fruitful interaction between
lic)'ngsaﬁsfyi}]g the forml(“@“") y P model checking and planning in Al. On one hand, the usage

of satisfiability technology to solve planning problefKautz
This correspondence reduces the verification problem tand Selman, 1992has been adopted into model checking

1604 INVITED SPEAKERS



[Biere et al, 1999; Coptyet al, 2001. At the same time,

Transactions on Programming Languages and Systems

symbolic techniques from model checking have been adopted 8(2):244—-263, January 1986.

into Al planning[Cimatti and Roveri, 20J0 Finally, tempo-
ral logic and the automata-theoretic perspective has shown
be useful for planning with temporally extended gd@ac-

chus and Kabanza, 1998; 2000; Giacomo and Vardi, 1999Coptyet al, 2001 F.

Calvaneset al., 2004.
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Automated Reasoning: Past Story and New Trends*

Andrei Voronkov
The University of Manchester

Abstract

We overview the development of first-order auto-
mated reasoning systems starting from their early
years. Based on the analysis of current and poten-
tial applications of such systems, we also try to pre-
dict new trends in first-order automated reasoning.
Our presentation will be centered around two main
motives: efficiency and usefulness for existing and
future potential applications.

This paper expresses the views of the author on past,
present, and future of theorem proving in first-order logic
gained during ten years of working on the development, im-
plementation, and applications of the theorem prover Vam-
pire, see [Riazanov and Voronkov, 2002a]. It reflects our re-
cent experience with applications of Vampire in verification,
proof assistants, theorem proving, and semantic Web, as well
as the analysis of future potential applications.

1 Theorem Proving in First-Order Logic

The idea of automatic theorem proving has a long history both
in mathematics and computer science. For a long time, it was
believed by many that hard theorems in mathematics can be
proved in a completely automatic way, using the ability of
computers to perform fast combinatorial calculations. The
very first experiments in automated theorem proving have
shown that the purely combinatorial methods of proving first-
order theorems are too week even for proving theorems re-
garded as relatively easy by mathematicians.

Provability in first-order logic is a very hard combinato-
rial problem. First-order logic is undecidable, which means
that there is no terminating procedure checking provability of
formulas. There are decidable classes of first-order formulas
but formulas of these classes do not often arise in applica-
tions. Due to undecidability, very short formulas may turn out
to be extremely complex, while very long ones rather easy.
Sometimes first-order provers find proofs consisting of sev-
eral thousand steps in a few seconds, but sometimes it takes
hours to find a ten-step proof. The theory of first-order rea-
soning is centered around the completeness theorems while in
practice completeness is often not an issue due to the intrinsic

*Partially supported by a grant from EPSRC.

INVITED SPEAKERS

complexity of first-order reasoning and is often compromised
in favor of a faster inference mechanism.

However, despite the complexity of theorem proving in
first-order logic, an impressive progress in the area has been
achieved in recent years. This progress is due to several fac-
tors: development of theory, implementation techniques, and
experience with applications. Modern theorem provers are
very powerful programs able to find in a few seconds very
complex combinatorial proofs which would require several
man-month to be solved by mathematicians. Many ideas de-
veloped in theoretical papers in this area are on their way
to implementation. There is extensive research on aspects
of theorem proving vital for applications, such as proof-
checking and interfacing with proof assistants. The next gen-
eration of theorem provers will incorporate some of these
ideas and become even more powerful tools increasingly used
for applications which are currently beyond their reach.

The aim of this paper is to give a brief overview of first-
order provers and point out new trends in theorem proving
which are likely to be implemented in theorem provers of the
next generation.

Currently, theorem provers are used in the following way.
The user specifies a problem by giving a set of axioms (a set
of first order formulas or clauses) and a conjecture (again, a
first-order formula or a set of clauses). If the input is given
by first-order formulas, the prover should check whether the
conjecture logically follows from the axioms. If the input is
given by a set of clauses, the prover should check whether the
set of clauses is inconsistent. In either case, for many appli-
cations it is desirable that the prover output a proof, if the log-
ical consequence or inconsistency has been established. The
proofs should either be human-readable (for example, when
the provers are used for proving theorems in mathematics),
or machine-checkable (for example, when provers are used
as subsystems of proof assistants or verification systems).

2 Applications

The main application area of theorem provers has been, and
continues to be, verification of software and hardware. Full
applications of this kind usually cannot be directly repre-
sented in the first-order form, so provers are normally used
to prove subgoals generated by other systems, for example
VHDL-to-first-order transformation systems or proof assis-
tants based on higher-order logic or type theories. There are
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too many papers on this subject to be mentioned here. Finite-
state model checkers and interactive proof assistants are cur-
rently prevailing in verification, but with the growing com-
plexity of hardware first-order logic and its extensions are
likely to play an increasingly important role.

Theorem proving in mathematics has been the first appli-
cation area for theorem provers. Provers are not very good at
working in structured mathematical theories but they are very
efficient in fields of mathematics where combinatorial rea-
soning is required, for example, in algebra. Applications of
provers in algebra are numerous. The monograph [McCune
and Padmanabhan, 1996] gives an example of how algebra
can be developed with the help of a theorem prover.

Symbolic computation and computer algebra systems need
help from theorem provers, for example, when side condi-
tions for applying a simplification rule have to be checked.
However, these systems are already very complex and either
do not use provers at all or use very primitive ones. Inter-
facing theorem provers and symbolic computation systems is
becoming an important application of theorem provers.

Knowledge bases play a significant role in the semantic
web project. Some of these knowledge bases use first-order
logic or its simple extensions, see, for example, [[EEE SUO-
KIF project, 2002].

Teaching logic and mathematics is an area where first-
order provers can serve as valuable tools. The first experi-
ments in teaching mathematics using first-order provers are
reported in [McMath ef al., 2001].

Other application of first-order provers include retrieval of
software components [Schumann and Fischer, 1997], reason-
ing in non-classical logics (e.g., [de Nivelle et al., 2000]), and
program synthesis [Stickel er al., 1994]. First-order theorem
provers are in practice used much more than it is reported in
the literature, since many companies and organizations do not
disclose proprietary use of provers.

3 Modern Theorem Provers

The main currently supported systems are given in Figure 1.
Among these systems, Setheo is based on model elimination,
while other provers are based on resolution. In the rest of this
paper we will overview resolution theorem provers only.

In the early papers, e.g., [Robinson, 1965; Robinson and
Wos, 1969] resolution is defined as a logical system consist-
ing of several inference rules operating on clauses, for exam-
ple, resolution and paramodulation:

AVC —A'VD s=tvC L[sIVD
(CV D)mgu(A, A" (C'V L[t] V D)mgu(s, s")

where mgu denotes the most general unifier. Since these rules
are local, i.e., their applicability is identified only by a small
number of clauses and the result of a rule application does not
change the previously generated clauses, resolution is imple-
mented using saturation algorithms.

These algorithms operate on a set of clauses .S, initially the
set of input clauses. Roughly speaking, they are based on the
following loop.

’

1. Apply inferences to clauses in .S, adding to S the con-
clusions of these inferences.
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2. If the empty clause O is proved, terminate with success.
If no inference rule is applicable, terminate with failure.

The set S is the current search space. However, a simple
implementation of this loop would hardly solve even some of
the problems considered trivial by modern theorem provers
due to the fast growth of the search space. Already in the first
paper on resolution [Robinson, 1965] it was noted that some
clauses can be removed from the search space without losing
completeness.

More precisely, it has been observed that clauses sub-
sumed by other clauses can be removed from the search space
without losing completeness and thus regarded as redundant.
Later, several other notions of redundancy were discovered.
For example, [Brand, 1975] proved that the function reflexiv-
ity inferences and paramodulation into a variable are redun-
dant. Modern theorem provers use many redundancy criteria
to prune the search space. These criteria can be divided in
two categories: redundant inferences and redundant clauses.
Many useful notions of redundancy are based on simplifica-
tion orders introduced in [Knuth and Bendix, 1970]. These
orders are orders > on terms which can be extended to literals
and clauses. An example of an inference which is redundant
due to the orderings restrictions is a paramodulation inference

s=tvC L[s]vD
(CV L[t]v D)

for which t§ > sf. In the 1970s-1980s many notions of
redundant inferences and clauses were investigated. In the
1990s a general theory of redundancies was described in
[Bachmair and Ganzinger, 1994a]. Nearly all state-of-the-art
resolution theorem provers are based on this theory. Reso-
Iution with redundancy is based on the following saturation
algorithm.

1. Apply all non-redundant inferences to clauses in S,
adding to S those conclusions of these inferences that
are non-redundant.

2. If the empty clause O is proved, terminate with success.
If no inference rule is applicable, terminate with failure.

3. Remove all clauses that become redundant due to the
addition of these conclusions of inferences.

In addition to standard inference rules, these algorithms also
operate with simplifications. An inference is called a simpli-
fication if it makes at least one clause in S redundant. Many
modern provers implement an eager search for simplifying
inferences, while ordinary generating inferences are applied
lazily.

In modern provers inference selection is performed via
clause selection. For this reason saturation algorithms im-
plemented in such provers are called the given clause algo-
rithms. There are two main concretisations of the saturation
algorithm based on the clause selection: the Otter algorithm
[Lusk, 1992; McCune, 1994] and the Discount algorithm
[Denzinger et al., 1997]. These algorithms are described and
analyzed in more detail in [Riazanov and Voronkov, 2002b].
The simple description of these algorithms given above may
create an illusion of their simplicity, but in fact, some of these
algorithms are extremely complex, and problems related to
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prover | affiliation | references
General-purpose provers

Otter Argonne National Laboratory [McCune, 1994]

Setheo Munich University of Technology | [Moser et al., 19971

Spass Max-Planck Institute [Weidenbach et al., 1996]

Vampire | University of Manchester [Riazanov and Voronkov, 2002a]

Gandalf | Tallinn University of Technology | [Tammet, 1997]

SCOTT | Australian National University [Slaney et al., 1994]

E Munich University of Technology | [Schulz, 2001]

Snark SRI [Stickel et al., 2001]

Bliksem | Max-Planck Institute [de Nivelle, 2000]

Figure 1: First-order theorem provers

input clauses current

1 S
E N
—»[ passive >|generating inf.
b 4
5
8 [(backward simpl forward simpl. = new )
‘\
; 7\\ 6 7
(_retained )

Figure 2: A Given Clause Algorithm of Vampire

the memory management for these algorithms have not been
properly solved. For example, one of the given clause algo-
rithms of Vampire is schematically shown in Figure 2 (taken
from [Riazanov and Voronkov, 2002a])).

Even proof-search in inference systems with redundancy
creates enormously large such spaces. For example, storing
108 clauses is not unusual. Of these clauses 10° can par-
ticipate in inferences. Some operations on clauses are very
expensive if implemented naively. For example, subsumption
on multi-literal clauses is NP-complete and must ideally be
performed between each pair of clauses in the search space.
It is difficult to imagine an implementation able to perform
10*2 operations in reasonable time.

In the state-of-the-art theorem provers all expensive op-
erations are implemented using term indexing [Graf, 1996;
Sekar et al., 2001]. The problem of term indexing can be
formulated abstractly as follows. Given a set L of indexed
terms or clauses, a binary relation R over terms or clauses
(called the retrieval condition) and a term or clause ¢ (called
the query term or clause), identify the subset M of L that con-
sists of the terms or clauses [ such that R(I, ¢) holds. A typical
retrieval condition used in theorem proving is subsumption:
retrieve all clauses in L subsumed by ¢. In order to support
rapid retrieval of candidate clauses, we need to process the in-
dexed set into a data structure called the index. Modern the-
orem provers maintain several indexes to support expensive
operations. For example, Vampire [Riazanov and Voronkov,
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2002al uses flatterms in constant memory for storing tempo-
rary clauses, code trees [Voronkov, 1995] for forward sub-
sumption, code trees with precompiled ordering constraints
for forward simplification by unit equalities, perfectly shared
terms for storing clauses, shared terms with renaming lists
for backward simplification by unit equalities, path index with
compiled database joins for backward subsumption and some
other indexes.

Serious work with theorem provers requires extensive ex-
periments. Every simple modification to a prover should be
tested both for bugs and for efficiency. A typical experiment
with Vampire consists of running it for several hours on over
5,000 TPTP problems in a number of modes on a network of
around 50 computers. Such experiments require good infras-
tructure, both software and hardware, to facilitate debugging
and evaluation, so Vampire is augmented by a number of pro-
grams intended for performing large-scale experiments. The
necessity of having such programs and interfacing them with
Vampire adds to the complexity of the system.

4 History of Development

Since the early work on automated theorem proving, the area
witnessed an impressive progress. This progress is due to
several factors described below:

1. Development of theory, both of the saturation-based
theorem proving with redundancy, see [Bachmair and
Ganzinger, 2001; Nieuwenhuis and Rubio, 2001], and
of the tableau and model elimination proof-search, see
[Héahnle, 2001; Letz and Stenz, 2001; Degtyarev and
Voronkov, 2001].

2. Development of implementation techniques (term index-
ing, new algorithms) [Graf, 1996; Sekar et al., 2001;
Nieuwenhuis et al., 2001].

3. Growing experience, including experiments with appli-
cations, the development of TPTP [Sutcliffe and Suttner,
19981, and the annual competitions of theorem provers
CASC [Sutcliffe et al., 2002].

Even a naively implemented theorem prover may be powerful
enough to solve many problems collected in the TPTP library
or created automatically by proof assistants. However, there
have been a considerable progress in solving difficult prob-
lems. Every ten years enhancements in the theory and im-
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plementation techniques resulted in a large number problems
which could be solved several orders of magnitude faster than
by the previous generations of theorem provers. Provers im-
plemented around 1970 were very inefficient, especially for
equality reasoning. In 1980 the paramodulation rule has been
generally adopted and the general architecture of saturation-
based provers understood. By 1990 provers started to use
routinely simplification orderings and term indexing. The
provers used in 2000 employ the general theory of resolution
with redundancy, and in particular literal selection functions.
The provers of 2010 are likely to benefit from a better clause
selection, built-in theories, and maybe from parallel or con-
current architectures.

5 Future Generation Theorem Provers

Theorem proving is a very hard problem. The next gener-
ation of theorem provers will incorporate new theory, data
structures, algorithms, and implementation techniques. Their
development will be driven by the quest for flexibility and ef-
ficiency. Flexibility is required to adapt provers to new appli-
cations. Efficiency can be reformulated as controlling redun-
dancy in large search spaces [Lusk, 1992].

It is unreasonable to expect future theorem provers to be
much faster on all possible problems. However, if we can
increase performance of provers by several orders of magni-
tude for a large number of problems coming from applica-
tions, many of these problems will be routinely solved, thus
saving time for application developers. The development of
next generation provers will require:

1. development of new theory;

2. addition of new features;

3. development of new algorithms and data structures,
4

. understanding how the theory developed so far can be
efficiently implemented on top of the existing architec-
tures of theorem provers;

This development is impossible without considerable imple-
mentation efforts and extensive experiments.

There is a large number of research areas to be pursued in
automated reasoning in the near future, let me mention some
of them.

Built-in theories. Already in the case of equality the naive
addition of equality axioms is too inefficient for solving even
very simple problems. Development of superposition-based
equality reasoning resulted in an impressive improvement of
theorem provers. There are important theories other than
equality which arise in many applications. Development of
specialized reasoning methods for these theories will be a
central problem in theorem proving. This problem is dif-
ferent from the problem of designing decision procedures
for theories such as Presburger arithmetic because relations
and functions used in these theories could be used together
with other relations and functions and arbitrary quantifiers.
Procedures for the combination of decision and unification
algorithms can be of some help [Nelson and Oppen, 1979;
Shostak, 1984; Baader and Schulz, 1996; Ruefl and Shankar,
2001].
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The following built-in theories arise in many application
and are likely to attract attention in automated reasoning.

e AC (the theory of associative and commutative func-
tions). These axioms occur in axiomatizations very of-
ten. There are many results related to building-in AC
in theorem provers but implementation techniques, in-
cluding term indexing modulo AC, are still in their in-
fancy. Associativity and commutativity were built in the
EQP theorem prover [McCune, 1997] with a consider-
able success but essentially without term indexing. Term
indexing modulo AC was considered in [Bachmair et al.,
1993] but only for a very special case.

e Theories of transitive relations and orders [Bachmair
and Ganzinger, 1994b].

e Various first-order theories of arithmetic.

e Term algebras and other constructor-based structures.

As a first step toward building-in important theories one
can consider creation of libraries of axioms/theorems about
commonly used data types. An example of such a project
is the Standard Upper Ontology [IEEE SUO-KIF project,
2002]. One can also enhance theorem provers by constructs
for specifying built-in theories, for example, by constraints or
by additional inference rules.

Inductively defined types. In many applications of inter-
active proof assistants one has to deal with inductively de-
fined types and functions on these types. The proof assis-
tants such as Isabelle [Paulson, 2002], HOL [Gordon and
Melham, 1993], COQ [The Coq Development Team, 2001],
Twelf [Pfenning and Schuermann, 1998] have facilities to de-
fine data types and functions inductively. First-order theo-
rem provers have no such facilities. The work on building-in
inductively defined types can be developed in the following
directions:

e First-order reasoning on data types given by inductive
definitions.

e First-order reasoning on functions defined over such
data types.

e Limited forms of inductive reasoning.

Working with large axiomatizations. Very often theo-
rem provers must work with large axiomatizations contain-
ing many irrelevant axioms. This is typical for applica-
tions such as reasoning with ontologies, assisting proof assis-
tants, and verification using hierarchically defined theories.
Recognition of irrelevant axioms is one of the most impor-
tant problems in theorem proving. Many of these axioms
are definitions of relations and functions in various forms.
Recognition of the most typical definitions and efficient work
with them play a major role in the future provers. The first
steps in this direction are reported in [Ganzinger et al., 2001;
Afshordel et al., 2001; Degtyarev ef al., 2002].

Ontology-based knowledge representation. First-order
formulations of many applied problems, if not created man-
ually, often refer to large axiomatizations. This situation is
common for knowledge-base reasoning, proof assistants, and
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theorem proving in mathematics. Using these large axiom-
atizations and trying to extract only a small number of rele-
vant axioms can be a hopeless task. The problem arises of
structuring these large axiomatizations in a such a way that
a relevant subset of them could be easily extracted automati-
cally and that particular properties of the axiomatization can
be exploited by provers. For example, provers could use a
fact that a subset of axioms axiomatize properties of a rela-
tion in terms of other relations. Development of knowledge
representation formalisms suitable for representing large ap-
plied theories and adaptation of provers to such formalisms
could become an important problem in automated reasoning.

Proof checking. Strangely enough, modern theorem
provers are not always good at producing proofs. Some
of them print detailed resolution and paramodulation proofs
but none gives a proof of the preprocessing steps, such
as skolemisation. Without proof-checking one cannot use
provers in verification and in assisting proof assistants. We
expect that in the near future proof-checking components
will be added to all major first-order provers. We conjecture
that the main approaches to proof-checking will be similar to
those used in proof-carrying code [Necula and Lee, 20001,
so that a proof is built using a number of inference rules,
and foundational proof-carrying code [Appel, 2001], so that
a proof will given in a system whose language is rich enough
to prove even the preprocessing steps, such as HOL.

Reasoning with nonstandard quantifiers, such as those
specifying restrictions on the number of elements satisfying
a relation, for example, 3=7 (there exists at most n). Such
quantifiers are familiar to the description logic community.
One can translate formulas with such quantifiers into first-
order logic with equality but the translation will create for-
mulas of a prohibitive size. It is interesting to develop special
ways of reasoning with such quantifiers, although this is not
an obvious task.

Distributed and other non-standard architectures. It
has been observed that cooperating heterogeneous theorem
provers can perform much better than the mere sum of their
components [M.P. Bonacina, 1994; Denzinger and Fuchs,
1999]. However, modern theorem prover architectures are
not suited for cooperative or distributed theorem proving.

Non-resolution inference system. The recent rapid
progress of the DPLL-based satisfiability checkers [Zhang
and Malik, 2002] suggests that non-resolution systems could
also play a significant role in first-order theorem proving.
The first implementation of first-order DPLL [Baumgartner,
2000] was not very encouraging, but so were the first imple-
mentations of resolution. To be more generally applicable,
non-resolution system musts find an efficient solution to the
problem of built-in theories [Degtyarev and Voronkov, 2001].

Satisfiability-checking and model building. For many
applications it is desirable to be able to establish satisfiability
of sets of clauses and build models for satisfiable sets. Sat-
isfiability of first-order is conceptually a much harder prob-
lem than unsatisfiability. The set of satisfiable formulas is not
recursively enumerable, which means that there is no semi-
decision procedure for satisfiability-checking.

Other features. There are other features required of the
next generation first-order theorem provers. For example, for
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the naive users who do not know (and usually do not want
to know) much about theorem proving, theorem provers must
have a strong auto-mode which will try to select automati-
cally a strategy or strategies best suited for solving the given
problem. For more advanced users, there should be options to
specify term orderings, literal selection, and clause selection.
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Abstract

Todays computer interfaces are one-size-fits-all.
Users with little programming experience have
very limited opportunities to customize an inter-
face to their task and work habits. Furthermore,
the overhead induced by generic interfaces will be
proportionately greater on small form-factor PDAS,
embedded applications and wearable devices. Au-
tomatic personalization may greatly enhance user
productivity, but it requires advances in customiza-
tion (explicit, user-initiated change) and adapta-
tion (interface-initiated change in response to rou-
tine user behavior). In order to improve customiza-
tion, we must make it easier for users to direct these
changes. In order to improve adaptation, we must
better predict user behavior and navigate the in-
herent tension between the dynamism of automatic
adaptation and the stability required in order for the
user to predict the computers behavior and main-
tain control. This paper surveys a decade’s work on
customization and adaptation at the University of
Washington, distilling the lessons we have learned.

1 Introduction

Today’s software is mass produced with a plethora of features
designed to satisfy every user. But since different people are
working on different tasks with different styles, there is no
way to organize features in a way that makes essential func-
tionality convenient for everyone. Consider word processing,
for example; most people will never use automatic line num-
bering, but legal secretaries couldn’t survive without it.

The shift away from the desktop and towards pervasive
computing greatly exacerbates the problem of “Steelcase In-
spired” software for several reasons. First, the shift from quiet
office to ubiquitous use introduces complex environmental
factors that increase the differences between the usage pat-
terns of distinct individuals; indeed, a single user will require
different features depending on context. Second, the form

*Current address: Google Inc, 2400 Bayshore Parkway, Moun-
tain View, CA, 94043

tCurrent address: IBM TJ Watson Research Center, PO. Box
704, Yorktown Heights, NY 10598
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factor of mobile devices is enormously more variable than
that of desktop machines — for example, the ratio of large
to small desktop display size is about four, but it varies by a
factor of 625 between a cell-phone and a liveboard.

The wisdom of user-centered design have been well doc-
umented [Lewis and Reiman, 1993]. However, as user
needs and device characteristics diverge, the traditional de-
sign methodology of intensive user studies becomes unscal-
able. While each user deserves a personalized interface, de-
signed for the device at hand and providing simple access to
the commands and features they need, there aren’t enough
ethnomethodologists and designers to manage, interpret, and
respond to so many studies. Indeed, the only resources that
scale with the number of users are the users themselves and
the computing devices they are using.

We use the term adaptation to denote personalization
which is automatically performed by the interface without
explicit user directives. By customization we mean person-
alization which is directly requested by the user. Our argu-
ment, thus, is that adaptivity and customization are the only
scalable approaches to personalization. Interfaces should au-
tomatically adapt to the capabilities of the device at hand,
to network connectivity, and to the individual user’s activi-
ties, location, and context; users should be able to guide and
control adaptation through a variety of customization mecha-
nisms.

1.1 Customization and Adaptation

Of course, many existing desktop applications allow limited
customization by letting the user (1) select which menus are
visible, (2) add buttons to toolbars, (3) define macros, and (4)
even add custom functionality via scripting languages such as
Visual Basic. While customization is important, most users
fail to customize effectively. Few users are comfortable with
macros, regular expressions, or scripting languages, and even
programmers are often too busy to invest the necessary time
now in order to speed future sessions. Thus, the challenge
is to create improved methods for users to direct their inter-
face, rearrange functionality as well as appearance, and re-
cover from inappropriate adaptations.

Similarly, many systems support limited adaptation, but
users don’t always appreciate it. Defaults that remember the
last option or directory selected are simple and can be help-
ful, but Microsoft’s smart menus disorient, while the Office
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Assistant’s guesses fall far from the mark. The danger of
adaptivity is its potential to create confusing inconsistency
and rob the user of control. Thus, the challenge is to develop
datamining algorithms that can accurately predict a user’s be-
havior and to navigate the tension between too rapid adap-
tation (disorienting) and too little (inefficient), and to seek
interface metaphors that increase user control.

1.2 Deep Deployment

Successful customization and adaptation methods will max-
imize their benefit when used by a broad range of applica-
tions. Ideally, there will be deep deployment: a uniform
layer at the operating systems level that records clickstream
data across applications, and supports ubiquitous personaliza-
tion. For this to work, the interfaces themselves must be de-
scribed using declarative representations like those developed
by the model-based interface community [Foley et al., 1989;
Puerta, 1996]

Deploying personalization methods at the OS layer will
bring several advantages. The first is consistency of behavior
amongst applications. Second, knowledge of a user’s activ-
ity with one application may improve adaptation of another’s
interface. Third, cross-application personalization may offer
the highest benefit to users, since many common tasks involve
patterns connecting two or more programs.

1.3 Outline

In the rest of this paper, we describe a sequence of our
projects which are making progress on this vision. The under-
lying techniques range along a continuum of user-involvment,
and our expository progression follows this vector from cus-
tomization towards pure adaptation. Along the way we com-
pare related endeavors and summarize lessons learned.

2 Customization by Command

The Internet Softbots project [Etzioni and Weld, 1994]
marked the genesis of work on Intelligent User Interfaces at
the University of Washington. By acting as a personal as-
sistant, the softbot supported a qualitatively different kind of
human-computer interface. Users were able to make high-
level requests, and the softbot used search [Weld, 1996], in-
ference [Etzioni et al., 1997], and knowledge to determine
how to satisfy the request. Furthermore, the softbot was able
to tolerate and recover from ambiguity, omissions, and errors
in these requests.

At its core, the softbot could handle goals specified in an
expressive subset of first-order logic with modal operators for
handling time and for distinguishing information gathering
goals from those that requested state changes [Golden and
Weld, 1996]. We labeled the softhot a goal-oriented inter-
face, because human requests specified what the user wanted;
the softbot was responsible for deciding how and when to sat-
isfy the request. Since most users are uncomfortable with
logical notation, we provided a forms-oriented interface front
end. Unfortunately, we found the forms approach to be un-
scalable, and goal-specification was a challenge for many
users. In response, we investigated two research directions:
reliable natural-language interfaces [Popescu et al., 2003;
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Yates et al., 2003] and programming by demonstration [Lau
et al., 2000].

3 Programming by Demonstration

If it’s too hard for users to specify goals, then a natural ob-
jective is the design of an interface that can watch a user’s
normal behavior and help as appropriate. In the case of repet-
itive tasks, this amounts to programming by demonstration
(PBD). Of course, PBD has been studied extensively [Cypher,
1993], but most previous systems were heuristic and domain-
specific. We sought a domain-independent approach, suit-
able for deep deployment, that offered the expressiveness of
a scripting language and the ease of macro recording, with-
out a verbatim recorder’s accompanying brittleness. While
our PBD interface resembles a keystroke-based macro inter-
face, it generalizes from the demonstrated actions to a robust
program which is more likely to work in different situations.

It is useful to think of a PBD-interface as having three com-
ponents: 1) segmentation determines when the user is execut-
ing an automatable task, 2) trace induction predicts what the
user is doing from a prefix of her activity trace, and 3) facili-
tation manages user interaction to aid the user in completing
her task. The focus of our work was on the trace induction
phase.

We formalized PBD trace induction as a learning problem,
as follows. A repetitive task may be solved by a program
with a loop, where each iteration solves one instance of the
task. The PBD system must infer the correct program from
a demonstration of the first few iterations. Each action (e.g.,
move, select, copy, paste, ...) the user performs during this
demonstration causes a change in the state of the application
(e.g., defines a mapping between editor states). Therefore,
we modeled this problem as one of inferring the function that
maps one state to the next, based on observations of the state
prior to and following each user action.

PBD presents a particularly challenging machine learning
problem, because users are extremely reluctant to provide
more than a few training instances. Thus the learner must
be able to generalize from a very small number of iterations.
Yet in order to be useful, a wide range of programs must
be learnable. Thus the problem combines a weak bias with
the demand for low sample complexity. Our solution, called
version-space algebra, lets the application designer combine
multiple strong biases to achieve a weaker one that is tailored
to the application, thus reducing the statistical bias for the
least increase in variance. In addition, the learning system
must be able to interact gracefully with the user: presenting
comprehensible hypotheses, and taking user feedback into ac-
count. Version-space algebra addresses this issue as well.

3.1 Version-Space Algebra

Originally developed for concept learning, a version space is
the subset of a hypothesis space which is consistent with a
set of training instances [Mitchell, 1982]. If there is a partial
order over candidate hypotheses, one may represent the ver-
sion space implicitly (i.e., with boundary sets) and manage
updates efficiently. Version space algebra defines transforma-
tion operators (e.g., union, join, etc.) for combining simple
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Figure 1: Algebraic specification of the version space for a
SMARTEDIT program.

version spaces into more complex ones. We also developed a
probabilistic framework for reasoning about the likelihood of
each hypothesis in a composite version space.

After constructing a library of reusable, domain-
independent component version spaces, we combined a set of
primitive spaces to form a bias for learning text-editing pro-
grams (Figure 1), which was used in the SMARTEDIT PBD
implementation.

3.2 The SmartEdit Implementation

We verified the utility of version-space algebra for PBD with
SMARTEDIT, an Emacs-like editor. When a user notices that
she is about to perform a repetitive task, she clicks a button
to start the PBD recorder. After completeing one instance of
the task, she clicks another button to mark the first demon-
stration. SMARTEDIT initializes the version space using the
recorded state sequence as the first training example. As
the user continues to type, SMARTEDIT updates the version
space with every action. In parallel, SMARTEDIT displays
what action it thinks the user will next perform, and its con-
fidence in the prediction. These probabilities are calculated
by voting the version space. When the user is confident that
SMARTEDIT has learned her procedure, she may let it exe-
cute in single-step or fully autonomous mode. We explored
a number of ways of structuring the user’s dialog with the
learner, including decision-theoretic control [Wolfman et al.,
2001], but many aspects of facilitation require further study.

\ersion-space algebra provides SMARTEDIT with several
benefits: efficient methods for incremental update and voting,
without explicit enumeration of the version space [Lau et al.,
2000], and flexibility. By varying the algebraic formulation
for the hypothesis space, we experimented with several other
version spaces for learning single-loop programs from traces
with varying amounts of segmentation information, as well as
learning programs with multiple nested loops.

3.3 Experimentsand Observations

Empirical studies validated our approach on a range of text-
editing scenarios (e.g., bibliographic reformatting, HTML
to IATEX conversion, information extraction, etc.). We
show that a program that generalizes correctly for each of
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these scenarios can be learned quickly in as few as one or
two training examples. An informal user study confirmed
SMARTEDIT’s usability and usefulness, and showed that even
novice SMARTEDIT users perform tasks more quickly and
concisely with PBD than without.

However, we learned a negative lesson when we started
widespread distribution — despite incorporation within
Emacs, relatively few people used SMARTEDIT frequently.
From this we conclude that the overhead of a macro recorder
interface is relatively high. Since most repetitive tasks are
short, it is often easier to do them manually and avoid the
cognitive load of complex customization. Others have found
similar results — users customize relatively little [Mackay,
1991] — perhaps because customization facilities are com-
plex themselves [McGrenere et al., 2002]. We conjecture
that widespread PBD adoption requires automatic segmen-
tation, and the adaptation mechanisms, described in the next
section, may provide this capability.

4 Adapting to User Behavior

The Al community has a long-standing interest in adaptive in-
terfaces. The Calendar’s Apprentice [Dent et al., 1992] used
machine learning to predict meeting location and durations.
This research and similar work on email classification [Maes
and Kozierok, 1993] led to an important principle about the
incorporation of imperfect behavioral predictions in an inter-
face: defaults are an effective way to minimize the cost to the
user of (inevitable) poor predictions. Horvitz’s decision the-
oretic framework [Horvitz, 1999] resulted in additional prin-
ciples: graceful degradation of service prediction, expected
utility of disambiguation dialogs as a function of user time
and attention), and the use of timeouts to minimize cost of
prediction errors.t

Our work on adaptive interfaces focussed initially on web-
site design [Perkowitz and Etzioni, 1997] and led to al-
gorithms for datamining web logs to discover aggregate
patterns, which powered the automatic creation of index
pages [Perkowitz and Etzioni, 2000]. Later we concentrated
on mining individual behavior patterns, generating personal-
ized sites for display on small, wireless devices [Anderson et
al., 2001b]. Our emphasis was on “information-goal seek-
ing” behavior, common to wireless internet use, rather than
general browsing or surfing. The PROTEUS system mod-
eled adaptation as search through the space of possible web-
sites. Site modification operators included highlighting text,
adding shortcut links, and eliding parts of pages. We adopted
the decision-theoretic approach, guiding search with expected
utility calculations based on a model of the cost of manipu-
lating the small PDA screen and fetching pages over the slow
wireless connection.

A small user study revealed two important lessons. For the
most part, the adaptations were good ones; PROTEUS sug-
gested useful shortcuts and the elided content was almost al-
ways useless to the user. However, the cost of deleting im-
portant parts of a page was very high. Reweighting our utility
function would have led to more conservative behavior, but

Yt isironic that the Offi ce Assistant violates most of Horvitz's
principles, which were developed at Microsoft Research.
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Figure 2: (a) Main dialog box for print command. (b) After clicking the “Properties...” button, the default “Setup” tab is
displayed. (c) After clicking the “Features” tab, the user can select double-sided printing; the user must now click “ok” twice.

the problem of accurate behavior prediction is central to in-
terface adaptation; we discuss it in the next section.

A second problem stemmed from the fact that frequently
users didn’t find a shortcut link, even though PROTEUS had
added it in the appropriate place. Shortcut-naming was usu-
ally to blame, and this raised the general issue of saliency,
which we discuss in section 4.2.

4.1 Predicting User Behavior

High-quality adaptation requires the ability to learn an ex-
tremely accurate model of user behavior. Our comparison of
existing techniques showed that a mixture of Markov mod-
els had the best predictive power [Anderson et al., 2001a].
(Shortcuts generated by the mixture model saved users up to
40% of their navigational effort.) But all models performed
poorly when data was sparse; hence none of these models
would work well for situations where a user is exploring new
parts of the interface — even if she is performing a task which
is similar to one she has performed frequently in another con-
text (e.g., shopping cart checkout at a new store). To rem-
edy this problem, we developed relational Markov models
(RMMs), a generalization of Markov models that overlays
relational structure on the states [Anderson et al., 2002].
Intuitively, RMMs do for Markov models what Prob-
abilistic Relational Models (PRMs) do for Baysian net-
works [Friedman et al., 1999]. RMMs generalize Markov
models by partitioning the states into classes; each class has
an associated k-ary relation, R, and members of the class cor-
respond to R instantiated with distinct ground values. The
domain of each variable can be hierarchically structured, and
a smoothing techniqued called shrinkage is carried out over
the cross product of these hierarchies. RMMs make it pos-
sible to generalize beyond the observed states. For example,
suppose a user surfing through an e-commerce Web site goes
from a page about Nirvana’s “Nevermind” CD to a page con-
taining a biography of Nirvana. An ordinary Markov model
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can infer nothing from this about what the user will do when
visiting a page about a Pearl Jam CD, but an RMM would be
able to infer that the user might next go to a Pearl Jam bi-
ography. RMMs make effective learning possible in domains
with very large and heterogeneous state spaces, given only
sparse data. Experiments on academic and e-commerce web-
sites show that RMM s trained on only ten instances perform
as well as Markov models which were trained on ten thousand
instances [Anderson et al., 2002]. We are currently extending
RMMs by incorporating structure in the same way that dy-
namic Bayes nets extend Markov models; see [Sanghai et al.,
2003].

4.2 Partitioned Dynamicity

As our experience with unnoticed shortcuts showed, saliency
is essential — any adaptive mechanism that introduces new
commands or options to an interface, must ensure that the
user finds them. Furthermore, the mechanism must take care
not to obscure important existing functionality.

One way to increase saliency, while minimizing the cogni-
tive dissonance associated with adaptivity, is to partition dy-
namism — to segregate dynamic and static areas of an inter-
face. Indeed, a number of well-designed adaptive interfaces
exhibit this property. For example, the news stories and ad-
vertisements on Yahoo change continuously, but because the
layout is fixed, the adaptation causes little distress to users. In
contrast, the automatic menu shortening feature of Microsoft
Office 2000 violates partitioned dynamicity, since the loca-
tion of commands in the menus changes unpredictably.

Powerpoint XP’s “Insert Symbol” command provides an-
other example. Previous versions required a long sequence
of clicks to select the correct font and navigate to the desired
symbol, but the dialog box in the XP version has a “Recently
used symbols” area.

We conjecture that partitioned dynamicity is a useful
general principle for adaptation in interfaces. Because
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Figure 3: Abstract-state machine for the printing dialogs; the
example user’s path is darkened.

users become accustomed to changes in the dynamic area,
these changes don’t disturb their conceptual model [Norman,
1998]. And because existing navigational patterns remain un-
changed, users maintain control even if adaptation is unhelp-
ful. The alternative, dual-interface approach of [McGrenere
et al., 2002] shares many benefits with partitioned dynamic-
ity, but trades convenience for screen real estate.

4.3 Example: Adapting Desktop Dialogs

We believe that the PROTEUS architecture, developed for
adaptive websites, would be even more useful in a desk-
top application setting. As a story-board example, suppose
that a user wishes to print a Word document, doublesided.
As Figures 2 and 3 show this requires six user actions.?
First, the user presses ctrl - P to print the current docu-
ment. Next, she must click on “Properties...” which yields
“Setup” options. Clicking on the “Features” tab uncovers
two sided printing options; another click selects book-style
duplex. Then “Ok” must be clicked twice, once to close the
Properties window and the other to confirm printing.® How-
ever, if an individual user executes this pattern hundreds of
times, always choosing duplex printing, the system should
recognize this and provide a shortcut.

Figure 4 shows one possible result, where the main screen
has partitioned dynamicity, and the duplex options (with a
new default value) have been added. In this example, we as-
sume that the user had never chosen the “tablet” duplex value.
For the shortcut, therefore, the system deleted the value, cast-
ing the duplex variable into a Boolean. As a result, the duplex
option could be rendered with a simple, space-efficient check-
box. Of course, if the user later desired the tablet format, they

2Usi ng Windows ME, Offi ce XP, and aHP R80 printer.

30f course, one can quibble with the design of this particular
interaction, but it is a result of today’s software engineering pro-
cess, and many similar designs exist —that’'s why adaptation is so
promising
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Figure 4: After adaptation, duplex printing is the default and
visible on the main print dialog. By discarding the infre-
quently used “tablet” value, the variable can be cast as a
Boolean and a simple, space-efficient check-box widget used.

could find it unchanged on the “Features” tab.*

Restricting a state variable’s set of valid values and type
casting are just two representative transformations; many
more exist. Note that it is only possible to perform these
transformations when the interface is represented in an ab-
stract, declarative language. The next section discusses addi-
tional benefits from such a representation.

5 Adapting to Device Characteristics

The trend towards mobile and ubiquitous computing has re-
sulted in an morass of device form factors and input mech-
anisms, and it is nearly impossible for a designer to tar-
get each of these manually. Furthermore, as shown in pre-
vious section, some parts of the interface may be gener-
ated dynamically in response to the particular usage pat-
terns. Hence, we are building an automated solution, called
SuppPLE. Others researchers have laid useful foundations.
Starting with [Foley et al., 1989], the model-based Ul com-
munity has developed declarative, interface-representation
languages; SUPPLE uses an extension of the representation
developed for PEBBLES [Nichols et al., 2002].

Researchers have explored many methods for “compil-
ing” a declarative Ul representation into concrete form for
use on a specific target device. For example, PEBBLES
uses a hand-constructed decision tree for this task; other
approaches include hierarchical templates [Szekely et al.,
1993], stylesheets [Schreiber, 1994], and tools for facilitating

4Some might argue that this problem could be simply solved by
using a MRU default for options like duplex, without restructuring
the dialogs. But changing defaultsis very dangerous unless they are
visible to the user.
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Figure 5: Given different PDA screen resolutions, SUPPLE generates different interfaces for a household controller.

manual design [Eisenstein et al., 2001]. Yet another method
is based on a higher-level encoding of the design in terms of
design patterns [Lin and Landay, 2002].

In contrast, we adopt the decison-theoretic framework and
search for the design with the highest expected utility among
those that satisfy the device constraints. Our SUPPLE pro-
totype focusses on screen-size constraints and uses a utility
function that models the expected ease of interface opera-
tions for each widget. If multiple interface actions are nec-
essary to complete a task (e.g., if tabs must be selected, panes
navigated, or confirmation buttons pressed) the costs are com-
bined linearly. Figure 5 shows three different interfaces (from
amongst the 3,888,000 possible) which were generated by
SupPLE and deemed optimal for differing amounts of avail-
able screen space.

While the current SupPpPLE implementation accepts as in-
put an arbitrary probability distribution over command usage,
our framework supports user-based adaptation as described in
the previous section. For example, at present SUPPLE makes
an independence assumption regarding command use, but in
practice people use commands in sequence and human de-
signers recognize this by colocating the corresponding wid-
gets. By computing the expected utility of an interface rela-
tive to a recorded trace of individual user commands, SUPPLE
should be able to automatically duplicate this form of design
optimization, but in a personalized manner.

6 Conclusions

Effective personalization requires improved methods for both
adaptation (change based on implicit user behavior) and cus-
tomization (change guided by explicit user requests). Inter-
faces should automatically adapt to the capabilities of the de-
vice at hand, to network connectivity, and to the user’s activi-
ties, location, and context. If they wish to provide customiza-
tion guidance, users should be able to control the adaptation
process at any level.
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This paper has briefly surveyed some of the projects at the
University of Washington, which are investigating these is-
sues, and codified several emerging principles:

e Because users find it hard to specify their prefences and
goals, it is often more effective to induce them from user
behavior. Version-space algebra allows an application
designer to combine multiple strong biases to achieve a
weaker one that is tailored to the application, thus reduc-
ing the statistical bias for the least increase in variance.

¢ Many benefits of model-based Ul design have been long
recognized [Foley et al., 1989], but it is increasingly ap-
parent that these declarative models are essential to a set
of transformations (e.g., Currying and casting) that fa-
cilitate adaptation.

e Since adaptive mechanisms are imperfect, the cost to
users of errors must be considered alongside the advan-
tages. Decison theory provides a powerful framework
for such analysis [Horvitz, 1999], and the requisit utili-
ties can be learned from user behavior or derived from
device models.

e Certain interface mechanisms, such as defaults and au-
tomatic timeouts, can minimize the cost of errors and so
increase the value of adaptation. Partitioned dynamicity
offers a way to manage adaptivity while minimizing a
user’s cognitive load.

e Another way to enhance the user experience by improv-
ing prediction of user behavior. Because RMMs smooth,
based on an abstraction lattice defined by the relational
structure, they are exceptionally accurate when predict-
ing sequential behavior (e.g., a user’s next action) from
sparse data.
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Abstract

Travel and tourism is the leading application field in the
b2c¢ e-commerce, it represents nearly 50% of the total
b2c turnover. Already in the past travel applications
were at the forefront of Information Technology, i.e., the
airline Computerized Reservation Systems in the early
60s. The industry and its product have rather specific
features which explain this circumstance: the product is
a confidence good, consumer decisions are solely based
on information beforehand; and the industry is highly
networked, based on world-wide cooperation of very
different types of stakeholders. Consequently, this
industry depends on advanced IT applications. As such
travel and tourism may serve as an example of what
happens and will happen in the emerging e-markets,
pointing at structural changes as well as challenging
application scenarios. The paper provides an overview
about the industry, describes ongoing structural changes,
outlines domain-specific requirements and discusses
achievements and challenges in the field, following an
Al and e-commerce point of view. It finishes with
considerations regarding a future IT scenario.'

1 Introduction

Despite unfulfilled business and stock market expectations,
in some sectors such as the travel and tourism industry
online transactions are rapidly increasing. This industry is
the leading application in the b2c arena. The travel and
tourism industry is witnessing an acceptance of e-commerce
to the extent that the structure of the industry and the way
business is conducted, is changing. The Internet is used not
only for information gathering; there is an obvious
acceptance of ordering services over the Internet. A new
type of user is emerging; they become their own travel
agents and build their travel packages themselves.

In the year 2002 European online bookings increased by
53 percent, accounting for about 3,5 % of all consumer
spending in this domain, whereas in the US this number is

! This work is partially funded by the CARITRO foundation
and the European FP5 projects Dietorecs and Harmonise.
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about 11 % (according to the Danish Center for Regional
and Tourism Research). 64 Mio. Americans researched their
travel options online (Travel Industry Association of
America); and 32 percent of US travelers have used the
Internet to book travel arrangements (see
www.nua.com/surveys/). Forecasts state that by 2007 30%
of all transactions in the European tourism domain will be
done via the Internet, at least in the German speaking
countries [Schuster, 1998].

This importance of e-commerce can be explained by the
features of the industry, but it highlights also another issue,
not less important: e-commerce and especially the Web are
not only transaction and business oriented, it is also a
medium of curiosity, of creating communities or having just
fun, all of which may or may not result into business.
Especially the tourism product has to do with emotional
experiences; it is not just business [Werthner, 2001].

The paper is organized as follows: the following two
sections describe the industry and look at the changing
business environment. Section 4 provides an overview on
the emerging IT landscape, it discusses domain specific
requirements and related application examples, pointing at
open research issues.

2 The Industry

The travel and tourism industry is a global (and a

globalization) industry, with very specific features:

e Travel and tourism represents approx. 11% of the world
wide GDP (following the tourism satellite account
method of the World Travel & Tourism Council).

o There will be one Billion international arrivals in the year
2010 (following the World Tourism Organization). And
tourism grows faster than the other economic sectors.

e It represents a cross-sectoral industry, including many
related economic sectors such as culture, sport or
agriculture, where over 30 different industrial
components have been identified that serve travelers.

e This explains the industry’s heterogeneity, and due to its
SME structure it has a huge importance for regional
development. For example, in the EU there are around
1.3 Mio. hotels and restaurants (9 % of all enterprises).
And 95 % of them are very small, i.e., 1-9 employees.
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Figure 1: Structural view of the market [Werthner and Klein, 1999]

e The supply and the demand side form a worldwide
network, where both production and distribution are
based on cooperation.

e The product is perishable, complex and emotional: i) a
hotel bed not sold for one night represents a lost income.
Suppliers are in a risky situation, which can be reduced if
access to information is available; ii) the tourism product
is a bundle of basic products, aggregated by some
intermediary. To support the rather complex bundling
products must have well defined interfaces with respect
to consumer needs, prices or also distribution channels;
iii) vacations are emotional experience structures that
involve cognitive and sensory stimulations as well as
affective responses to certain events.

Tourism is an information based business, the product is
a “confidence good®; an a priori comprehensive assessment
of its qualities is impossible. Tourists have to leave their
daily environment for consuming the product. At the
moment of decision-making only a model of the product, its
description, is available. This characteristic of tourism
products entails high information search costs and causes
informational market imperfections. Consequently, the
industry has comparably long information and value chains.

Figure 1 differentiates between the supply and demand
side and the respective intermediaries. Links mark the
relationships as well as the flow of information, showing
only the most relevant links. Nodes indicate the relevant
types of players.

On the supply side we denote with “primary” suppliers
enterprises like hotels, restaurants, etc., which are mostly
SMEs. One should note that with respect to a functional
differentiation these companies are at the same level as the
“big™ players like airlines. Tour operators can be seen as
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product aggregators, travel agents act as information
brokers, providing final consumers with the relevant
information and booking facilities. CRS/GDS (Central
Reservation Systems / Global Distribution Systems),
stemming from the airline reservation systems already
developed in the 60s, include also other products such as
packaged holidays, or other means of transport. Whereas the
intermediaries on the right side can be seen as the
“professional®“ connection between supply and demand
(mainly based on the electronic infrastructure of the
CRS/GDS), the left side is relevant for the management,
planning and branding of a destination. Normally, these
entities have to act on behalf of all suppliers within a
destination and are not engaged in the booking process. The
links to governmental — as dotted lines — indicate that
Destination ~ Marketing ~ Organizations  are  often
governmental organizations.

The upstream flow of Figure 1 consists of product
information, whereas the downstream flow reports on
market behavior, mostly represented in terms of statistical
aggregates. Both information flows create a tourist
information network tying together all market participators
and, apparently, reflecting the economic relationships
between them.

3 The New Business Landscape

The Web facilitates new ways to meet changing consumer

behavior and to reach new market segments, leading to an

“informatization” of the overall tourism value chain. This

allows different strategies to generate value [Sweet, 2001]:

e Value extraction: increases efficiency and reduces costs,
e.g., automation of processes or outsourcing to clients
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such as self check-in of hotel guests or airline passengers.
e Value capturing: client and sales data are used to support

the marketing, e.g., data mining for forecast or yield

management.

e Value adding: a linear combination of products / services
to create richer product bundles, e.g., new service quality
for consumers such as linking mobile services to existing
Web services to advise tourists during their travel.

e Value creation: the focus is on network effects, e.g.,
tourists within a destination participate in service
definition and planning.

Such strategies allow for the design of new products and
services, enlarging the range of options to customize and to
configure products. IT and, more importantly, improved
organizational procedures lower the price of customization,
enabling individualized offerings based on mass-
customization. On the other side, configuration points at the
bundling of different product or service components to
integrated offerings. Core product can be combined with
additional service elements in order to create integrated
customer solutions.

Given the dynamics of the sector and the emerging
already very competitive electronic market, nearly all
stakeholders have implemented their Internet strategy.
Travel and tourism has also become the playing field for
new entrants, either start-ups or companies from the media
and IT sector. Since tourism is an information-based
business, it fits well with their respective background.

The overall trend points towards a further specialization
and an ongoing deconstruction of the value chain paralleled
by an integration of players and products. Companies will
compete and cooperate at the same time, boundaries within
the industry are blurring. All types of market players are
affected:

e Tourists will be addressed by more players, and as they
accept the Web as a booking channel, they will also play
a more active role in specifying their services.

e Travel agents will see a diminishing power in the sales
channel, as a consequence they will put more emphasis
on consulting and complex products.

e Internet travel sites, as platforms with bundling of
offerings will enhance by providing new market
functionality and technology. This will lead to easier
accessible price comparisons and market overviews,
enabled by personalized intelligent tools for travelers.

e Destination management organizations will develop
cooperation models within destinations and they will
occupy a new role as consolidator and aggregator.

e Tour operator will blur the boundaries between individual
and packaged tour, based on mass-customization and
flexible configurations.

e CRS / GDS show an "INTEL inside" marketing strategy
for major tourist Web sites to increase their transaction
volume, and they also move into direct sales for the retail
segment

o Suppliers will support electronic direct sales, increasing
again price competition as well as price differentiation,
and they will redefine customer processes (electronic
ticketing, automated check-in, etc.).

This development leads to an evolution of the market best
described as an ongoing interaction of concentration (e.g., as
in the US with the major travel sites like Expedia, Orbitz or
Travelocity) versus the simultaneous entering of new
players. The related increased complexity, however,
generates the need for new services such as providing
transparent access or price comparisons. This enforces the
design and deployment of more specialized services. Such a
process will quite naturally create new business
opportunities, accelerating competition and putting even
more emphasis on technical innovation.

4 The IT Scenario

The described business scenario is based on flexible
network configurations and the further integration of
consumers into internal business processes. Adding the
tourist life cycle — taking into consideration the mobility
aspect of travelers — one can draw the following simplified
figure of linking tourists’ life cycles with companies’
business processes.

pre trip

_—

onsite ——»  after trip

A
Tourist life cycle \‘//

[

Service delivery

Processes of the
supply side

A

A

Planning

Marketing Sales

Relationship

Monitoring Community

‘\//

Figure 2: Tourist life cycle and companies’ processes — both suppliers and intermediaries

1622

INVITED SPEAKERS



Obviously, processes cross company borders, leading to
distributed b2b2c applications, requiring cooperation
between companies, and supporting also mobile
communication with the consumer. Such a future business
scenario is based on the assumption that technology — based
on a common pervasive infrastructure — will become
transparent, invisible for the consumer; information will be
available at home, the work place and during travel. Given
such a “holistic” approach interleaving business and
technology perspectives, what are specific requirements
when looking at the user — machine interaction? What is the
intelligence needed to support collaboration among
companies within a networked industry? These questions
lead to interesting considerations regarding system
architectures.

4.1 User Requirements

One could look at the human-computer interaction as a
variant of the famous Turing test: as a competition between
a human and an intelligent travel system.” Even if one thinks
of it as an engineering task, and not as a cognitive science
test, it poses hard questions: i) a simple problem like
inquiring a flight from location A to B, with specific price
and time constraints, complemented by a specific hotel, with
similar constraints. In this case linking to a predefined
database or to one of the CRS/GDS would be sufficient, if
one ignores interoperability issues. This type of planning
problem is already partially solved by existing online
systems such as Expedia or Orbitz. But the need for more
intelligent heuristics is obvious, when one thinks of the
enormous number of scheduled flights and constraints such
as different rates or different booking conditions within
airline alliances, etc. ii) a complex problem which involves
background knowledge of a specific traveler, e.g., the
problem of traveling to Milan only when Milan plays. This
needs the modeling of knowledge about the Italian city of
Milan, the inference that in this case Milan refers to AC
MILAN (a soccer club), the timing regarding soccer
tournaments (normally at weekends). And other background
knowledge might be needed such as specific weather
conditions or cultural activities. In fact, the "leisure" domain
might cover nearly all domains of daily life. And the
information, stored in different bases with no common
format and even unknown locations, needs to be extracted.
Here wrapping techniques, learning accurate extraction rules
and also adapting to structural changes in sites, are needed
[Knoblock et al., 2000; Kushmerick, 2000]. Other non-
trivial tasks within this context are
e conversation with its semantic and pragmatic aspects,
o identification of problem domains,
e search and information retrieval with the
evaluation,
e negotiation including additional and even unsolicited
offers, both having cooperative and opportunistic

related

2 These ideas are based on discussions with W. Grossmann,
University of Vienna, O. Stock, ITC-irst, A. Tjoa, TU Vienna, and
W. Wahlster, DFKI.

INVITED SPEAKERS

behavior.

However, these problem types assume that users are able
to express their needs, which is normally not the case.
Systems have to “become active” and to provide advice,
adapting to different travel decision processes as well as
navigation styles [Moutinho, 1987; Ankomah et al., 1996].
For example, Grabler and Zins [2002] have identified, based
on a study on 200 human — human and human — machine
counseling sessions, 6 different traveler groups such as
highly pre-defined, recommendation oriented or geography
oriented ones. These groups differ in the order in which
information is searched, the type of information needed, the
level of support required and the level of personal flexibility
and knowledge. Two groups of factors are identified:
personal, i.e., socioeconomic and psychological/cognitive
factors (experience, personality, involvement), and travel
features, i.e., travel purpose, travel party size, the length of
travel or the distance to the destination.

An application example of such an approach is
Trip@dvice [Ricci and Werthner, 2002]. Based on Case
Based Reasoning (CBR), it adapts its dialogue as it learns
more about the user, supports product aggregation for a
given travel, provides personalized recommendations based
on previous system experience, and it applies query
refinement methods helping to adjust queries according to
the data available in a given product catalogues. Thus, it
integrates topical information and “good" examples of
product bundling contained in previous travels built by a
community of users.

- Suggest
e \\changestoQL s from Catal
ocations from Catalogue
[~ g
t:
Curront components
Case 1.Searchthe |
catalogue
4. Sort locations loc;
by similarity in
reference cases
2. Search
Similar Cases Case
[ Toc2]
5 > [ w—
o [ TocT ]
Case Base 3. Output Ranked It
- Reference Set anked ‘tems
Output

Figure 3: Sequence of interaction in Trip@dvice

Dietorecs, another example, extends this approach by
integrating the iterative presentation and evaluation of
alternative proposals [Fesenmaier et al., 2003]. It assumes
that by presenting specific images, which implicitly
represent the most discriminating offers within a given
product catalogue, the evaluation of the user provides
indications about his/her references. At the beginning the
systems performs a cluster analysis of the offers within a
given catalogue. The user’s choice is the starting point of an
iterative process of refocused clustering and presentation. At
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the end, either the user directly takes the chosen product, or
the obtained criteria serve as input for a CBR process.

These examples show, that different decisions styles as
well as the seamless switching between them have to be
supported. But the choice on tourism products is not
rational; these products are complex experience structures
that involve cognitive and sensory stimulations. Due to the
multi-sensory nature of tourism products, textual ways of
describing vacations are very limited to convey a complete
picture that can be used to formulate product expectations
serving as a basis for decision.

A possible approach is to look at product trails — these are
sources of information for the formation of brand beliefs
since they involve an experience of the product through
multiple senses — describing leisure experiences and to draw
conclusions on how to present tourism information and how
to guide a user in a non rational navigation process. Gretzel
and Fesenmaier [2003] looked at 3000 randomly selected
persons who were asked to imagine a trip and to report the
colors dominating their mental image, the scents they would
like to smell, and the sounds they expect to hear. They
identified a number of such sensory categories, which were
clustered to experiences representing coherent bundles such
as Autumn or Scenic / Nature. These findings indicate that
sensory domains and associations thereof exist and that
these follow specific patterns. Such bundles can be used to
describe coherent experiences sought after by certain groups
of travelers. These results can provide substantial input for
interface design and user guidance.

Finally, travelers need access to information whenever
and wherever they want, making tourism a perfect
application field for mobile computing. Latest generations
of mobile devices and wireless networks offer new
opportunities, but mobile devices still suffer from
restrictions compared to web based systems. Moreover, the
mobile context imposes a very different interaction style and
decision model. But, on the other side, mobile applications
could take advantage when linked to existing web sites and
refer to already existing personal profiles and selected travel
products. The mobile Intelligent Travel Recommender
(mITR) supports travelers to complement their product
while traveling [Ricci ef al., 2002]. The objective of mITR
is to improve iteratively the “fitness” of recommended
products. But instead of asking the user for explicit input,
mITR exploits the knowledge contained in the pre-travel
plan to guess an initial set of candidate products. The user
can provide critics to some of these products, such as "I like
this feature of this product" or "I want something less
expensive", which is used for further interaction.

4.2 System Features — Intelligent Networking

System designed to support such applications should
o allow users to access information whenever and wherever
they want,
o guide the user in the decision and traveling process, and
o allow the user to create product bundles.
Business services for the traveler may use Web services
to be more easily integrated and bundled into new, ad-hoc
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products. Web services provide an open, flexible, modular,
layered architecture that can integrate multiple
communication models. But these services do only facilitate
the “manual” combination of components across different
platforms. The vision is that this should be available (semi-)
automatically, for example, allowing a customer to plan a
trip in the city of Vienna visiting restaurants with at least 15
gourmet points and some classical concerts. Another
enabling technology might be Peer-to-Peer (P2P) services to
directly exploit resources present at other nodes without
intervention of any central server, where nodes may join and
be integrated in an ad- hoc manner. Such services need to be
described for the respective peer device and discovered in
an ad-hoc manner in a decentralized scheme, without a
centralized registry as this may be unavailable in a mobile
environment; to be composed ad-hoc and to interact not
only with servers, but also with other peers; and to be
connectable to legacy systems.

However, when taking the supply side’s point of view,
the requirements become even more complicated: For
instance, a middleman might search for 100 individual web
services hosted by several individual, privately-owned
hotels and with golf courses nearby in the Tyrol within a
diameter of 100kms in order to bundle them with flights into
tourist packages. In this case functions are needed to
e cnable middlemen to create sets of bundled products,

e case the participation of SMEs to larger networks, and
o facilitate networking leading to virtual organizations.

In this context networked business operations could be
defined as P2P enabled semantic Web services that integrate
business networks allowing for an n:m organization and
communication between participating enterprises. This
transfers the level from composing individual instances of
services to composing sets of services; and from ad-hoc
integration between two participants to an arbitrary number
of cooperating enterprises. The orchestration of a large set
of web services requires possibilities for business planning
with more refined means. Techniques of constraint
reasoning, multi-value optimization and relaxation might be
used to aggregate web services at the set level and to
achieve specific business goals, e.g., profit optimization or
the equal distribution of income within a destination.

However, such a scenario is based on a non-existing
assumption: there exists no agreed electronic standard to
describe tourism services. Those existing such as the OTA
(Open Travel Alliance) specifications are just adopted by
few players. Given that the number of available tourism
relevant information sites is huge, e.g., out of the 1.3 Mio
European enterprises in this sector nearly 40% have already
their Web site, it can be foreseen that also future
standardization initiatives will fail.

One approach to this problem is the European project
Harmonise, creating an ontology based mediation and
harmonization tool [Dell’Erba ef al., 2002]. The project puts
emphasis on the combination of a social consensus process
with the application of new technologies. The goal is to
allow participating tourism organizations to keep their
proprietary data format while cooperating with each other.
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Specific tourism mediators are dedicated to the “translation”
needs between these data sources. Such a mediator looks at
information from a higher conceptual semantic level using
this level of abstraction for the mapping purpose.

Local . .
Conceptual  K——) Semantic mapping  J¢——" Ontology Schema
Schema (RDFS) (RDFS)

ﬁ C-Normalization ﬁ ﬁ

S — .
)
L-Data (XML) Ontolpgy
Repository
II D-Normalization
Loc?l Reconciliation e
Normalized [¢—> Engine Interchange Format
Data (RDF) f

Figure 4: The Harmonise process

The data model of a source document, assuming XML, is
first lifted to a local conceptual schema (C-Normalization)
and then semantically mapped to the terminology specified
by the shared ontology, which is built by domain experts.
The output of the mapping process is a set of reconciliation
rules, which are used in order to transform the local data and
to code them according to the ontology content. Harmonise
is based on RDF(S) as “language” for representing local
conceptual schemata as well as the mediating ontology. But
Harmonise has several limitations: i) it does not solve the
problem of ontology versioning, which is severe in a
domain with constantly new products; ii) and Harmonise,
though mapping between different conceptual models, does
not support ontology reasoning, or even more advanced
concepts such as approximate reasoning, needed in a
domain which is based not only on true axioms or facts.

5 Conclusions

The tourism business is changing. More specialized
services, flexible network configurations and further
consumer integration into internal business processes will
lead to smart market places, integrating all stakeholders.
The underlying IT scenario, enabling as well as enforcing
this development, shows that tourism is an interesting field
of application. But it also demonstrates that this industry
poses hard challenges, which offer interesting research
opportunities. This has also been acknowledged by the
European Union, placing tourism as one of the preferred
application fields of the European IT research.
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