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Foreword

The British National Conference on Databases (BNCOD) was established in 1980 as a
forum for research into the theory and practice of databases. This aim remains highly
relevant today as database technology must meet the challenges of global applications
that need to access and analyse data stored in multiple heterogeneous, autonomous in-
formation sources on the Web.

This volume contains the proceedings of the 19" BNCOD, held at the University
of Sheffield in July 2002. The conference theme this year is “Exploring the roles of
database technology within the global computing infrastructure”. There are 10 full-
length papers, 9 poster papers, and two invited talks. As in previous BNCOD confer-
ences, there are a significant number of papers from abroad, including authors from
Brazil, France, Italy, The Netherlands, Spain, Sweden, and the USA.

Our first invited speaker is Jiawei Han who is currently at the University of Illinois at
Urbana-Champaign. Jiawei Han is a distinguished researcher in the area of data mining,
and his invited talk addresses in particular data mining techniques for stream data. The
motivation for this research is the vast amounts of data produced at high speed by many
real-time systems, which for practical reasons cannot be stored on disk for off-line
analysis. Thus, techniques are needed for real-time mining of such stream data. Jiawei
Han'’s talk addresses recent developments in this area, and the major research challenges
arising.

Our second invited speaker is Richard Hull who is Director of the Network Data and
Services Research Department at Bell Laboratories. Richard Hull’s early research was
in the fundamentals of database systems, with many seminal papers and results. More
recently he has been working on information integration, workflow, and e-services, and
his invited talk addresses personalisation of network-hosted services. His talk motivates
the need for personalised services provided by “intelligent collective networks”, and
then focuses in particular on the research challenges arising in data management and
policy management for such networks.

The refereed full-length papers are presented in four sessions. The first session is
on Query Optimisation. Here, the paper by Gounaris et al. is motivated by the need for
adaptive query processing in wide-area distributed applications, where it may be diffi-
cult to predict query performance statically and where techniques are needed that adapt
query execution plans during query execution. The paper gives a survey of adaptive
query processing, comparing and contrasting several techniques with respect to a num-
ber of factors, and identifying specific research challenges. The paper by Gianella et al.
discusses the use of approximate functional dependencies in query optimisation. They
propose decomposing relations according to the functional dependencies which hold
in parts of the relation, and describe two query rewriting techniques utilising the de-
composed relations, one which always preserves correctness and one which preserves
correctness for a certain class of queries. Experimental results are presented and dis-
cussed for both techniques.

The second session of full papers is on Data Warehousing and Mining. Voloso et al.
focus on the problem of how to choose between the various proposed association rule
mining algorithms for a specific data set. They present a comparison and evaluation of
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several algorithms with respect to some real and synthetic data sets, and propose a new
adaptive algorithm designed for better general performance on real data sets. Engstrom
et al. describe a test bed for measuring the performance of different data warehouse
maintenance policies with respect to data sources of different capabilities. They present
and discuss some experimental results for relational and XML data sources, concluding
that maintenance policy performance can be significantly influenced by source capabil-
ity.

The third full paper session is on Quality and Integrity. Burgess et al. present a
domain-independent taxonomy of quality, with the aim of reducing the problem of in-
formation overload when querying distributed heterogeneous environments by limiting
the information retrieved to the subset satisfying specific quality requirements. Couchot
addresses the problem of analysing the termination behaviour of triggers, or active rules,
which are useful for detection and flexible enforcement of integrity constraints. The ter-
mination problem for active rules is generally undecidable and research has focussed on
developing conservative tests. Couchot presents an improvement of a previous method
which is able to detect more cases of rule termination than previous approaches. Finally,
the paper by Fu et al. addresses the problem of analysing integrity constraints extracted
from legacy systems. A polynomial-time algorithm is presented for determining related
integrity constraints, where related constraints are ones that contain a specified syntactic
sub-structure.

The fourth full paper session is on Web and Distributed Databases. Zwol and Apers
consider techniques for better information retrieval from the Web if the search focus
is on a smaller, domain-specific document collection. They present a method which
integrates the semantic content of such a document collection into a schema which
can then be used to formulate queries over the collection. Some experimental results
are presented and analysed which show improved performance over standard search
engines. Theodoratos describes a hypergraph-based query language for integration of
heterogeneous data sources via view definitions. Two view transformations can be used
to incrementally construct or evolve views. Brisaboa et al. present an architecture for
generating natural language interfaces to document databases. An ontology is used to
describe the concepts of the document database, and a User Interface Generator auto-
matically generates a user interface for that database from the ontology and a set of
“skeleton sentences”.

Finally, there is a session consisting of 9 poster papers, which were also refereed
by the Programme Committee. The first three poster papers, by Boyd et al., Jasper, and
Fan, describe recent work on the AutoMed project at Birkbeck and Imperial Colleges,
which is investigating heterogeneous database integration via schema transformation
rules. The next three poster papers, by Gupta et al., Ram et al., and Shou and North
focus on techniques for semantic integration of distributed heterogeneous information
sources. The last three poster papers, by Medina et al., Lepinioti and McKearney, and
Lodi concern data warehousing and data mining.
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Have It Your Way:
Personalization of Network-Hosted Services

Richard Hull, Bharat Kumar, Arnaud Sahuguet, and Ming Xiong

Network Data and Services Research
Bell Laboratories, Lucent Technologies, Murray Hill, NJ 07974
{hull,bharat, sahuguet, mxiong}@lucent.com

Abstract This paper surveys recent trends in network-hosted end-user services,
with an emphasis on the increasing complexity of those services due to the con-
vergence of the conventional telephony, wireless, and data networks. In order to
take full advantage of these services, private and corporate users will need per-
sonalized ways of accessing them. Support for this personalization will involve
advances in both data and policy management.

1 Introduction: The Challenge of too Many Services

With the emergence of the World Wide Web the realm of end-user accessible, network-
resident data services has become extremely rich and varied. Voice services have lagged
behind the web in terms of their complexity, due to their heritage in monolithic circuit-
based networks. But voice services are catching up, as packet-based voice becomes
more common and gateways are being made between the telephony network and the
internet. For example, voice access to web-resident information (e.g., weather, email,
personal calendar) is now becoming available through several service providers. And
through standards such as Parlay [Par], internet-based services will have broad access
to a variety of telephony network information and services (e.g., presence and location
awareness, billing, call control), enabling third-party application developers to create a
multitude of services that freely mix web-style and voice-based functionalities. Add to
this the variety of mobile networks (2G, 3G, WAP, 802.11, ...), the increasing use of
instant messaging, and the emergence of SIP [[SIP] and intelligent terminal devices, and
we see that most end-users will soon be deluged with a broad variety of services and
ways to combine them, along with a multitude of details about all the different ways to
contact their friends and associates.

Due to the wide-spread use of mobile devices the “collective network”, or more
precisely, the family of circuit-based, wireless, and data networks, is truly becoming
a ubiquitous feature in our daily lives. Through a combination of mobile and fixed
devices, a substantial portion of the world’s population is reachable in an instant, and
they can access the network whenever they want. Further, when a mobile device is on,
both its status (idle, on-call, etc.) and approximate location can be tracked. And many of
us spend one or more hours working with a network-connected computer. As a result,
the collective network has a tremendous wealth of up-to-date information about where
people are and whether they are available for communication.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 110l 2002.
(© Springer-Verlag Berlin Heidelberg 2002



2 Richard Hull et al.

So what will communication-oriented services look like in the future, and why do
they need to be personalized? We mention here four key trends.

Making It Easier to Request Services: An important trend is to make the collective
network to be more “intelligent” with regards to providing typical services. A simple
example of this is to support so-called “call by name” as opposed to “call by number”.
With call by name a user identifies who they want to call by that person’s name, and
lets the network determine which number or numbers to actually call, in order to make
the connection. More generally, an “intelligent” network could keep track of end-user
address books, preferences, appointment books, and habits, and permit the user to re-
quest services through high-level directives (e.g., “call Jerome” or “arrange a flight to
Chicago after my last appointment on this Wednesday”), rather than the explicit style of
service requests used today. The network should also be aware of the device or devices
that the end-user is currently using or has available, and tailor information delivery to
those devices appropriately. It should be noted that as technology surrounding the web
services paradigm matures (e.g., to incorporate automated reasoning for service discov-
ery and composition), then both end-user requests and automated notifications will be
able to trigger increasingly sophisticated combinations of services, which implies the
increasing complexity of taking individual profile data and preferences into account.

Automated Notifications: We are already seeing automated notification services in
limited areas (e.g., flight information, financial market events, and in e-commerce no-
tification if your order gets shipped). These will proliferate as it becomes easier for
service providers and businesses to provide them, and for end-users to launch and cus-
tomize them. In the future we should be able to register for a broad variety of event
notifications, specifying also under what conditions a notification should be issued, and
how and when the notifications should be delivered (e.g., urgent ones to a pager or cell
phone, less urgent ones to voice mail or email). (As an example of notifications gone
awry, a well-known bank offered the service of automatically paging clients when their
personal monthly 401K statements had been emailed. In general, those emails were
processed in bulk during slow periods in the bank’s schedule, i.e., at around 2 in the
morning!)

Support for Collaborative Activities: Appropriate use of the collective network can
substantially enhance the effectiveness of long-term (e.g., multi-day or multi-month)
collaborations. This can range from enhancing simple conference calls into flexible
multimedia/multi-device conferencing, to supporting persistent “chat sessions” that pro-
vide multiple modes of interaction through time, including the abilities to share data
files easily, to register for event notifications relevant to the collaboration, to track
whether participants are available, and to contact participants immediately when this is
deemed appropriate. This notion of collaboration extends also to relationships between
enterprises and customers, e.g., between a bank and someone applying for a mortgage
loan, where a variety of information must be passed, sometimes under time constraints.
More generally, network-hosted services can become as rich as the collaborations that
people and/or enterprises participate in.



Have It Your Way: Personalization of Network-Hosted Services 3

Keeping Control in the Hands of the End-User: As noted earlier, the collective net-
work has access to a vast amount of information about individual users. This informa-
tion should be revealed to others only by permission. Further, the individual user will
typically be willing to share certain information with certain other individuals, based on
a variety of circumstances (e.g., business colleagues might be given access during busi-
ness hours while family might be given access at essentially any time). It is important
that users be able to express their preferences accurately, and that the collective network
honor their right to privacy.

Achieving this vision of a more intelligent collective network involves advances in
a number of diverse technologies, including data management; preference and policy
management; workflow and collaborative systems; distributed systems; standards for
sharing information and control across networks and devices; new forms of call mod-
els and session management; and continued work on natural language interfaces. The
current paper is focused on challenges arising in data and policy management.

2 Managing User Profile Information

Network-hosted services revolve around providing information to end-users, providing
connections between end-users with each other or with automated systems working
on behalf of enterprises, and enabling end-users to invoke commercial, financial or
other services outside of the network proper. Simply providing these services entails
the storage and use by the collective network of a broad array of information about end-
users, including, e.g., the correspondence between users and their devices, awareness
that mobile devices are on data and/or circuit paths for establishing connections to them,
and awareness of the billing model (e.g., pre-paid vs. post-paid, and the billing plan). A
key element of simplifying and personalizing these services is for the collective network
to store and use information specific to individual end-users and relevant to the services
being provided, and to flexibly share this information across the components within
networks, and between different networks.

Currently, end-user information is scattered across the networks, and typically or-
ganized by device rather than end-user, with primary emphasis given to the perfor-
mance of individual services rather than enabling sharing of information between ser-
vices and networks. More specifically, in the circuit telephony realm information about
subscribers and how to bill them is maintained in so-called “central offices”, which
are generally opaque to internet-based applications. In the wireless domain a network
of “Home Locator Resources” (HLRs) hold real-time data about device location and
status, and have ready access to pre-paid billing information (so that service can be
terminated if the account becomes empty). Only recently is HLR data becoming more
freely available, through standards such as Parlay. In the internet user data is managed in
an extremely loose and distributed manner. The end-user relevant data managed by the
various networks is largely governed by standards bodies (e.g., ITU-T [ITU] and more
recently Parlay for the wireline telephony network, 3GPP [[3GPal] and 3GPP2 [3GPb]
for the wireless networks, and IETF [IET]] for the internet).

What data needs to be maintained and shared for simplifying and personalizing
network-hosted services? Web portals such as My Yahoo! provide a simple form of per-
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sonalization, allowing users to specify what locales they would like weather information
for, or what kinds of news stories should be presented. Services involving realtime com-
munication can involve more intricate personalization. For example, for “call by name”
the network needs to hold a mapping from end-user abbreviations (e.g., “my boss”) to
unique person identifiers, and from these to the family of devices used by the identified
person. Realtime information about presence, availability, and location should be fac-
tored into the “call by name” service, to help gain access to the callee. And this realtime
information must be filtered against the callee’s preferences, e.g., based on her sched-
ule (e.g., working hours vs. personal hours), the caller, and the current situation (e.g.,
working against an urgent deadline, on vacation, in transit, open to interruption). Over
time, the preferences that can be stored will become more and more intricate.

Convenient sharing of profile and preference information between networks, por-
tals, and services is not currently supported. An important pre-cursor to this sharing is to
provide support for secure and controlled sharing of such information across networks
and between enterprises. The Liberty Alliance consortium [[Lib] is working to develop
standards in this area. A key paradigm is to support the notion of “network identity”,
enabling a single sign-on to the network, which can be used transitively to authenti-
cate user-specific access to services across the collective network. The development of
this paradigm must take into account issues around enterprise firewalls, since a large
population is based within enterprises and use the network for conducting enterprise-
directed activities. Importantly, a single sign-on mechanism can provide the vehicle for
passing user-specific profile and preference information to services, although care must
be taken to share with a given service only information that the user has permitted for
that service.

What mechanisms and paradigms should be used to share user profile and pref-
erence information across the various networks, and across a multitude of services?
The basic answer is to generalize the federated database architecture [[HM&5USL.90]
that was developed in the 70’s and 80’s. That architecture, developed primarily for data
sharing within an enterprise context, acknowledges that multiple relatively autonomous
sub-organizations will maintain their own databases, and proposes essentially that a vir-
tual global schema be created for sharing data between those organizations. The global
schema can be viewed as providing a conceptual single-point-of-access for all of the
data, without requiring the different sub-organizations to store their data in a specific
format or technology.

Two generalizations of the federated model are needed to effectively support sharing
of user profile information. The first arises in the context of a single service provider,
where data is often replicated in network components to achieve satisfactory perfor-
mance. Unlike the usual federated paradigm, these network components are embedded
devices that do not provide data management support typical of modern DBMSs. Fur-
ther, updates may happen in both directions — a change to call-forwarding information
might be received from a cell phone through an embedded copy of data, while a change
to a billing plan will typically come from a database-resident copy of data and be passed
to relevant embedded components. As user profile information becomes more sophisti-
cated, the inherent distribution and complexity of the storage architecture will make it
increasingly difficult and expensive for applications and services to access it. For this
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reason, following the spirit of the federated architecture, an abstraction layer should be
introduced, to support a conceptual single-point-of-access for (realtime and static) user
profile information. Services and applications can then access user profile information
in a uniform and consistent manner. Because performance is critical in network-hosted
applications, new techniques will be needed to provide adequate performance under-
neath this abstraction layer.

The second generalization of the federated model involves allowing for the graceful
interaction between multiple federations. Each host must be able to access and use
data that is coming from “outside”, i.e., from other hosts and entities in the collective
network. One approach to support such sharing is illustrated by the HLR. Sharing of
data between HLRs is crucial for support of cell-phone “roaming”, and standards have
been developed to support this data sharing. But standards will be more elusive in other
domains. A wireless service provider (WSP) may want to support the ability of an end-
user to maintain an address book in the network, and to synchronize it with the address
book on their cell phone. While some users will be satisfied with having the WSP hold
the primary copy of their address book, other users will prefer that an independent third
party, e.g., a web portal, hold the address book. In this case, the portal and the WSP
may both hold federated schemas for their internal data, but also need to share data
between those federated schemas. Unlike the original federated architecture, there is no
over-arching organization in place to maintain a federated schema between these two
entities. Richer examples arise when data relevant to providing a single service is spread
across multiple hosting organizations, e.g., when the wireless network holds presence
information, a web portal holds preference information, an enterprise is providing a
particular service for a fee, and another enterprise (or a network operator) is providing
billing services.

What about the data models that are and will be used? While most network-hosted
data continues to reside in relational DBMSs, there is increasing usage of an LDAP
representation, motivated by the fact that LDAP is rich enough and efficient for many
current user profile applications, and provides flexible support for physical distribution.
As user profile information becomes richer and as XML becomes more pervasive, we
expect a gradual transition to the use of XML for passing profile information between
network hosts. Indeed, adopting XML offers the advantages of a unified data model
and unified query language, that easily encompass the relational and LDAP models and
languages. Further, a standard (XACML) is being developed for access control against
XML data.

Schema management will emerge as a key research area in profile management. His-
torically, schemas for profile databases have developed in an ad hoc way by different
providers. More recently, standards groups (e.g., DMTF [[DMT] DEN User Informa-
tion Model, 3GPP Generic User Profile) have proposed or are developing standardized
schemas for holding profile information. Looking forward we expect network operators
to take a hybrid approach — starting essentially with a standardized schema for profile
information, but adding to it as new services arise that require the incorporation of new
profile information. In many cases, the new services will be developed by third-party
application developers. How does the network operator ensure that the growth and evo-
Iution of the profile schema is reasonably coherent? More specifically, what tools can be
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developed, so that developers that need to extend the profile schema hosted in a network
can (a) easily learn what is already in the profile schema, (b) avoid adding redundant
elements (unless there is good cause), and (c) add new elements in a manner consistent
with the rest of the schema. If the data is represented in XML format, then a possible
direction is to annotate the profile schema (perhaps represented in XML Schema) with
semantic descriptions of different nodes and subtrees.

3 Managing Preferences and Policies

Maintaining profile and preference information in a (distributed, federated) profile data-
base can provide a solid foundation for extensive personalization of network-hosted
services. In this section we argue that incorporating rules-based preferences and policy
management into the network can provide substantially increased flexibility and ease
of maintenance for supporting this personalization. We also describe several research
issues raised by this approach.

The notions of policy and policy-enabled have taken many meanings. In broad
terms, policy in connection with a computerized system refers to the logic that gov-
erns choices that the system can make; these choices may be based on a variety of fac-
tors including personalization, optimization, quality of service, etc. A system is policy-
enabled if it provides a mechanism to change the policy in a dynamic manner, without
recoding or stopping the system. There are a range of approaches to policy-enablement
in current systems. One approach, called here data-structure-driven policy enablement,
is to provide a (presumably rich) data structure for holding preference information, and
provide application code that interprets the data structure. The data in the data struc-
ture can be updated at will, thereby providing dynamically changeable behavior. For
example, to support a “call by name” application in this manner there would be a data
structure provided so that users can specify when and how they should be reachable,
and when they should not be reachable. Another approach, called here rules-based, is
to permit the specification of families of rules to define the policy, and to provide a
rules engine for executing on those rules. Within this approach there is considerable va-
riety, because there are several paradigms for rules-based systems, ranging from simple
condition-action languages that do not permit chaining (e.g., as found in the IETF stan-
dards), to production system style systems (e.g., OPSS5 [[For81], CLIPS [CLI|, ILOG
[ILO]), to various styles of logic programming (e.g., Prolog, stratified, etc.) [[Apt91]
and other paradigms (e.g., PDL [[LBN99], Ponder [DDLSO01], Vortex [HLS™99]). The
rules-based approach, especially if chaining is supported, is typically more flexible than
the data-structure-driven approach, because in practical applications, a rules language
has the potential to express more than a fixed program that is interpreting values of a
fixed data structure. At the extremely expressive end of policy enablement would be
the use of more advanced logical systems (e.g., description logics [[BBMRS&9] or first-
order logic) to specify policy. For the remainder of this paper we focus primarily on
rules-based policy enablement.

With regards to personalization of network-hosted services, it is useful to keep four
distinct architectural aspects of policy enablement in mind. One aspect concerns the pre-
sentation of the policy-enablement to end-users. In most cases, because end-users are
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coming from all walks of life, they will be presented with a table-driven GUI for enter-
ing, viewing, and modifying their preference information. In the case of data-structure-
driven policy enablement, the user-entered information will be used to populate the
underlying data structure; indeed, there is typically a close relationship between that
data structure and the choices presented to the user. In the case of rules-based policy
enablement, the user-specified preferences will be translated into a collection of rules,
which are held in a policy database (following here the terminology used by Parlay and
other standards). A policy execution point is a location in the system where a collection
of rules can be executed, in order to render a decision based on stored policy. And a
policy enforcement point is a location in the system where the result of policy decisions
can are used to dictate actual system behavior.

It is natural to ask at this point: if end-users are typically presented with a table-
driven GUI for entering preferences, then why in practice is the increased flexibility
of the rules-based approach really needed? One answer is that over time, if a rules-
based approach is used then extensions to the kinds of preferences users can specify
can typically be made by modifying the GUI and translation into rules, but without
modifying the underlying infrastructure. Another answer is that a rules-based approach
permits a common underlying infrastructure to support many different classes of users
(e.g., road warriors, corporate executives, students, retirees, home-makers, emergency
workers), with their respective GUIs that are based on substantially different kinds of
preference information.

An important issue in policy management for personalization concerns the choice
of rules (or richer logic) paradigm for specifying policies. The DMTF and IETF policy
bodies, which focus on managing network and system components, have favored rules
systems with no chaining: if the condition of a rule is true, then a specific action is
taken at the appropriate policy enforcement point. In connection with personalization,
however, the assignment of intermediate variables and the use of rule chaining can be
beneficial. As a simple example, consider the “call by name” application (or any kind of
calling application), and the preferences that the receiving party might specify to guard
their privacy. It may be useful for the receiver to use rules to assign values to intermedi-
ate values such as “time category” (e.g., working hours, family hours, sleep hours) and
“caller category” (e.g., colleague, family member, high priority caller). These variables
might be used in rules that determine whether callers are routed to voice mail instead
of making one or more phones ring. Set-valued intermediate variables can also be use-
ful, so that the rules can consider a set of possibilities simultaneously (e.g., devices for
contacting a person). The use of intermediate values can enable rule sets to be much
more succinct than the case where intermediate values are not permitted. Finally, while
intermediate variables and chaining seem useful, it is unclear how important recursive
rules are for personalization applications. Restricting attention to acyclic rule sets has
benefits in terms of performance, and simplifies other issues mentioned below.

We turn now to key research issues in policy management in support of personal-
izing network-hosted services. One key issue, of course, is performance. For many ser-
vices in the telephony network users will expect response times of well under a second,
which can be a challenge for typical rules engines operating in, e.g., typical production
system applications. In the case of some network hosted services, at least in the near
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term this may be mitigated because the size of the rule set used for a particular decision
is limited (e.g., for “call by name”, only the preferences of the caller and callee need
be examined). However, a basic issue in policy management for personalization con-
cerns the interaction of rules with databases. For example, in connection with “call by
name” a user might have rules stating that a call from any employee of the same com-
pany will be received during working hours — this might mean that an incoming call
will have to be checked against a corporate database holding information about 50K or
more fellow employees. Mechanisms need to be developed for executing rule sets in
a way that avoids expensive database dips whenever possible. >From an architectural
point of view, it is important to understand a variety of tradeoffs in this area, including
whether to place policy execution points “near” associated databases, and if that cannot
be done, how much data to pass to the policy execution point when requesting a deci-
sion vs. having the execution point query a database for information on an as-needed
basis.

Another research area concerns dynamic combinations of rules. For example, in
policy languages such as Ponder and standards from IETF and Parlay, rules can have
associated roles, and the roles can be used at runtime to gather together a set of rules
to be used for a particular decision. In connection with “call by name” there might be
separate rule sets for the caller and the callee, which are combined at runtime. And there
might be additional rules that the caller’s or callee’s employee wish to be enforced, or
that a network operator will insist upon. In cases where there is no rule chaining, it
is relatively straightforward to interpret the meaning of an essentially arbitrary collec-
tion of rules. If there is rule chaining, and hence potentially complex interdependencies
between rules, it may be difficult to successfully combine rules dynamically, since un-
expected interactions between the combined rule set might arise. A promising direction
here, at least in the restricted case of acyclic rule sets, might be to support the con-
struction of targeted rule sets, that essentially map from selected “input” variables to
selected “output” variables. We might permit combining of two rule sets if the “output”
variables of one set correspond to the “input” variables of the other set. Generalizations
of this are easily imagined, to permit multiple rule sets to be combined in a structured
manner.

A final challenge concerns providing the ability to specify global policies in essen-
tially one place, and to somehow manage to map them to appropriate network com-
ponents to achieve maximum performance while remaining true to the semantics of
the global policy. In more detail, when end-users specify preferences, they should be
able to conceptualize the network as one unified system. But the rules that are created
from their preferences will typically reside on, or provide decision-making for, multiple
components in the network. As one example, in the Parlay standards several different
components can be policy-enabled, including call control, presence awareness, loca-
tion, and charging; a “call by name” capability might entail several or all of these. More
generally, user preferences might be mapped to policy enforcement points at different
levels of the network, e.g., to presence awareness at the level of the Parlay standards, to
a softswitch for executing policy around call control, and to edge routers for enhancing
the performance of streaming data associated with a multimedia call. The emergence
of SIP and intelligent endpoints raises another form of distribution, e.g., the possibility
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that my SIP-enabled personal phone and my SIP-enabled business phone could both
execute policies on my behalf — but how can these policies be coordinated? Managing
policy in these kinds of distributed environments is a relatively new topic for policy
research. Recent work includes [[PFW T 02JAMNO02], which develop approaches to pro-
vide forms of hierarchical structuring on rule sets, with a form of inheritance of rules
from a super-entity to a sub-entity. Adapting these approaches to support personaliza-
tion of network-hosted services will by challenging, in part because of the heterogeneity
of the policy paradigms used by different network components, and the peer-to-peer na-
ture of SIP endpoints.

4 Conclusions

We have seen that supporting personalization in network-hosted applications raises sev-
eral research issues in both data and policy management. In data management this in-
cludes developing extensions of the federated model, new tools to support schema man-
agement and evolution, and of course, performance. In policy management this includes
performance of rules engines in a new context, mechanisms for dynamic combining of
rule sets, and mechanisms for working with distributed rule sets.

More generally, the area of personalization leads to a blurring of the traditional roles
of databases and rules engines. In the context of personalization, a query such as “is Joe
available for a call right now?” can not be viewed as a database access. Rather, it is
a context- and time-specific request that will be answered by an interaction of rules
engine and database, working with preferences stored in a combination of rules and
data. As such, policies are used to control access to personal data according to user
preferences. The converse also holds — that smart policies often require access to a
variety of data. This confluence of data and policy management gives rise to a broad
range of new questions in optimization, in models for distribution, and in providing
structure for combining preference information from different sources.
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Abstract In wide-area database systems, which may be running on unpredictable
and volatile environments (such as computational grids), it is difficult to produce
efficient database query plans based on information available solely at compile
time. A solution to this problem is to exploit information that becomes available at
query runtime and adapt the query plan to changing conditions during execution.
This paper presents a survey on adaptive query processing techniques, examining
the opportunities they offer to modify a plan dynamically and classifying them
into categories according to the problem they focus on, their objectives, the nature
of feedback they collect from the environment, the frequency at which they can
adapt, their implementation environment and which component is responsible for
taking the adaptation decisions.

1 Introduction

In a distributed environment, statistical information about the available data sources
may be minimal, and the availability or load of physical resources is prone to changes.
Consequently, traditional query optimisation can lead to poor performance, especially
in long running query evaluations, as the query optimiser may not, at compile time, have
the necessary statistics, good selectivity estimates, knowledge of the runtime bindings
in the query, or knowledge of the available system resources required to produce an
optimal query plan (QP). In addition, traditional optimisers cannot predict the future
availability of resources. Adaptive (or dynamic) query processing (AQP) addresses this,
by adapting the QP to changing environmental conditions at runtime.

Current research on adaptive query processing follows two main directions. The first
approach responds to changes in the evaluation environment by modifying the execu-
tion plan at runtime (e.g. by changing the operators used or the order in which they are
evaluated). The other approach involves the development of operators that deal more
flexibly with unpredictable conditions and adapt their behaviour by collecting and tak-
ing into consideration information that becomes available at query runtime about how
query evaluation is proceeding and about changes in the wider execution environment.

A query processing system is defined to be adaptive in [IL1] if it receives informa-
tion from its environment and determines its behaviour according to that information in
an iterative manner, i.e. there is a feedback loop between the environment and the be-
haviour of the query processing system. In this survey, we assume a narrower definition,
in the sense that we restrict our attention to cases where the feedback loop produces ef-
fects during the execution of the query. If the effects of the feedback loop are deferred,
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then only subsequent queries, rather than the one that is running, can benefit from
the adaptive technique employed. This is less appealing for novel data management
tasks where systems are processing potentially very long running queries over multiple,
semi-autonomous sources on wide-area networks with unpredictable data transfer rates.
Broadly speaking, the need for adaptive query processing is emerging as query engines
are scaled and federated, so that they must cope with highly unpredictable and volatile
environments. If databases are to be integrated into the Grid [[8], this need will become
even greater.

The remainder of the paper is structured as follows. Section 2 describes the classi-
fication criteria and the potential attributes of AQP. Sections 3 and 4 present existing
adaptive operators and algorithms respectively, followed by a discussion of general ob-
servations in Section 5. Section 6 concludes the paper.

Related Work: [[L1] presents the most relevant work to this survey. As mentioned above,
it examines systems that may produce different query plans at any time in the future, in
response to changes in the environment, while the present survey focuses on query pro-
cessing techniques that can adapt to changing conditions during execution time. Also,
[L1] uses a very limited set of classification criteria. [|14] extends this set by proposing
some dimensions over which AQP systems may differ. Other previous surveys on query
optimisation, like [[10J12]], include techniques that have a dynamic flavour, in the sense
that the QP they produce at compile time is not completely fixed, but such techniques
are not covered by the definition of adaptivity given earlier.

2 The Scope of the Survey

The query evaluator of a database management system (DBMS) comprises two main
sub-components: the query optimiser (QO) and the execution engine. The query op-
timiser generates the input for the execution engine. After a query is submitted, the
optimiser chooses one from many, logically equivalent, transformations of the query in
the form of algebraic expressions. These logical query plans are often represented as
logical operator trees. The most interesting characteristics of logical plans, with regard
to query optimisation, are the location of project and select operators, the operator order
and the tree shape.

A physical operator plan is derived from the logical one through the selection of
algorithms to implement each of the operators of the logical plan. In order to produce
the physical plan, decisions on whether to use indices or not, and whether to employ
pipelining instead of blocking operators, are also taken. In general, each logical plan
corresponds to many physical plans. Either cost models or heuristics are used to predict
the cheapest plan for execution.

In parallel and distributed DBMSs, partitioning and scheduling issues arise during
optimisation. A query plan can be divided into different sets of operators, called parti-
tions, in order to harness, to the greatest possible extent, the benefits of parallelism. The
query optimiser is responsible for deciding the number, the location, the kind, and how
partitions will be scheduled.

Existing AQP techniques differ over many dimensions, as they have impacts of
different kinds on the QP, they do not always share common goals and focus, and they
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are applicable to different environments. Moreover, they may collect different feedback
and adapt with different frequency. These dimensions are discussed in the following
sections and provide the basis for the survey, which is summarised in Table [I]

2.1 Modifications in the Query Plan

Modifications to the query plan may occur at two levels: logical and physical. Mod-
ifications at the logical level (LL field in Table [I)) may fall into one of the following
categories:

Reformulation of the remainder of the query plan, denoted in Table [[]by rem, when
the AQP techniques can produce a totally different logical subplan for the remain-
der of the query, introducing new logical operators, changing the operator order or
altering the tree shape.

Operator Reordering, denoted in Table [[Iby op_or, when techniques can only change
the order of pre-defined logical operators. The two categories, rem and op_or, are
not mutually disjoint, as the extent of the effects of the techniques in the first cate-
gory is a superset of those in the second.

No effects, denoted in Table [[lby no, when the AQP methods, although they can mod-
ify a query during runtime, they do not modify their logical plan.

In this survey, three aspects of modifications to the query plan at the physical level,
which may be brought about by AQP techniques, are considered: effects on the physical
query plan, re-partitioning and re-scheduling. The impact of the dynamic techniques on
the physical query plan (PP field in Table [1)) is of three kinds:

Usage of adaptive operators, in order to drive the adaptivity. In many cases, extended
variants of sort (sort), hash (hash), pipelining joins (PJ) and parallel operators
(parl) are used in order to enhance the query evaluator with the capability to adapt
dynamically to certain changes in the environment. For example, special physical
operators could be used to adapt to changes in memory availability, when these
changes happen during operator execution.

Operator Replacement, takes place when a particular physical operator can be re-
placed with a logically equivalent one at runtime in order to produce an optimised
QP. For example, a hash join may be replaced by an index join, if an index on the
joining attribute becomes available during runtime. As there are no restrictions on
the choices that can be made, the relevant category is marked as any in the relevant
field of Table[1l

No effects, if an AQP technique does not affect the physical plan at all. This is denoted
by no.

Although most of the techniques could be applied to parallel and distributed en-
vironments, a few of them deal with query re-partitioning (Par) and re-scheduling of
these partitions (Sch). An example of effects on the partitioning is when AQP allows
partitions to be joined together or split into many subpartitions at runtime. If AQP is
designed in such a way that it can explicitly modify the partitioning of a QP running in
a parallel or distributed environment, then the relevant value in Table [1l is yes. More-
over, some techniques invoke the query optimiser during query execution and, in that
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way, they may modify the partitioning, provided that they are applied to a parallel or
distributed setting (denoted as maybe in Table [I)).

The scheduling of the query plan is modified when an operation in execution is
moved to another node, the number of execution nodes changes during execution, or the
relative input rates for these nodes is adjusted in order to achieve optimal performance.
In wide-area systems, it is also desirable to have the capability to replace a source
if it fails, and to postpone the decisions on which node to execute some operations
until runtime. Finally the amount of data allocated to each participating node, can be
controlled in order to achieve load balance. In all the above cases the scheduling is
affected. The semantics of the relevant field in Table [[lis the same as for partitioning.

2.2 Characteristics of Adaptive Query Processing Techniques

AQP methods vary significantly in what they attempt to adapt to. There are six main
different areas of focus, as shown in the Focus field:

Fluctuations in memory (mem_fl). Systems in this category try to adapt to memory
shortages and to the availability of excess memory. Memory shortages can happen
due to competition from higher-priority transactions, for example. In that case, run-
ning query plans may be forced to release some or all of the resources they hold.
On the other hand, executing transactions may be given additional resources as they
become available, when, e.g., other queries complete and free their buffers.

User preferences (user_pr). Adapting to user preferences includes cases where users
are interested in obtaining some partial results of the query quickly. In order to meet
such needs, the system produces results incrementally, as they become available,
and the user can tradeoff the time between successive updates of the running queries
and the amount by which the partial and the actual results differ at each update. The
user can also classify the elements of the output in terms of importance, and in that
case the query evaluator adapts its behaviour in order to produce more important
results earlier.

Data arrival rates (dar). Techniques that adapt to data arrival rates apply to parallel
and distributed systems, where the response times of remote data sources are less
predictable.

Actual statistics (ac_stats) about the data sources which are not available initially. In
some cases, it is not possible at compile time to gather accurate statistics about the
data sources. A solution to this problem is to collect such statistical information at
runtime, thereby ensuring that they are valid for the current circumstances, and to
adapt query execution based on it. Techniques that adopt this policy may change
the query plan when the actual statistics have become available.

Fluctuations in performance (per_fl). Problems in performance fluctuation arise more
often in parallel systems. In these systems, performance can degrade when even a
single node experiences poor data layout on disks, high memory and CPU load, or
competing data streams.

Any changes in the environment (any) combine elements of all the other categories.
Some techniques are comprehensive, as they can adapt to many kinds of changes
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in their environment, i.e. to computer resources, like memory and processor avail-
ability, and to data characteristics, like operator costs, selectivities and data arrival
rates.

The aim of adaptive techniques may also differ. More specifically, AQP may aim at:

Minimising the total response time (#rf) for a single evaluation. It is important to note
that many AQP techniques use specific operators in order to achieve adaptivity.
Adaptive operators perform better than static ones when there are changes in the
environment. However, if all the parameters of the query are known at compile time
and do not change during execution, a static QP may result in better response times.

Minimising the initial response time (irf). Some systems are mostly interested in min-
imising the time until useful information is returned to the user, according to his or
her preferences. These systems are optimised to produce more, or more important,
results during the early stages of the execution.

Maximising the throughput (#ir) of the system. Some AQP techniques aim at min-
imising the total response time for the evaluation of a set of independent operations.
Apparently, there is an interplay between the techniques of the last two categories.
E.g., if there is only one operation to be evaluated, they share exactly the same ob-
jective. This is only one of the many possible ways that techniques described in the
survey can interfere with each other.

Another characteristic of AQP techniques is the nature of the feedback (FN) they
collect from the environment in order to examine whether there is scope for adaptation
of the QP. Different kinds of feedback include:

memory availability (mem_av),

potential input from the user (user_in), such as priority ratings for different parts of
the result or for the rate of updates of partial results,

input availability (in_av), which is relevant to operators that may have one or more
of their inputs blocked and need to check whether delayed inputs have become
available,

workload (1),

data rates (dr), i.e. the rates at which tuples are produced, and

statistical information (stats), other than those covered by the above categories, e.g.
the size of each relation, the approximate number and frequency of different values
for an attribute, the availability of indices, the layout of the data on disk, lists of
replicated databases, etc.

For the frequency of feedback collection (FFC), there are two possible values:

— inter-operator (infer), and
— intra-operator (intra) frequency.

Techniques in the first category collect and may act on feedback between the execu-
tion of different physical operators in the QP. Collection can be triggered after certain
physical operators have been evaluated or after special events, like the arrival of partial
results from local data sources in multidatabase environments. In techniques adapting
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with intra-operator frequency, feedback is collected during the evaluation of physical

operators. Check-points are added to the operator execution for this purpose. In gen-

eral, feedback is collected after a block of tuples has been processed. In the limit, this

block consists of a single tuple, resulting in a potentially different plan for each tuple.
Techniques differ in whether they have been designed for

— uniprocessor (U),
— parallel (P), or
— distributed (D) environments,

as shown in the Env field of Table [Il This does not mean that a technique initially de-
veloped on a single processor platform cannot be applied to a parallel or distributed
setting, rather it is used to indicate that the developers may not have taken into con-
sideration some of the specific problems that arise in such settings. For example, for
a QP to be optimal in a distributed environment, statistical information about network
cost, replicated data sources and the available nodes is required, along with commonly
available statistics which underpin good models at least for uniprocessor systems. Such
statistics typically include selectivities, histograms and indices among others. The main
difference between distributed and parallel DBMSs is that the former are constructed
by a collection of independent, semi-autonomous processing sites that are connected
via a network that could be spread over a large geographic area, whereas the latter are
tightly coupled systems controlling multiple processors that are in the same location,
usually in the same machine room [[12].

The responsibility for adaptivity decisions (AD) may also be assigned differently.
Such decisions can be taken:

by the physical operators (O), when physical operators are implemented in such a
way that they can adapt their behaviour during runtime without being invoked by
any other DBMS component or optimiser;

locally (L), if the query optimiser, or any other DBMS component, takes action dur-
ing runtime to ensure that the remainder of the query plan will be evaluated in an
optimal manner;

globally (G), which applies to parallel and distributed systems when a global view of
the state of many participating nodes may be required, in order to adapt.

The last criterion used in this survey is whether a technique is realised as a physi-
cal operator (O), a concrete algorithm (A), or a system (S). In the first case, the whole
technique can be represented in the physical query plan as a single physical operator.
A technique is classified as an algorithm, if it implies extension and specific manipula-
tion of the operators of a QP, in order to achieve adaptivity. A system comprises many
autonomous techniques in an integrated computational entity.

3 Adaptive Query Operators

This section describes query operators which have the capability to adjust their be-
haviour according to changing conditions and the information available at runtime.
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Adaptive operators continuously collect and evaluate the feedback from the environ-
ment. They act autonomously in order to adapt to changes but have limited effects on
the executing QP, as they cannot perform radical changes to it. Additionally, as they are
basically developed for uni-processor environments, they do not consider partitioning
and scheduling issues.

Table 1. Properties of existing adaptive query processing techniques

21122]

Technique |LL PP Par (Sch |Focus [Aim |FN FFC (Env|AD |real.

Memory no sort no no mem_fl[trt |mem_av|intra |U |O O

Adaptive

Sorting [19]

Memory no sort no no mem_fl [thr |mem_av|intra |U |O A

Adaptive

Merge-Sort

127]

PPHJ [20] no hash |no no mem_fl{trt |[mem_av|intra (U |O O

Ripple [9] no PJ no no user_pr |irt |user_in |intra (U |O |O

XJoin [24] no PJ no no dar/ trt -|lin_av |intra |U |O (0]
user_pr |irt

Dynamic Re-|no sort  |no no user_pr |irt |user_in [intra |U [O |O

ordering [23]

Mid- rem |any |may- |may- |ac_stats|trt [stats inter (U |L A

Query  Re- be be

optimisation

[15]

Eddies [4)5] |op_or |no no no any trt |stats intra (U |L A

Rivers [3] no parl |no yes |per_fl |t |l/dr intra ([P |O |A

MIND [18] |op_or |any |no yes |ac_stats|trt |[stats inter (ID |G |A

Query Scram-|rem  |any  |no no dar trt |in_av [|inter (D |G |A

bling [112)26]

Pipeline op_or |PJ no no user_pr |irt  |dr/ intra O |A

Scheduler user_in

[25]

Bouganim etjrem |PJ may- |may- |dar/ trt  |dr/ intra |D |O/G |A

al |617] be be mem_fl mem_av

Conquest rem |any |yes |yes |any trt |stats inter ([P |G |A

[16117]

Tukwila rem [PJ may- |yes |any trt -|stats inter |D |O/G |S

[13014] be irt

Telegraph op_or |parl [no yes |any trt |stats/ |intra (D |O/L |S

[L1] 1/dr

dQUOB op_or |no no no ac_stats|trt [stats inter (D |L [A
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3.1 Memory Adaptive Sorting and Hash Join

[19] introduces techniques that enable external sorting to adapt to fluctuations in mem-
ory availability. External sorting requires many buffers to run efficiently, and memory
management significantly affects the overall performance. The memory-change adapta-
tion strategy introduced is dynamic splitting, which adjusts the buffer usage of external
sorts to reduce the performance penalty resulting from memory shortages and to take
advantage of excess memory. It achieves that by splitting the merge step of external sorts
into a number of sub-steps in case of memory shortage, and by combining sub-steps into
larger steps when sufficient buffers are available. Alternative strategies, like paging and
suspension, are non-adaptive and yield poor results [[19]. Adopting memory-adaptive
physical operators for sort operations avoids potential under-utilisation of memory re-
sources (e.g. when memory reserved prior to execution based on estimates is in fact
more than the memory required) or thrashing (e.g. when memory reserved prior to ex-
ecution is in fact less than the memory required), and thus reduces the time needed for
query evaluation. This technique is complementary to existing optimised strategies for
the split phase of external sorts. In the same way, new memory-adaptive variants of
merge-sort operators can also be developed.

For join execution, when the amount of memory changes during its lifetime, a fam-
ily of memory adaptive hash joins, called partially preemptible hash joins (PPHJs), is
proposed in [20]. Initially, source relations are split and held in memory. When memory
is insufficient, one partition held in memory flushes its hash table to disk and deallocates
all but one of its buffer pages. The most efficient variant of PPHJs for utilising additional
memory is when partitions of the inner relation are fetched in memory while the outer
relation is being scanned and partitioned. This method reduces I/O and, consequently,
the total response time of the query. Although it cannot adapt very well to rapid mem-
ory fluctuations, it outperforms non-memory-adaptive hybrid hash joins, which employ
strategies, such as paging and suspension.

3.2 Operators for Producing Partial Results Quickly

In many applications, such as online aggregation, it is useful for the user to have the
most important results produced earlier. To this end, pipelining algorithms are used for
the implementation of join and sort operations. The other kind of operators are block
ones, which produce output after they have received and processed the whole of their
inputs.

Ripple joins [9] are a family of physical pipelining join operators that maximise the
flow of statistical information during processing. They generalise block nested loops
(in the sense that the roles of inner and outer relation are continually interchanged dur-
ing processing) and hash joins. Ripple joins adapt their behaviour during processing
according to statistical properties of the data, and user preferences about the accuracy
of the partial result and the time between updates of the running aggregate. Given these
user preferences, they adaptively set the rate by which they retrieve tuples from each
input of the ripple join. The ratio of the two rates is reevaluated after a block of tuples
has been processed.
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XJoin [24] is a variant of Ripple joins. It is an operator with low memory require-
ments (due to partitioning of the inputs), so many such operators can be active in
parallel. Apart from producing initial results quickly, XJoin is also optimised to hide
intermittent delays in data arrival from slow and bursty remote sources by reactively
scheduling background processing. XJoin executes in three stages: Initially, it builds
two hash tables, one for each source. In the first stage, a tuple, which may reside on
disk or memory, is inserted into the hash table for that input upon arrival, and then is
immediately used to probe the hash table of the other input. A result tuple will be pro-
duced as soon as a match is found. The second stage is activated when the first stage
blocks and it is used for producing tuples during delays. Tuples from the disk are then
used to produce some part of the result, if the expected amount of tuples generated is
above a certain activation threshold. The last stage is a clean-up stage as the first two
stages may only partially produce the final result. In order to prevent the creation of
duplicates, special lists storing specific time-stamps are used.

To obtain and process the most important data earlier, a sort-like re-ordering oper-
ator is proposed in [23]. It is a pipelining dynamic user-controllable reorder operator
that takes an unordered set of data and produces a nearly sorted result according to user
preferences (which can change during runtime) in an attempt to ensure that interesting
items are processed first; it is a best-effort operator. The mechanism tries to allocate as
many interesting items as possible in main memory buffers. When consumers request
an item, it decides which item to process (i.e. it uses a pull model). The operator uses
the two-phase Prefetch & Spool technique: in the first phase tuples are scanned, and
uninteresting data are spoooled to an auxiliary space until input is fully consumed. In
the second phase the data from the auxiliary space are read.

4 Algorithms and Systems for Adaptive Query Processing

4.1 Extensions to Adaptive Operators

A work on memory-adaptive sorting, which is complementary to [[19] as discussed in
Section 3.1, is presented in [27]]. This method focuses on improving throughput by
allowing many sorts to run concurrently, while the former focuses on improving the
query response time. Because it depends on the sort size distribution, in general, lim-
iting the number of sorts running concurrently can improve both the throughput and
the response time. The method proposed enables sorts to adapt to the actual input size
and changes in available memory space. For the purpose of memory adjustment, all the
possible stages of a sort operation regarding memory usage are identified and priori-
tised. The operations may be placed in a wait queue because of insufficient memory
in the system. Priority ratings are assigned to the wait queues as well. When memory
becomes available, the sorts in the queue with the highest priority are processed first.
A detailed memory adjustment policy is responsible for deciding whether a sort should
wait or proceed with its current workspace. If it is decided to wait, further decisions on
which queue to enter, and whether to stay in the current queue or to move to another,
are made. Like [19], [27] has impact only on the physical query plan and adapts with
intra-operator frequency.
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The method in [25] for quicker delivery of initial results in pipelined query plans
extends Ripple joins [9] and XJoin [24] with the capability to re-order join operators
of the QP. Instead of scheduling operators, the Dynamic Pipeline Scheduler splits them
into independent units of execution, called streams, and then schedules these streams.
This reduces the initial response time of the query but may result in increases in the
total execution time.

The Dynamic Pipeline Scheduler consists of two algorithms. In the rate-based
pipeline scheduling algorithm, all result tuples have the same importance. The algo-
rithm maximises the result output rate by prioritising and scheduling the flow of data
across pipelined operators. Characteristics of the operators, such as cost and productiv-
ity, can be dynamically changed (due to blocked inputs, finished operators, etc). Pro-
ductivity differs from selectivity in that selectivity describes how many tuples will even-
tually be produced, whereas productivity describes how many tuples will be produced
at that point in the execution [25]]. In the importance-based tuple regulation algorithm,
the result tuples have different degrees of importance (according to the user) and the
algorithm allocates more resources to the more important tuples. For the importance-
rated algorithm, dynamic collection of query statistics is necessary. So, this algorithm
needs to be combined with another technique that enables the collection of necessary
statistics at runtime. The scheduling policy is modified on the fly in light of changes in
system behaviour. Ideally, the output rates should be recomputed every time a tuple is
processed by a stream, but, in fact, the scheduler is invoked less often in order to avoid
large overheads.

4.2 Algorithms that Adapt to Data Arrival Rates

In the light of data arrival delays, a common approach is to minimise idle time by
performing other useful operations, thus attenuating the effect of such delays. Query
Scrambling [[1,2/26] and a generic AQP architecture discussed in [6l7] are two repre-
sentative examples in this area.

Query scrambling focuses on problems incurred by delays in receiving the first tu-
ples from a remote data source. The system performs other useful work in the hope that
the problem will eventually be resolved and the requested data will arrive at or near the
expected rate from then on. In the first phase, it changes the execution order to avoid
idling (which is always beneficial) following a specific procedure, and, in the second,
it introduces new operations in the QP, which is risky. In query scrambling, there is a
trade-off between the potential benefit of modifying the QP on the fly and the risk of
increasing the total response time instead of reducing it.

[6)7] deal also with the problem of unpredictable data arrival rates, and, addition-
ally, with the problem of memory limitation in the context of data integration systems.
A general hierarchical dynamic query processing architecture is proposed. Planning and
execution phases are interleaved in order to respond in a timely manner to delays. The
query plan is adjusted to the data arrival rate and memory consumption. In a sub-optimal
query plan, the operator ordering can be modified or the whole plan can be re-optimised,
by introducing new operators and/or altering the tree shape. In general, operators that
may incur large CPU idle times are pushed down the tree. Scheduling such operators as
soon as possible increases the possibility that some other work is available to schedule
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concurrently if they experience delays. Bushy trees are also preferred because they offer
the best opportunities to minimise the size of intermediate results. Thus, in case of par-
tial materialisation, the overhead remains low. The query response time is reduced by
running concurrently several query fragments (with selection and ordering being based
on heuristics) and partial materialisation is used, as mentioned above. Because materi-
alisation may increase the total response time, a benefit materialisation indicator (bmi)
and a benefit materialisation threshold (bmt) are used. A bmi gives an approximate in-
dication of the profitability of materialisation and the bm¢ is its minimum acceptable
value.

4.3 Algorithms that Defer Some Optimisation Decisions until Runtime

To ensure optimality in query evaluation, algorithms may wait until they have collected
statistics derived from the generation of intermediate results thus far.

Kabra and deWitt [[15] introduced an algorithm that detects sub-optimality in QPs at
runtime, through on-the-fly collection of query statistics, and improves performance by
either reallocating resources such as memory or by modifying the QP. This method aims
to combat the problem of constructing QPs based on inaccurate initial statistical esti-
mates about the data sources. To this end, a new operator, called the statistics collector
operator, is used. The re-optimisation algorithm is heuristics-based and relies heavily
on intermediate data materialisation. The statistics collector insertion algorithm inserts
statistics collector operators, ensuring that these do not slow down the query by more
than a specific fraction, and also assigns a potential inaccuracy level of low, medium, or
high to the various estimates. So, overhead is taken into consideration and only statistics
that can affect the remainder of the QP are collected.

The MIND system [18]] uses a similar approach to address the problem of where to
perform combination operations on partial results of a global query returned by local
DBMSs in a multidatabase system. Due to the fact that useful statistics about these
results are difficult for a static optimiser to estimate, decisions on where to execute
operations on data that reside at remote sources are deferred until the arrival of the
actual partial results. The decisions are based on both the selectivities and the cost
involved.

dQUOB conceptualises streaming data with a relational data model, thus allow-
ing the stream to be manipulated through SQL queries [121/22]]. For query execution,
runtime components embedded into data streams are employed. Such components are
called guoblets. Detection of changes in data stream behaviour is accomplished by a
statistical sampling algorithm that runs periodically and gathers statistical information
about the selectivities of the operators into an equi-depth histogram. Based on this in-
formation, the system can reorder the select operators on the fly.

4.4 The Telegraph Project

The Telegraph project [[11] combines River [3] with Eddies [4/5] to yield an adaptive
dataflow system. Thus, unpredictable dataflows can be routed through computing re-
sources in a network, resulting in a steady manageable stream of useful information. A
dataflow engine is an execution environment that moves large amounts of data through
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a number of operators running on an arbitrary number of machines. Such an engine is
a database query processing system. Eddies can reshape dataflow graphs for each tuple
they receive to maximise performance, while rivers are responsible for load balance
across multiple nodes.

More specifically, Eddies is a query processing mechanism that continuously (i.e.,
for each tuple) reorders operators on the fly in order to adapt dynamically to changes
in computing resources (e.g., memory) and data characteristics (operator costs, opera-
tor selectivities, and rates at which tuples arrive from the inputs), provided that these
operators are pipelined [4]5]]. Although current work focuses on uniprocessor environ-
ments, Eddies can be exploited in large federated databases. In order to insert Eddies in
a query plan, joins should allow frequent and efficient reoptimisation. Such joins have
frequent moments of symmetry, adaptive or non-existent synchronisation barriers, and
minimal ordering constraints. A moment of symmetry is a state in which the orders of
the inputs to a binary operator can be changed without modifying any state in this op-
erator. A synchronisation barrier occurs when an input of a binary operator waits until
the other input produces a specific tuple. Joins that are appropriate for Eddies include
Ripple joins, pipelined hash join, Xjoin, and index joins, with the Ripple join family
being the most efficient.

A River [3] is a dataflow programming environment and I/O substrate for clusters
of computers to provide maximum performance even in the face of performance hetero-
geneity. In intra-operator parallelism, data is partitioned to be processed among system
nodes. The two main innovations in a River are distributed queues (DQ) and graduated
declustering (GD), which enable the system to provide data partitioning that adapts to
changes in production and consumption nodes. DQs are responsible for naturally bal-
ancing load across consumers running at different rates. GD is used for full-bandwidth
balanced production, with the effect that all available bandwidth is utilised at all times,
and all producers of a given data set complete near-simultaneously. While GD is trans-
parent to programmers resulting in new ready-to-use physical operators, DQs need to
be added to the operator interface manually.

4.5 Adaptive Query Processing in High-Performance Systems

AQP engines are an integral part of high-performance data mining and data integration
systems, like Conquest [[1617] and Tukwila [[13114], respectively.

The Conquest query processing system enables dynamic query optimisation in a
parallel environment for long-running queries following a triggering approach in re-
sponse to runtime changes [[1617]. Changes relate to system parameters (e.g., new pro-
cessors become available, while others may be withdrawn), and data characteristics
relevant to query statistics (e.g., a buffer queue becomes empty, or selectivity is higher
than initially estimated). Such changes make the re-computation of cost estimates nec-
essary. The capabilities of Conquest for modifying a QP are very strong, especially in
terms of partition scheduling, but are limited to unary operators, such as scans. Sys-
tems that can modify the remainder of a QP use materialisation techniques in order to
capture and restore the intermediate state of the operators and executions. One partial
exception to this is the Conquest System, which may only require the buffered records
to be materialised before reconfiguring the operators.
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The Tukwila [13l14] project is a data integration system in which queries are posed
across multiple, autonomous and heterogeneous sources. Tukwila attempts to address
the challenges of generating and executing plans efficiently with little knowledge and
variable network conditions. The adaptivity of the system lies in the fact that it inter-
leaves planning and execution and uses adaptive operators. Coordination is achieved
by event-condition-action rules. Possible actions include operator reordering, operator
replacement and re-optimisation of the remainder of a QP. The Tukwila system inte-
grates adaptive techniques proposed in [[15126]. Re-optimisation is based on pipelined
units of execution. At the boundaries of such units, the pipeline is broken and partial
results are materialised. The main difference from [[15] is that materialisation points can
be dynamically chosen by the optimiser (e.g., when the system runs out of memory).
Tukwila’s adaptive operators adjust their behaviour to data transfer rates and memory
requirements. A collector operator is also used, which is activated when a data source
fails so as to switch to an alternative data source.

5 Discussion

In general and according to results from evaluation of prototypes, AQP techniques often
attain their goal of decreasing the response time of a query in the presence of changes in
the parameters they consider, or of delivering useful results as early as possible. How-
ever, in AQP, there is always a trade-off between the potential benefits from adapting to
current conditions on the fly with very high frequency, and the risk of incurring large
overheads.

The techniques that have more extensive capabilities in terms of the modifications
they can induce in the running plan, are more expensive and risky than the others. Be-
fore applying such techniques, certain steps need to be taken (e.g., validation against
a cost model) to ensure that adaptation is likely to be beneficial. These techniques are
mostly applicable to parallel and distributed settings, taking the adaptivity decisions at
a global level and relying heavily on the materialisation of intermediate results. This
happens because in parallel and distributed settings, network costs and resource avail-
ability need to be taken into consideration, and not adapting to changes in data transfer
rates or resources may have detrimental effects. On the other hand, less complex adap-
tive strategies (e.g. those that do not affect the logical plan of the query) are generally
intended for single processor environments, where it is more common that satisfactorily
accurate statistics can be obtained at compile-time.

Surprisingly, little attention has been paid to changes in the pool of available proces-
sors and data sources, which have a great impact on long-running queries in wide-area
systems. As a result, most of the AQP techniques proposed so far for parallel and dis-
tributed DBMSs do not alter their partitioning and scheduling policies dynamically at
runtime.

In summary, for memory fluctuations, the main strategy is to dynamically adjust
the usage of memory buffers. In the light of data arrival delays, a common approach is
to minimise idle time by performing other useful operations, and thus to hide such de-
lays. The problem of inaccurate cost and statistical estimates is addressed by collecting
and using the actual statistics on the fly and then comparing them with the estimates in
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order to decide whether there is an opportunity for query re-optimisation. Techniques
that attempt to adapt to various changes in a wide area environment follow a triggered
approach. Event-condition-action rules are used, where events can be raised both by
operator execution (e.g. a block has completed its processing or there is insufficient
memory) and by environmental changes (e.g. a new processor has become available).
In online aggregation queries where the time to provide the user with useful informa-
tion quickly is more important than the time to query completion, adaptive pipelining
operators need to be adopted. Non-traditional operators are also required in all the cases
where the query needs to adapt with intra-operator frequency.

6 Conclusions

In this survey, existing adaptive query processing techniques have been classified and
compared. The opportunities offered by such techniques to modify a query plan on the
fly, have been identified. In addition, adaptive systems have been classified according to
the problem they focus on, their objectives, the nature of feedback they collect from the
environment and the frequency at which they can adapt. Other areas of interest include
the implementation environment and which component is responsible for taking the
adaptation decisions. The survey reveals the inadequacy of existing techniques to adapt
to environments where the pool of resources is subject to changes. In particular, the
paper provides evidence to the need for research into AQP in computing infrastructures
where resource availability, allocation and costing are not, by definition, decidable at
compile time. Consequently, a promising area for future work is the development of
concrete cost models to evaluate whether the expected benefits from the improved query
plan and decision quality compensate for the cost of collecting and evaluating feedback
from the environment during execution time.
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Abstract We investigate how relational restructuring may be used to improve
query performance. Our approach parallels recent research extending semantic
query optimization (SQO), which uses knowledge about the instance to achieve
more efficient query processing. Our approach differs, however, in that the in-
stance does not govern whether the optimization may be applied; rather, the in-
stance governs whether the optimization yields more efficient query processing.
It also differs in that it involves an explicit decomposition of the relation instance.
We use approximate functional dependencies as the conceptual basis for this de-
composition and develop query rewriting techniques to exploit it. We present ex-
perimental results leading to a characterization of a well-defined class of queries
for which improved processing time is observed.

1 Introduction

A powerful feature of relational query languages is that identities of relational algebra
may be used to transform query expressions to enhance efficiency of evaluation. Some
transformations are always valid (e.g. reordering joins, pushing selects), but whether
they enhance or degrade efficiency depends upon characteristics of the data. Other trans-
formations are valid for instances of a particular schema due to integrity constraints
(e.g. keys constraints). A third type of transformation holds because of characteristics
of a particular instance (patterns that exist in the instance, for example, a functional
dependency may hold for the instance but may not be an integrity constraint). This pa-
per takes a characteristic of the third sort, namely functional dependency (FD), recasts
it to a characteristic of the first sort, and investigates resulting implications on query
evaluation. For a certain set of queries, we characterize certain cases, including some
surprising ones, that yield substantial decreases in query execution time. A wider range
of cases is covered in [3]. Thus, this work is suggestive rather than definitive, in that
it indicates the value of an approach rather than providing a full characterization of
applicable results.

As noted, an FD is a characteristic of an instance. FDs used in database design
hold because a declared constraint is enforced, while query optimization may also use
“discovered” FDs. The difficulty with using discovered functional dependencies is that
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they are brittle, so that a minor change to the instance may mean that a dependency no
longer holds. Previous work (described below) has addressed this difficulty by trying
to handle the situations in which a functional dependency may break. Our work, on
the other hand, uses a more supple notion, approximate functional dependency (AFD),
which bends but does not break as the instance changes. The notion of AFD applies to
any instance, parameterized only by “degree of approximation.” To our knowledge, this
represents the first use of AFDs in query optimization. AFDs are so ubiquitous in this
work that explicit mention of them disappears from discussion, replaced by a relational
decomposition (details given later) which, among other things, captures the “degree of
approximation” in a simple manner.

Query optimization as considered here involves modifying a query such that seman-
tics is preserved but performance is enhanced. The first step is to replace the name of the
decomposed relation by an expression that recovers the table from the decomposition.
One would hope that off-the-shelf query evaluators could optimize the rewritten query,
but unfortunately our experiments have failed to bear this out. Thus we have defined
query rewrite rules that apply specifically to our relational decomposition. The rules
are very simple and we envision a preprocessor managing these rules and passing the
resulting query on to the query engine (see Figure [@)). As with other query rewriting, ap-
plication of these rules may be blocked in a particular query, just as the standard “push
down selects” rules is blocked when the select condition spans both branches of a join.

In order to appraise the decomposition and rewriting rules, we performed a number
of experiments using synthetic and real-world data. Synthetic data allowed control of
the “degree of approximation” of the AFD being tested. Real-world data was used to
validate the synthetic data generation model. These experiments showed that rewrit-
ing yielded substantial performance improvements (on queries where they were not
blocked, of course). Most surprisingly, these improvements occurred not only in cases
where the AFD was quite close to an FD but also in cases that were far from an FD.

We envision our approach as only the beginning of a larger investigation of similar
restructurings and rewritings. There are two different features that may vary in this in-
vestigation: classes of queries where rewritings may apply or be blocked and character-
istics of instances that may suggest different restructurings. For example, multi-valued
or approximate multi-valued decompositions are likely candidates.

The remainder of the paper is as follows. The next section provides a brief overview
of the work leading up to our approach. Section Bl presents basic definitions and provides
the theoretical background and results for the paper. Included in this are examples of
two different query rewriting techniques. The results of experiments designed to test
the effectiveness of the rewriting techniques are presented and discussed in Section 4
The paper ends with conclusions and future work.

2 Previous Work: SQO and Dependencies

Two separate trains of research led toward the work reported in this paper: a long-
running and substantial effort in query optimization and a more recent interest in AFDs.

Semantic query optimization (SQO) began some two decades ago and was discov-
ered independently by King[[14/15]] and Hammer ez al.[9]. SQO is the use of “semantic
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knowledge for optimizing queries...”[[3112,33]. Some researchers proposed that a query
be rewritten prior to being passed to the query engine. The query is rewritten (to an
equivalent query) according to a set of rewrite rules with the idea that the rewritten
query will execute faster. One such rule allows sub-queries to be merged into the outer
block (thereby eliminating the sub-query). The use of rewrite rules in this fashion has
been implemented in Starburst and IBM DB2 ([[27.28]).

Some researchers used additional information such as integrity constraints (ICs,
e.g. a primary key)[29] to rewrite queries [24425/30,3233\34]]. For example, Paulley
and Larson [24,25]] rewrite to eliminate unnecessary group by and distinct operations.

Fundamentally different from this use of declared constraints is that of discover-
ing information about the instance itself that can be used in SQO. For example, sev-
eral researchers have incorporated rules discovered from the data to rewrite queries
[LIT0I31l36]. For example, Bell [[1] uses discovered FDs to eliminate group by and
distinct operations. Recently, work by Godfrey et al.[|6)7] demonstrates that instance
knowledge yields significant, positive results in SQO. They use the concept of a soft
constraint (SC), which reflects knowledge about the state of the database. Thus, SCs
are weaker than traditional ICs in that they do not impose any conditions upon the
database. The role they play, then, is not to ensure integrity, but to “semantically char-
acterize the database”[[7]]. Godfrey et al. introduce two classes of SCs, absolute soft
constraints (ASC) and statistical soft constraints| (SSC). ASCs hold completely and
absolutely during the current state of the database. In contrast, SSCs do not hold com-
pletely. An obvious advantage of an ASC is that, when it holds, it can be incorporated
in SQO, since, for the time it holds true, it functions essentially like an IC. ASCs can be
applied to SQO for the purposes of: 1. query rewriting; 2. query plan parameterization;
and 3. cardinality estimation. An advantage of an SSC is that it need not be checked
against every update to verify whether it holds—rather, every so often the SSCs must be
brought up to date. While Godfrey et al. shows how SSCs can be useful for cardinality
estimation, they do not show how SSCs can be used for query rewriting.

Godfrey et al. then describe how SCs would be incorporated into an RDBMS (since
no current system is available): 1. discovery, 2. selection, 3. maintenance. For ASCs,
Godfrey et al. focus on both checking when an ASC is violated and maintaining ASCs.
Because of their tenuous nature i.e., being state-dependent, considerable care must be
given to both checking and maintaining ASCs — a difficult task. This is, in fact, the
“Achilles heel” of ASCs. A natural question arises from the work of Godfrey et al.:
how can SSCs be used, if at all, for query rewriting?

While the body of work deriving from SQO is substantial, a second, more recent
body of work concerning AFDs was even more significant in the genesis of this paper.
The notion of a functional dependency was originally introduced as an IC for use in
database design. However, more recently, research has been conducted with the view
point that FDs represent interesting patterns existent in the data. In this setting, FDs
are not regarded as declared constraints. Researchers have investigated the problem of
efficiently discovering FDs that hold in a given instance [[11[13|[16/1820121,23I35]. Re-
searchers have also considered the concept of an FD “approximately holding” in an

! The term “statistical” is meant to connote that the soft constraint holds true for some, if not
all, of the data and not that any probabilistic techniques are used.



Improving Query Evaluation 29

instance and have developed measures to characterize the “degree of approximation”
[214J8116/1711922]26]]. The measure proposed by Kivinen and Mannila [[16], g3, corre-
lates with the idea of “correction” that we use. Huhtala ef al. [[11] develop an algorithm
for efficiently discovering all AFDs in a given instance whose g3 approximation mea-
sure is below a user specified threshold.

3 Definitions and Theoretical Results

In this section we describe the theoretical results that form the basis of our work. We
describe two query rewriting techniques. The first technique is guaranteed to always
preserves correctness. The second technique is guaranteed to preserve correctness only
on a special class of queries described later. Then, we describe two hypotheses about
how our rewriting techniques affect query evaluation time.

We do not give proofs in this paper. Rather, we describe intuitively why the results
work and illustrate with examples. Rigorous proofs can be given, but, in our opinion,
do not illuminate the ideas.

3.1 Basic Notation

We assume the reader is familiar with the basic concepts of relational database the-
ory (see [29] for a review). In what follows, we fix a relation symbol R with schema
{A, B,C'}. Our results can easily be generalized to apply to schema with any number
of attributes; however, for simplicity, we stick with { A, B, C'}. Since tables, in practice,
may contain repeats, we develop our theoretical foundations with bags. Whenever we
write “relation instance” or “instance” or “relation” we mean a bag and not necessarily
a set.

We also make the distinction between those relational algebra (RA) operators that
return sets and those that return bags. The ones that return sets (i.e. the ones that are
duplicate removing) are denoted in the standard way: 11, o, <, §, U, and — (projection,
selection, natural join, renaming, union, and minus, respectively). Their bag counter-
parts are denoted: II , 0, X, 5 ,U, and =. We call the relational algebra over all operators
(bag and set) the bag relational algebra (bag RA).

Let s1, s2 be instances over some schema S. We say that s; and s, are set equiva-
lent, written s = s9 if ITs(s;) = ITg(s2). In other words, s; and s, are equal once
duplicates have been removed. Given, (), a bag RA expression involving R, and F,
another bag RA expression, let Q[R < E] be the result of replacing all occurrences of
R by E. Note that the result may contain schema conflicts.

Example 1. Ler Q := ITa p(0c—o(R)). Let E := RyUIls p(Ry) where Ry has
schema {A, B} and Ro has schema {A, B, C'}. Note that E has no schema conflicts.
The schema of E is {A, B}. By definition Q[R «— E|] is II 5 p(cc=0(E)). This ex-
pression has a schema conflict since oc—q is being applied to E which has schema
{4, B}.

Consider another example. Let Q' := IT4 (R U S) (S has the same schema as R,
{4, B, C}). By definition Q'R — E) is II 4 g(E U S). This expression has a schema
conflict since E has schema { A, B} while S has schema {A, B, C'}. O
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3.2 Horizontal-Vertical Decompositions

Let r be an instance of R. If the functional dependency A — B holds in r, then r may
be decomposed vertically as r ap = II4 g(r), rac = ﬁA,C(r). This decomposition
enjoys the property of being join lossless: r = r 4 pIXIr 4¢.

If A — B does not hold in r, then r may still be decomposed. But we must first
horizontally decompose r into two disjoint, non-empty relation instances whose union
is r, such that A — B holds in one of these relation instances. This instance is then
vertically decomposed. The result is a horizontal-vertical (HV) decomposition of r.
The next set of definitions makes this concept precise.

r¢ C ris said to be an A — B correction for r if A — B holds in r=r¢. Often
we omit mention of A — B and r when clear from context and only say that r ¢ is a
correction. Given correction r¢, the HV decomposition induced is r’y 5, 1’y -, and r°
where 1’ is r—1°, v’y g is T4 p(r'), and v’y is IALLc(r’). As noted, this corresponds
to the g3 measure of [[16].

Consider the instance, s, in Figure 1 Clearly, A — B does not hold. Let s¢ =
{(1,3,1), (2,1,1)}. Since A — B holds in s’ = {(1,2,1), (2,1,1)}, then s° is a
correction. The HV decomposition induced is depicted in Figure [2I Notice that s =
(s'y 5584 o) Us®. Moreover, in this case, IT4 p(s) = s’ sUITa p(s®). The first obser-
vation points to the lossless property of HV decompositions. The second observation
points to another property that will later be shown important: if C' is not needed in a
query involving s, then the join can be eliminated from the decomposition.

ABC
121
131
211
211

Figure 1. An instance, s, over schema {A, B, C'}

w0

" lshs [lshe |
A A

NN
= ~|a

1 1
2 2

Figure 2. Induced HV non-minimal decomposition, s°, s’y 5, 8'sc

In the previous example, s is not minimal since a smaller correction can be found.
For example, s® = {(1,3,1)} is also a correction. The HV decomposition induced
is depicted in Figure Bl Notice that s = (s’y 58’y ) Us®. Moreover, I14 p(s) =
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s’y BUfY 4,B(s) (butequality does not hold). As in the previous example, the first obser-
vation points to the lossless property of the decomposition, and the second observation
points to the property that if C' is not needed in queries involving s, then the join can
be eliminated from the decomposition. However, this example shows that the property
must be weakened to set equality rather than equality (see Theorem [I]).

[ s° llshs [lsho |
ABC| A A
131

= N

1
2

i ke]

1
2
2

Figure 3. Induced HV minimal decomposition, s°, s’ 5, s4c

The point of these last two examples was (i) to illustrate two important properties
of HV decompositions, and (ii) to point out that these properties do not depend on the
correction being minimal. Our query rewriting techniques rely on these properties. If
these properties were dependent on the decomposition being minimal, then maintain-
ing the decomposition in the presence of updates would be difficult. But, these proper-
ties are not dependent on the correction being minimal. Hence, we gain much greater
maintenance flexibility. Nonetheless, maintenance is still a difficult issue. Due to space
constraints, we defer description of a simple method for maintaining the decomposition
to an extended version of this paper [5]. The performance of the maintenance method
is not analyzed in [5]; this is left as future work.

In short, the fundamental properties of HV decompositions needed for our query
rewriting techniques are the following.

Theorem 1.

L 1 = (v} parly o) Ure,
2. HA7B(I‘) = I‘ABUHA7B(I'C).

Part 1 shows how an instance can be decomposed using AFD A — B. This result
forms the basis of our first rewriting technique. Part 2 shows how the decomposition
can be simplified if C' is not needed. This result forms the basis of our second rewriting
technique. Later, we will discuss the second technique and the setting in which it is
applied. In that setting, it will be made clear why we only need set equivalence (=)
rather than equality (=).

3.3 Query Rewriting: Technique I

HYV decompositions, in a sense, “expose” structural information about the instance. Our
basic idea is to rewrite queries using the decomposition such that structural information
is exposed to the DBMS query evaluator. Our thinking is that the optimizer could use
this structure to improve query evaluation (pushing selects into the decomposition, for
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example, may result in speedup). Theorem [I] part 1 provides the foundation of our
first rewriting technique (illustrated by the following example). Consider an example

query, Q:

Select Distinct R1.A, R1.B
From R as R1
Where R1.A = 0.

Expressed in bag RA terms, @ := IT4 p(0a=o(R)). If the HV decomposition
r'ygs ¥4, € is kept in thf: database, then, by Theorem [I} part 1, we have Q(r) =
T4 g(oa=o((ry =14 )Ur?)). So, @ can be rewritten as Q1:

Select Distinct R1.A, R1.B
From ((Select RAB.A as A, RAB.B as B, RAC.C as C
From RAB, RAC
Where RAB.A=RAC.A)
Union All
(Select A,B,C
From Rc)) as R1
Where R1.A = 0.

This technique of query rewriting preserves correctness on any SQL query, i.e. the
rewritten query is well-formed (no schema conflicts) and, when handed to the DBMS
query evaluator, produces exactly the same result as the rewritten query. If R occurs
more than once (e.g. “R as R2”), then each occurrence of R is replaced as above. We
call this Rewriting Technique I.

3.4 Query Rewriting: Technique IT

In the previous subsection, () was rewritten as Q1. However, () has properties that allow
further rewriting. First observe that attribute C' does not appear in the output schema of
@ and is not used elsewhere in the query. As a result, only the attributes A and B are
needed; C' can be projected out: Q(r) = Q(I14,5(r)).

Now by Theorem [[] part 2, we have Q(r) = ITa p(0a—o(r,gUIT4 5(rc))). But
since I 4, p appears at the top level of ) (hence duplicates are removed from the out-
put), then we may replace set equality by equality: Q(r) = IT 4, p(ca=o(r'y 5U
IT4,5(r¢))). So, Q may be rewritten as Qo:

Select Distinct R1.A, R1.B
From ((Select RAB.A as A, RAB.B as B
From RAB)
Union All
(Select Rc.A as A, Rc.B as B
From Rc)) as R1
Where R1.A = 0.
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The decomposition join has been eliminated and we expect that () o, when handed
to the DBMS query evaluator, will evaluate faster than @ ;. Moreover, we would expect
that Qo will evaluate faster than Q) if v/, 5 and r¢ are not large relative to r. If R occurs
more than once in @, then replace each occurrence as above. We call this Technique I1.

Application of Technique II. In the previous subsection, ) was rewritten as (1 and
then further rewritten as Q2. While rewriting as ()1 (Technique I) always preserves
correctness, rewriting as Q)2 (Technique IT) does not. We would like to isolate syntactic
properties of @ that guarantee that Technique II preserves correctness.

Since Technique II replaces R by an expression whose schema is { A, B}, then the
original query cannot involve C' or else the rewritten query may have schema conflicts.
The top bag RA expression in Example [I] illustrates how such a schema conflict can
arise. Moreover, if the original query involves union or minus, then schema conflicts
can also arise. The bottom RA expression in Example [T]illustrates how schema conflicts
can arise in the presence of union. However, even when the original query does not
involve C, the rewritten query may not produce the same output (but is set equivalent
to the original). Consider the following example query, which is the same as query )
in subsection B.3lexcept that the “Distinct” has been removed.

Select R1.A, R1.B
From R as R1
Where R1.A = 0.

When applying Technique II to this query, the rewritten query may not be equivalent
because of duplicates in the output. For a similar reason, aggregates cannot be supported
by Technique II.

We give a result (Corollary [1)) that defines a general class of queries over which
Technique II is guaranteed to preserve correctness. First, though, we state a theorem
that defines a general class of bag RA expressions over which Technique II is guaran-
teed to preserve correctness up to set equivalence. Corollary [1] falls out immediately by
restricting the class further to those which have IT at their top level.

Let @ be any bag RA expression. Let E be the bag RA expression R’y ; U Ip (R°)
where R/, ;; is a relation symbol over schema { A, B} and R is a relation symbol over
schema {A, B,C}. Let Q2 be Q(R «— E).

Theorem 2. If Q does not involve union or minus, and the output schema of Q does
not contain C, and C does not appear in Q, then Qo is well-defined and Q(r) =

Qa(r'y 5, 114 B(r°)).

We say that a bag RA expression Q) is top-level distinct if it is of the form IT _(Q").
A top-level distinct expression always returns a set.

Definition 1. We say that a bag RA expression, (), is join elimination re-writable (JE-
rewritable) if (i) Q is top-level distinct, (ii) Q does not involve union or minus, (iii) The
output schema of Q does not contain C, and (iv) C' does not appear in Q (i.e. is not
part of any projection, selection, or renaming condition, and no join has C among its
Jjoin attributes).



34 Chris M. Giannella et al.

Take note that the first example in subsection is the SQL of the JE-rewritable,
bag RA expression IT 4 g(0.4=¢(r)). Theorem 2l implies the following result that de-
fines the class of bag RA expressions over which Technique II preserves correctness.

Corollary 1. If Q is JE-rewritable, then Qo is well-formed and Q(r) = Qa(r'yp,
HA,B(I‘C)).

The SQL queries equivalent to the JE-rewritable, bag RA expressions are the queries
on which Technique II is guaranteed to preserve correctness. We call these JE-rewritable
queries.

3.5 Hypotheses

We have developed two query rewriting techniques: Q — @1 (Technique I), Q — Q-
(Technique II). The first technique is guaranteed to preserve correctness for any query.
The second is only guaranteed to preserve correctness for JE-rewritable queries. () 1
may evaluate faster than () when handed to the DBMS query evaluator, because () 1
exposes more of the structure of r, thereby allowing the optimizer to possibly take
advantage of this structure. We arrive at our first hypothesis. Let time(Q) denote the
time required by the DBMS query evaluator to evaluate ) (likewise, define time(Q 1)).

Hypothesis 1 (Rewriting Tech. I). Given query Q, time(Q1) < time(Q).

We expect (2 to evaluate faster than Q1 because of the elimination of the join in the
HV decomposition. Moreover, we expect Q2 to evaluate faster than @ when r’, 5 and
r¢ are small relative to r. Let |r|, |r/y 5|, and |r¢| denote the number of tuples inr, v/, 5,
and r¢, respectively. Let adom (A, r'y ) denote the active domain of A inr’, ; (likewise

define adom(A,r)). By definition of HV decompositions, v’y 5| = |adom(A,r'45)|-
Ir|

l[adom(A,r’y g)]+]re]

if ladom (A, r’y5)| is two percent of |r| and |r€| is twenty percent of |r|, then |r| is 4.55

times as large as |r/y 5| +|r¢|.

We use to quantify the size of v’y 5 and r° relative to r. For example,

Hypothesis 2 (Rewriting Tech. II). Given JE-rewritable query Q, if

|adom(A,|;jLB)\+|rC\ > 1, then time(Q2) < time(Q). Moreover, as

increases, then time(Q) —time(Q2) also increases.

Ir|
ladom(A,r)y g)[+]re]

4 Experimental Results

Datasets for the experiments were generated randomly, controlling for the size of the
relation, the size of the correction, and the size of the active domains for A and B.
The order of tuples was permuted to avoid long sequences of tuples in the dataset with
the same A and B value. The table used for the join query was generated from r by
projecting out the unique B values and adding a description field, which resulted in the
schema S = {B, D}.

Fixing the size of the active domains provides the benefit of controlling for the
selectivity of the queries that select rows based on a constant. The constant used for
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these queries was the value representing the median frequency. We fixed the size of
adom(B, r) to be 100 for each experiment. We considered three sizes for adom (A, r):
100, 1000, and 10000. The results for each of these sizes were similar, so we report the
case where adom(A, r) = 1000. The other sizes, as well as a more thorough description
of the synthetic data generation procedure, are reported in [13].

For all experiments, the size of the relation was 500,000 tuples. The size of the cor-
rection ranged from 0-90% in 10% increments. Note that the 0% correction represents
a case where the functional dependency A — B holds. The decompositions generated
for the experiments were minimal, so |adom(A,r)| = |adom(A,r’y5)| in each case.

The datasets were stored as tables in an Oracle (Version 8.05) database running on
Sun UltraSparc 10 server running Solaris 7 equipped with 256 MB of RAM. No indexes
were generated for any of the tables. However, statistics were generated for all tables,
allowing for cost-based optimization.

Queries were executed from a Java 1.3 application using the JDBC thin client inter-
face provided by Oracle. Each query was executed 5 times, with the mean completion
time to return the final row in the result reported. The standard deviations we observed
were small and are omitted from this report. We used the “NOCACHE” optimizer di-
rective on each query to avoid reusing the cache.l

4.1 Testing Hypotheses

We tested Hypothesis 1 on the following query:

Select Distinct R1.A,R1.B,R1.C
From R as R1
Where R1.A=constant

rewritten using Technique I as:

Select Distinct R1.A,R1.B,R1.C
From (Select RAB.A,RAB.B,RAC.C
From RAB,RAC Where RAB.A=RAC.A
Union All
Select A,B,C From Rc) as R1
Where R1.A=constant

The results show that the rewritten query performs worse than the original query
(due to space constraints, detailed results are omitted, see [5]). Consequently, it does
not appear that exposing the structure to the optimizer yielded any benefits. Interest-
ingly, the worst performance occurs in the case of a perfect functional dependency. We
conclude that our hypothesis is incorrect. We believe that the reason for failure is di-
rectly related to the join in the rewritten query. A closer examination of the query plans
makes clear why we did not experience an improvement. The plan generated for the

% This directive specifies that blocks are placed in the least recently used part of the LRU list
in the buffer cache when a full table scan is performed. This was necessary when repeating a
query to avoid misleading results.
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rewritten query did not push the selects into the query. Instead, the original relation was
materialized and then scanned to get the answer. As future work, we plan on augmenting
Technique I to include pushing of selections and projections into the decomposition.

Rewriting Technique II, when applicable, does not produce queries requiring the
join. As a result, we expect that the performance of queries rewritten with Technique
IT will be clearly faster than those rewritten with Technique I. Now we test whether
queries rewritten with Technique II are faster than the original queries.

To test hypothesis 2, the following four JE-rewritable queries were used.

Select Distinct R1.A,R1.B From R as R1 Where R1l.A=constant
Select Distinct R1.A,R1.B From R as R1 Where R1.B=constant
Select Distinct R1.A,R1.B,S.D From R as R1,S Where R1.B=S.B
Select Distinct R1.A,R1.B From R as Rl

Ealb e

Each query was rewritten as follows:

1. Select Distinct R1.A,R1.B
From (Select A,B From RAB Union All Select A,B From Rc)
as R1 Where R1.A=constant

2. Select Distinct R1.A,R1.B
From (Select A,B From RAB Union All Select A,B From Rc)
as R1 Where R1.B=constant

3. Select Distinct R1.A,R1.B,S.D
From (Select A,B From RAB Union All Select A,B From Rc)
as R1,S Where R1.B=S.B

4. Select Distinct R1.A,R1.B
From (Select A,B From RAB Union All Select A,B From Rc) as R1

Figure[d] shows the results for Queries 1 and 2; figure 5] shows the results for Query
3. For Queries 1 and 2, we see that the rewritten queries perform better than the original
query when the size of the correction is small. As the size of the correction increases,
the performance of the rewritten queries degrades in a linear fashion. Queries 3 and
4 exhibited similar behavior to each other. See the extended version of the paper for
details [5].

4.2 Discussion

Hypothesis 1 was incorrect due to the cost of the join introduced by the decomposi-
tion and the fact that the optimizer did not take advantage of the decomposition. For
example, as shown in the queries below, the optimizer could have pushed selects into
the decomposition. The first query is the original query rewritten with Technique I used
to test hypothesis 1. The second query exploits the structure of the decomposition by
pushing selects as deep as possible, which is one of the most basic query optimiza-
tion strategies. In these experiments the query optimizer did not take advantage of the
decomposition.
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1. Select Distinct R1.A,R1.B,R1.C

From

Where R1.A=constant

2. Select Distinct R1.A,R1.B,R1.C

From

(Select RAB.A,RAB.B,RAC.C From RAB,RAC

(Select RAB.A,RAB.B,RAC.C From RAB,RAC Where
RAB.A=RAC.A Union All Select A,B,C From Rc)

as R1

Where RAB.A=constant and RAC.A=constant and
RAB.A=RAC.A Union All Select A,B,C From Rc

Where A=constant)

as R1

Queries that were able to use Technique II outperformed the original queries un-
til the size of the correction exceeded 50% - a certainly robust technique. We were
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pleasantly surprised that the breaking point was so high. After all, it seems intuitive
that the decomposition will perform better when the AFD is close to an FD. It is sur-
prising though, that the AFD A — B in the original relation can be significantly far
from being an FD and result in better performing queries. Observe that for our exper-
imental datasets, the size of the active domain does not materially affect the relative
performance of the queries.

In addition to experiments against synthetic data, we tested Technique II on U.S.
Census data (see [5] for details). These results demonstrate that the technique was ben-
eficial when applied to real-world data. In fact, the rewritten queries performed better
against the census data than against the synthetic data. However, more experiments
against real data are necessary to determine the general applicability of the technique.

5 Conclusion and Future Work

In this paper we investigated an approach (paralleling recent work extending SQO) to
improve query evaluation. Our approach is based on decomposing relation instances
with respect to AFDs and rewriting queries to take advantage of these decompositions
(HV decompositions). The primary idea is that the semantic information contained in
an AFD can be exposed by creating an HV decomposition of the relation instance. This
information can then be exploited to speed up query evaluation: rewrite the query to use
the decomposition instead of the original relation, then, issue the rewritten query to the
DBMS query engine instead of the original query. Two things in particular should be
pointed out about how our approach fits into the literature. First, it represents (to our
knowledge) the first use of AFDs in query evaluation. Second, it addresses the question
raised by the work of Godfrey et al. described in Section 21 Our original motivation was
not to specifically address the question. We discovered after we had obtained our results
that they could be used to address the question.

We investigated two rewriting techniques. Technique I replaces all occurrences of
the relation symbol by its decomposition. This technique is guaranteed to preserve cor-
rectness on all SQL queries. The motivation was that the optimizer can take advantage
of the decomposition and produce a more efficient plan. Our experiments, however,
point out that this was not the case. The introduction of the decomposition join caused
the rewritten queries to run more slowly. Technique II replaces all occurrences of the re-
lation symbol by the decomposition without the join. This technique is only guaranteed
to preserve correctness on a special class of queries (JE-rewritable queries). However,
our experiments show that queries rewritten with this technique tend to evaluate signif-
icantly faster than the original query, provided the correction was not too large.

Our results suggest an architecture designed around AFD-based decompositions.
We have observed that Technique II can offer significant speed-up, but, it can only be
applied to JE-rewritable queries. So, the original relation should be kept along with its
HYV decomposition. The preprocessor examines the query to see if it is JE-rewritable.
If so, and if the correction is not too large, then the query is rewritten. Otherwise, the
query is not rewritten and the original query is handed to the DBMS query engine. See
Figure[fl. Take note that the original relation and its HV decomposition are kept in this
architecture. The extra space required is substantial but we feel that improving query
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Figure 6. The preprocessor rewrites JE-rewritable queries provided that the correction
is not too large

evaluation time at the expense of disk space is a worthwhile trade-off. Maintenance of
the decomposition is a significant concern, but we leave this to future work.

We described the techniques on a three column table for ease of exposition. How-
ever, the techniques apply in the same way to many columns. We did not investigate
how the results scale with the number of columns involved. The crucial issue here is
that the size difference between the original instance and the instance projected on the
dependency (projected on A, B in our case) diminishes with the number of columns
involved in the dependency. Since the speedup obtained by Technique II depends on
the size difference between the original instance and the projected one, then we would
expect the speedup to decrease as more columns are involved.

There are a number of directions for future work. 1. Address the primary drawback
to Technique II: it is guaranteed to preserve correctness only on JE-rewritable queries.
In particular, modify our approach to handle aggregate operations like count and sum.
This can be achieved by modifying the construction of r’, ; to keep counts. The sig-
nificant issue is then sharpened: how to rewrite queries to use the counts. 2. Investigate
extending Technique I to push selections and projections into the decomposition. 3.
Investigate the use of other decompositions. A natural candidate is a decomposition
induced by approximate multi-valued dependencies, which creates two correction rela-
tions r*,r~. 4. Investigate methods for maintaining an HV decomposition. Does the
extra time required for processing inserts and deletes eclipse the gains in query eval-
uation? Also, when should corrections be reorganized to minimize r¢? The r+, r~
decomposition mentioned above is intriguing because deletes are processed viar ~.

In closing we point out that the primary purpose was to introduce the idea of ex-
ploiting AFDs in query evaluation via HV decompositions and demonstrate that the
idea is fertile grounds for future work. We feel that we have achieved this goal.
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1 Introduction

The AutoMed EPSRC project, jointly run by Birkbeck and Imperial Colleges, has as
part of its aims the implementation of some previous theoretical work, which we now
term the AutoMed approach to database schema and data integration. In this approach
[2]] the integration of schemas is specified as a sequence of bidirectional transformation
steps, incrementally adding, deleting or renaming constructs, so as to map one schema
to another schema. Optionally associated with each transformation step is a query ex-
pression, describing how instances of the construct (i.e. the data integration) can be
obtained from the other constructs in the schema. One feature of AutoMed is that it
is not restricted to use a particular modelling language for the description of database
models and their integration. Instead, it works of the principle that data modelling lan-
guages such as ER, relational, UML, etc. are graph-based data models, which can be
described [3] in terms of constructs in the hypergraph data model (HDM) [15]]. The
implementation of AutoMed provides only direct support for the HDM, and it is a mat-
ter of configuration of AutoMed to provide support for a particular variant of a data
modelling language.

In this paper we describe the first version of the repository of the AutoMed toolkit
(available from [http://www.doc.ic.ac.uk/automed/). This is a Java API,
that uses a RDBMS to provide a persistent storage for data modelling language de-
scriptions in the HDM, database schemas, and transformations between those schemas
[L]. The repository also provides some of the shared functionality that tools accessing
the repository may require.

The AutoMed repository has two logical components, assessed via one API. The
model definitions repository (MDR) allows for the description of how a data mod-
elling language is represented as combinations of nodes, edges and constraints in the
HDM. It is used by AutoMed ‘experts’ to configure AutoMed so that it can handle a
particular data modelling language. The schema transformation repository (STR) al-
lows for schemas to be defined in terms of the the data modelling concepts in the MDR.
It also allows for transformations to be specified between those schemas. Most Au-
toMed tools and users will be concerned with editing this repository, as new databases
are added to the AutoMed repository, or those databases evolve [4].

Before describing how the MDR and STR APIs function, we give in Fig. [[lan exam-
ple of two schemas in a variant of the ER modelling language, together with a sequence
of transformations which map between the two schemas.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002 LNCS 2405, pp. 42-143] 2002.
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Figure 1. Example of Schema Integration

The two schemas illustrate the well known attribute-generalisation equivalence. In-
stances of undergrad are those instances of student which have ug as the value of the
level attribute, and postgrad are those instances with pg as the level.

transformation s1—s2

(1) addEntity {(undergrad)) {z | (x, ug’) € ((student,level))}

(2) addEntity {postgrad)) {z | (z, pg’) € ((student,level))}

(3) addGen ((level,total,student,undergrad,postgrad))

(4) delAttribute ((student,level))
{z,y | z € {undergrad)) Ay = ‘ug’Vv = € {{postgrad)) Ay = pg’}
({_,y) € ((student,level)) — y = ug’Vvy = pg’)

2 Describing a Data Modelling Language in the MDR

In [3] we proposed a general technique for the modelling of any structured data mod-
elling language in the HDM. This has been used as a basis for the design of the MDR.
First, to specify a modelling language, we create an instance of the Model class, with
an associated identifying name:

Model er=Model.createModel(“er");

Constructs in the modelling language are then defined by selecting one of four
variants [3]] — nodal, link nodal, link, and constraint — and describing details of the
scheme of the construct. For example, entities in an ER modelling language correspond
to nodes in the underlying HDM, which we identify by the general scheme template
of ((entity_name)). Thus in the API, we create a new nodal Construct called “entity”
in the “er” Model created earlier, and add to its scheme a new HDM node to hold the
entity_name.

Construct ent=er.createConstruct(“entity",Construct. CLASS_NODALtrue);
ent.addNodeNameScheme();

An attribute in an ER model must always be attached to an already existing en-
tity. This is an example of a link nodal construct. Its scheme takes the general form
((entity_name,attribute_name,cardinality)) where entity_name must already exist
as the name of the entity (hence the second line below), attribute_name is the name
of a new node holding instances of the attribute (hence the third line), and cardinality
will be one of key, notnull or null, and acts as a constraint on instances of the attribute
(hence the fourth line).
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Construct att=
er.createConstruct(“attribute",Construct. CLASS_LINK_NODAL,true);
att.addReferenceScheme(ent);
att.addNodeNameScheme();
att.addConstraintScheme(false);

Other ER constructs can be defined in a similar manner, which can be found in the
full version of the program available on the AutoMed website.

3 Describing Schemas and Transformations in the STR

A database schema is held in the STR, as a set of SchemaObiject instances, each of
which must be based on Construct instances that have been created in the MDR. The
schema is created by building an instance of Schema, and then populating the schema
with instances of SchemaObject.

Schema s=Schema.createSchema(“s1",false);
SchemaObiject student=s.createSchemaObject(ent,new Object[]{“student"});
s.createSchemaObject(att,new Object[]{student,"name",“key"});
SchemaObiject studentlevel=

s.createSchemaObject(att,new Object[]{student, level",“notnull"});

Two things should be noted about the above example. Firstly, the second argument
of createSchemaObiject is an Object array, the elements of which must match the
types specified in the scheme of the construct in the MDR. For example, a runtime error
would result if the text “student” (a string) replaced the student (a SchemaObject
instance). Secondly, the Schema could have added to it constructs from different mod-
elling languages. Mixing modelling languages in one schema is useful when translating
between different modelling languages [3].

Transformations can be defined by being ‘applied’ to one schema, generating the
next schema in the transformation sequence. Steps (@) and (@) both add an entity based
on a query on the level attribute of student, and this is done by specifying the scheme
of the new entity as an argument to the method of creating a transformation below. The
first argument is the type of Construct being added, the second argument the scheme of
SchemaObiject, and the third argument is the query to derive instances of that object:

Schema s1a=s1.applyAddTransformation(ent,new Object[]{“undergrad"},
“Ix | {(x,ug) in {(student,level,notnull) }",null);

Schema s1b=s1a.applyAddTransformation(ent,new Object[]{“postgrad"},
“{x | (x,pg) in {(student,level,notnull)) }",null);

The result of these two method calls is a schema held in s1b that contains entities
undergrad and postgrad in addition to what is shown in s1 in Figure [l To create @),
we need to obtain references to these entities so that they can appear in the scheme of
the generalisation hierarchy level under student. This is done by finding the ‘to’ object
of the transformations ( the new object added by the transformation to the schema),
before actually creating the transformation:
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SchemaObiject undergrad=Transformation.getTransformationToObject(s1,s1a);
SchemaObiject postgrad=Transformation.getTransformationToObject(s1a,s1b);
Schema s1c=s1b.applyAddTransformation(gen,

new Object[]{“level",“total",student,undergrad,postgrad},null,null);

Finally, @) is specified by creating a delete transformation, which does not need
to specify the type of Construct being deleted, since that can be determined from the
SchemaObiject.

Schema s2froms1=s1c.applyDeleteTransformation(studentlevel,
“Ix,y | xin ((undergrad)),y=ug;x in {(postgrad)),y=pg}",
“(_y) in {(student,level) —) y=ug;y=pg");

The result is not the schema s2, but a schema that appears to be the same as S2,
but derived from the information in §1. To associate these two conceptually identical
schemas together, a series of ident transformations are specified to associate pairs of
identical objects, as follows:

Transformation.createldentTransformations(s2,s2froms1,null,null);

Whilst s2 and s2froms1 appear identical, queries on s2 will be executed on its
underlying database, whilst queries on s2froms1 will be executed on the database un-
derlying s1. Hence we are able to control which database is used as the source for
instances of a particular.

4 Conclusions

The alpha release of the API presented here has been fully tested, and work on a beta
release is almost completed. Current development is focused on developing schema
integration tools that work over the repository, and on integrating distributed querying
processing software into the repository.
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1 Introduction

One of the requirements for implementing a heterogeneous database system is global
query processing. The global query processor takes as input a query expressed on the
constructs of a global schema of the heterogeneous database system. This query must
be translated so that it is expressed over the constructs of the local database schemata.
Appropriate local sub-queries are then sent to the local data sources for processing there.
The global query processor must then take the results it receives from the local data
sources and perform any necessary post-processing to obtain the result of the originally
submitted global query.

This extended abstract discusses global query processing within the AutoMed Het-
erogeneous Database Environment (http://www.doc.ic.ac.uk/automed).
AutoMed uses a common data model called the hypergraph data model (HDM) [9].
The HDM is a low level model where schemata consist of nodes, edges and constraints.
The edges are directed edges that can link multiple nodes and other edges. The advan-
tage of such a low level common data model is that it simplifies the mapping process
between the constructs of different high level data models and the common data model.
It is possible to translate a high level schema (eg. relational, ER, OO, XML) into an
HDM schema [445]. Given knowledge of how a given data model’s constructs are ex-
pressed in the HDM this schema translation can be done automatically.

In the AutoMed framework, component HDM schemata are integrated into a global
HDM schema by means of applying a list of primitive schema transformations to each
component schema that transforms it into the global schema. The primitive transfor-
mations add, delete and rename nodes, edges and constraints. These transformations
are automatically reversible (see [B]). This is significant for global query processing
because it means that transformations used to transform component schemata into a
global schema can be used to translate queries expressed on the global schema into
queries expressed on the component schemata.

In AutoMed, queries on HDM schemata are written in a functional Intermediate
Query Language (IQL) [8]. Thus a global query processor working in this framework
will need to translate high level query languages (such as SQL, OQL) into and out of

IQL.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 46-H9] 2002.
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2 Architecture of the AutoMed Global Query Processor

47

The following figure illustrates the overall architecture of the AutoMed Global Query
Processor, which consists of one Global Translator, one Global Query Evaluator and

several Wrappers.
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The Global Translator receives a query written in a high level query language
(HLQL) such as SQL employing a high level data model (HLDM) such as the relational
model. This HLQL HLDM query is translated into an IQL HDM query in two steps. It
is first translated into an IQL HLDM query. Then this IQL HLDM query is translated

into an IQL HDM query.
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This order is chosen because a data model cannot depend on the use of a particular
query language but it is possible that a query language could be specific to a particular
data model. Thus an HLQL HDM query might be nonsensical. It is expected that IQL is
sufficiently general and extensible to work on any data model and cover the expressivity
of any query language required in practice.

The IQL HDM query is then sent to the global query evaluator which returns an
HDM result. This HDM result must be converted to a HLDM result before it is returned
to the user.

A Wrapper takes an IQL HDM query, translates this into an appropriate IQL
HLDM query and then into an HLQL HLDM query that is sent to the local data source.
The HLDM results that the local data source returns are converted into HDM results
before they are returned to the global evaluator.

The Global Query Evaluator takes as input an IQL query expressed using the
constructs of the HDM representation of the global schema. The query needs to be
rewritten to be expressed using the constructs of the component schemata. This is done
using the transformation pathways between the component schemata and the global
schema. These are retrieved from Automed’s Schemas and Transformations Repository
(see [1D).

Given the transformation pathways from the global schema to each component
schema the input query can be rewritten. In particular, a view definition expressed in
component schema constructs can be derived for each global schema construct for each
component schema (see [2] for details). These view definitions are composed together
and substituted for the global construct they represent in the input query. Thus the input
query is rewritten to be expressed in terms of the component schema constructs.

Next, local sub-queries must be identified in the query. These are sub-queries that
require only the constructs of one component schema. These sub-queries are then dis-
patched to the appropriate component translator and the results substituted into the
query. The result is a query consisting of data and function applications which will
be evaluated and then returned by the global evaluator.

Query optimisation is of course essential for global query processing. In our ap-
proach this can take place at several points. In the global translator after the query has
been translated there may be redundancy that can be eliminated. There may be similar
redundancy and general non-optimal structure in a wrapper after the query it receives
has been translated. In the global evaluator there will be general optimisation work to be
done — as in any heterogeneous database query processor. For this query optimisation
functionality, we expect to draw on previous techniques for optimising functional query
languages.

The above architecture has been partially implemented. Six months into the Au-
toMed project we have produced software that, given an IQL HDM query expressed
on global schema constructs and given the transformation pathways, can rewrite this
query to be expressed on component schema constructs. The software can then send
local sub-queries (consisting only of individual component schema identifiers) to HDM
data sources and substitute the results into the query. The resulting query can then be
evaluated and the result returned.
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3 Conclusions and Future Work

We have discussed the architecture of the AutoMed Global Query Processor and the im-
plementation that has been completed so far. The next step is to implement the global
translators and wrappers. This software will initially be language-specific. Ultimately,
it is desirable that there be some means of defining arbitrary HLQLs and that the trans-
lation software is capable of using this information to provide automatic translation
between IQL and such HLQLs.

Query optimisation will be a recurring theme throughout future work. In the short
term, the priority will be finding and implementing rewrite rules for maximising the
size of local sub-queries sent to the wrappers. In the longer term, further optimisation
based on information about the local data sources themselves may well be possible [[7].

The AutoMed approach to heterogeneous database systems is a novel one and so in
turn our work on global query processing approaches the problem from a novel stand-
point. In AutoMed, a low level data model - the hypergraph data model - is used as the
common data model. Furthermore, the AutoMed schema integration approach is based
on schema transformations rather than view definitions. While some advantages of us-
ing the AutoMed automatically reversible schema transformation approach over view
definition approaches are documented (see [10]) it is an open question as to what, if any,
will be the benefits arising from a global query processing point of view and our longer
term aim will be to investigate this question.
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1 Introduction

Data warehousing is being increasingly used for integrating distributed, heterogeneous
data in order to enable sophisticated analysis of this data. Automed is a database trans-
formation and integration system supporting both virtual and materialized integration
of schemas expressed in a variety of modelling languages [9I5]6]. Automed has as its a
common data model a low-level hypergraph data model (HDM), and a set of primi-
tive schema transformations operate on HDM schemas. An HDM schema consists of a
set of nodes, edges and constraints. The primitive transformations add, delete, and re-
name a node, edge or constraint. The add N ode and add Edge transformations include
a query which defines the extent of the new schema construct in terms of the extents of
the existing schema constructs (so adding the construct does not change the information
content of the schema). Similarly, the del N ode and del Edge transformations include a
query which shows how the extent of the deleted construct can be reconstructed from
the remaining schema constructs.

For the purposes of tracing data lineage, we assume here that both the source
schemas and the integrated schema are expressed in the HDM data model since, as
discussed in [6]], higher-level schemas and the transformations between can be auto-
matically translated into an equivalent HDM representation. We use a functional in-
termediate query language (IQL) [8] for defining the queries accompanying add and
del transformations. For example, this IQL query returns the maximum daily sales to-
tal for each store in a relation StoreSales (store_id, daily_total, date), where “gc” is a
“group-and-compute” operator:

gemaz [(s,t) | (s,t,d) — StoreSales]

2 Data Lineage Tracing Using Transformation Pathways

The data lineage problem concerns tracing how items of warehouse data have been
derived from the data sources. Previous works relating to data lineage tracing have
defined the notions of fine-grained data lineage [|11], derivation pool [3], and the differ-
ence of why- and where- provenance [2l]. We use all of these notions in our approach.
We give the definitions of affect-pool and origin-pool in [4]. What we regard as affect-
provenance includes all of the source data that had some influence on the result data.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 50-33] 2002.
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Origin-provenance is simpler because here we are only interested in the specific data in
the source databases from which the resulting data is extracted.

As in [3]], we use derivation tracing queries to evaluate the lineage of a tuple ¢.
That is, we apply a query to the source data repository D and the obtained result is the
derivation of ¢ in D. We call such a query the tracing query for t on D. Let V = ¢(D)
be the bag that results from applying an IQL query ¢ to a source data repository D,
consisting of one or more bags. Then, for any tuple ¢ € V/, the tracing query 7Q A (¢)
gives the affect-pool of ¢ in D, and the tracing query TQ $F (¢) give the origin-pool of ¢
in D. For simple IQL queries, TQSP and TQgP are defined as follows, where “++" is
bag union and “—” is bag monus:

g =Di++...44+D, D=(D,...,D,):
TP () =TQRE(t) = ([z|z — Dz =t),...,[z|x — Dy =1t])
q :Dl—DQ D:<D1,D2>Z
TQAP(t) = ([z|z < Dy;x =t], D3)
TQYF (t) = ([w|x « Dy;z =t], [x|x « Doz =t])
q =group D :
AP) =TQRF(t) = ([x|r « D; firstx = firstt])
sort D / sortDistinct D :
TQYP () = (fofe — Diz =)
max D [ min D :
)= (D)
TQYP (1) = {[ele — Diz = 1]
q —countD/sumD/ang:
TQA (1) = TQE" (1) = (D)
g =gcmax D /gemin D :
TQAE(t) = ([z|x « D; first x = first t])
TQSP () = ([ole — Dz = 1)
q —gccountD/gcsumD/gcang:
TQAP(t) = TQEF(t) = ([x|r « D; first x = first t])
qg =z \x — Dy;member Dy x] D = (D1, Ds) :
TQAP(t) =TQRE(t) = ([x|v «— D1;2 =t],[z|x — Dojx =1t])
q = [z|z — Di;not (member Dy x)] (D = (D1, Da)) :
TQA () = (2lz — Dy = 1], D)
TQUP () = (alz — Diiw =)
qg = [P|p1 <—D1~~~~;Pr<—Dr;01;~~~;0k] D = (Dy,...,Dy,):
TQA(t) = TQYP (1) —
([pilp1 < Diip1 =t1;...;pr — Dyipr = tric1s. .30k, -,
prlp1 — Diipr =t ipr — Dyipr = tyscrie. s cxl)
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In the last query form, each pattern p; is a sub-pattern of p and all tuples ¢t € V
match p; for any ¢ € V, ¢; is the tuple derived by projecting the components of p;
from ¢. For more complex queries, the above formulae can be recursively applied to the
syntactic structure of an IQL query. An alternative (which we are currently exploring)
is to decompose a transformation step containing a complex IQL query into a sequence
of transformation steps each containing a simple IQL query.
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Other ongoing work within the Automed project is investigating simplification tech-
niques for transformation pathways [[10]. As a result of such simplification, we assume
here that each construct O appearing in an integrated schema has been created from the
source schemas in one of three ways:

(i) By an add(O, q) transformation, in which case the lineage of data in O is located in
the constructs that appear in q.

(ii) By a rename(P, O) transformation, in which case the lineage of data in O is located
in the source construct P.

(iii) O exists in a source schema and remains in the integrated schema, in which case
the lineage of data in O is located in the source construct O.

It is simple to trace data lineage in cases (ii) and (iii): all of data in O is extracted from
a source database, and the affect-pool is equal to the origin-pool. For (i), we use the
formulae for the tracing queries given earlier to obtain the lineage of the data:

We first use two procedures affectPoolOfTuple(t, O) and originPoolOfTuple(t, O)
to trace the affect pool and origin pool of a tuple, where ¢ is the tracing tuple in the
extent of some construct O of the integrated schema (see [4] for these procedures).
The result of these procedures, D*, is a bag which contains ¢’s derivation in the source
databases.

Next, two procedures affectPoolOfSet(T', O) and originPoolOfSet(T, O) compute
the derivations of a tuple set 7" contained in the extent of a construct O (see [|4]). These
procedures call affectPoolOfTuple(t, O) and originPoolOfTuple(t, O) above to trace the
derivations of each tuple ¢ € T" and incrementally add each time the result to D *.

Finally, we give below our recursive derivation tracing algorithm for tracing data
lineage using entire transformation pathways, traceAffectPool(TL, OL) (the traceOrig-
inPool(TL, OL) algorithm is similar, obtained by replacing “affect” by “origin” every-
where). TL = T3,..., T, is a list of tuple sets such that each T; is contained in the
extension of some integrated schema construct O;. OL is the list of integrated schema
constructs O1, ..., O,,. Each schema construct has an attribute relateTP that refers to the
transformation step that created this construct. Each transformation step has an attribute
transfType whichis “add”, “del” or “rename”, and an attribute source Construct; for an
“add” transformation, sourceConstruct returns the set of schema constructs appearing
in the query parameter. If a construct O; containing tuple set 7} is created by a rename
transformation or remains from a source schema then the computed data are directly
extracted from the source data. If O; is created by an add(O;, ¢) transformation, the
constructs in query ¢ may have been created by the earlier part of the transformation
pathway, and the computed data needs to be extracted from these constructs. There-
fore, we call procedure traceAffectPool recursively while the relateTP of the construct
is “add’:
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proc traceAf fectPool(TL,OL)

begin
D* — ()
fori:=1tondo{
temp «— af fectPoolof Set(T;, O;);
if T;.relateT PitransfType = "add”
temp «— traceAf fectPool(temp, T;.relateT P.sourceConstruct);
D* — D* + + [z |z < temp; not (member D* z)];
}
return(D™*);
end
3 Conclusions and Future Work

We have described how the Automed transformation pathways can be used to trace the
derivation of data in an integrated database in a step-wise fashion. More details are given
in [4]]. We are currently implementing our algorithms over the Automed repository [[1]].
For future work we plan to extend our algorithms to the more expressive transformation
language described in [[7], and to explore the relationship between lineage tracing and
incremental view maintenance using Automed’s schema transformation pathways, in
order to determine if an integrated approach can be adopted for both.
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1 Introduction

In [1J3], we have described the problem of model-based mediation (MBM) as an ex-
tension of the global-as-view paradigm of information integration. The need for this
extension arises in many application domains where the information sources to be in-
tegrated not only differ in their export formats, data models, and query capabilities, but
have widely different schema with very little overlap in attributes. In scientific appli-
cations, the information sources come from different subdisciplines, and despite their
poorly overlapping schema, can be integrated because they capture different aspects of
the same scientific objects or phenomena, and can be conceptually integrated due to
scientific reasons. In the MBM paradigm, a "mediation engineer" consults with domain
experts to explicitly model the "glue knowledge" using a set of facts and rules at the me-
diator. Integrated views are defined in MBM on top of the exported schemas from the
information sources together with the glue knowledge source that ties them together.
We have successfully applied the MBM technique to develop the KIND mediator or
Neuroscience information sources []]-[4]. To accomplish this, sources in the MBM
framework export their conceptual models (CMs), consisting of the logical schema, do-
main constraints, and object contexts, i.e., formulas that relate their conceptual schema
with the global domain knowledge maintained at the mediator. Thus model-based me-
diation has a hybrid approach to information integration - on the one hand at the me-
diator integrated views are defined over source CMs and the Knowledge Map using a
global-as-view approach; on the other hand, object-contexts of the source are defined
as local-as-view.

In the demonstration, we present the KIND2 system, a further extension to the
MBM paradigm - here the mediator may have alternate sources of glue knowledge,
often developed by consulting different domain experts. We presume there are no con-
tradictions between recorded or derived facts from different sources, and show how in-
tegrated views are defined and queries are evaluated in the presence of alternate knowl-
edge sources in an MBM setting.

2 The Demonstration System

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 54-1571 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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2.1 Data and Knowledge Sources

The KIND2 system mediates across a number of neuroscience data sources provided
to us by different partner institutions. The data consists of relational sources containing
image and volume-based measurements, XML sources containing protein information
and time-series sources containing physiological recordings from neural responses for
specific stimulations. The mediator uses two forms of knowledge sources to integrate
this information - a graph structured ontology (stored and displayed to the user as a
labeled graph) and a spatial atlas of the brain:

— The ontology is constructed from the Unified Medical Language System [| ontol-
ogy from the National Library of Medicine and the Gene Ontology from the Gene
Ontology Consortium . The two ontologies together store about 2 million concept
names (nodes) and 10 million relationships (edges) represented as relational ta-
bles in an Oracle8 database. They are accessed through FLORA, an F-logic engine
built on top of XSB Prolog [5]. The F-logic engine allows the definition of (often
highly recursive) views. In our setting, it also pushes certain operations (e.g., SPJ
and some hierarchical queries) to the Oracle system below, and performs deductive
computations on the results.

— The spatial atlas consists of a number of layers, where a layer is an orthographic
cross-section of the brain, on which the observed structure on the section are out-
lined and labeled. Obviously, since most structures in the brain are three-dimen-
sional, they appear on multiple layers. Our atlas source is created from commer-
cially available brain atlases, by converting line drawings to polylines and poly-
gons in Oracle Spatial Data Cartridge. Using this system, one can perform two-
dimensional topological and metric queries on atlas objects. We have developed
additional algorithms to simulate some three-dimensional operations as stored PL-
SQL procedures on top of the system’s native two-dimensional query capabilities.
The demonstration system will show how object contexts are defined from both of
these knowledge sources, by illustrating how a user can navigate the knowledge
sources themselves "looking for" data sources that are reachable from subgraphs of
the first source, or subregions of the second source.

2.2 The KIND2 Mediator

The primary mediator module in the KIND?2 system is built using F-Logic. Data sources
register with the mediator by wrapping their native schema into F-Logic. The query ca-
pabilities of data sources are modeled by source-specific special predicates. For exam-
ple, the volume analysis data source for morphometry supports an operation for spine
density distribution which, given a user-specified interval along the length of a dendrite,
returns an XML document containing frequency histogram of spine density in that in-
terval. The mediator views this operation as a built-in predicate with binding patterns
for the input and output parameters.

! http://www.nlm.nih.gov/research/umls/index.html|
’lhttp: //www.geneontology .ord.
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Integrated views in KIND2 are defined as a set of F-logic rules. We illustrate the
use of alternate knowledge sources by defining intensional predicates both in terms of
logical and spatial operations. For example, the predicate contains_tc(objectl1, object2)
can be defined as a transitive closure on the predicate contains(object1, object2) main-
tained by the ontology. Given that the UMLS ontology knows contains(thalamus, ’fasi-
culi thalami’) and contains(’fasiculi thalami’, ’anterior peduncle’) are true, the system
infers contains_tec(thalamus, “anterior peduncle’). Alternately, using the spatial atlas
(Fig. 1), one can use a spatial operator named inside: polygon — setof(polygon). The
atlas will look for the polygon labeled as thalamus in each slice, and geometrically lo-
cate all the other labeled polygons inside it, thus finding the *anterior peduncle’. Using
either method, one may define an integrated view on the data sources. The view may
be a selection on all proteins P involved in some activity A of some neurons N and that
can be localized in region R of the brain. Here, the activity A is defined in terms of
the time-series recording of neurons, the protein properties are retrieved from a protein
databaseﬁ, and the protein localization information is available both from whole-brain
experiments and neuron-level experiments. The role of the ontology and the atlas is to
provide two missing pieces of information to construct the view: (a) the subregional
architecture of the brain, and (b) situating specific neurons in specific brain regions.
Given a query against this view the mediator needs to rewrite it using the predicate
contains_tc, the operation inside or both. The decision is based on several factors in-
cluding:

— whether the two knowledge models have equal granularity of information for the
query region

— whether there are any data sources that refer to only one model for the query region

— whether other predicates in the query necessitate visiting one source over the other

— the estimated cost of the two operations for the query region

— Often a good solution is to partially execute the query using one source, obtain
subregion names, and pass them to the other source to complete the query.

In the demonstration system we will show the system’s query evaluation functionality
with a plan-viewer tool. The plan starts from the user’s query and first selects all match-
ing views that support the binding pattern of the query. Once the views are identified,
the user of the demo system may choose any view to unfold in order to continue query
processing. We will demonstrate the case of the alternate view definitions described ear-
lier. The tool provides a simple graphical interface to demonstrate a trace of the query
planning process. Given an arbitrary query against a given view, the demo user may
choose to see all generated plans and the plan chosen by the mediator. The demo user
may also select a plan from the initial set of plans, and trace when it gets eliminated. In
this case, the system will show how the chosen plan is selected over other plans or is
pruned by a competing plan. This will be shown using a trace of the query processing
rules that were applied to prune one plan over another.

3 For example, consider the web-accessible database for calcium-binding proteins located at
http://structbio.vanderbilt.edu/cabp_database/cabp.html]
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Figure 1. A query that use the UMLS ontology (in front) and the spatial atlas (behind)
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1 Introduction

The proliferation of the Internet has led to increasing semantic heterogeneity on the
World Wide Web. Networking technology provides physical connectivity, but it does
not ensure meaningful data exchange. Therefore, semantic interoperability among het-
erogeneous information sources continues to pose enormous challenges to the database
and other communities. Consequently, cooperation of metadata, ontologies, and media-
tors is becoming even more important in achieving semantic interoperability; mediators
collect information from heterogeneous and autonomous sources and resolve seman-
tic conflicts by referring to metadata and ontologies. Based on the mediator approach,
we have implemented a Conflict Resolution Environment for Autonomous Mediation
(CREAM) system. The system provides various user groups (e.g., end-users and infor-
mation integrators) with an integrated and collaborative facility for achieving semantic
interoperability among the participating heterogeneous information sources. The de-
tailed description of a theoretical framework for semantic conflict detection and res-
olution methodology can be found in [1]. Our major contribution is that our system
automatically understands and resolves a large number of semantic and syntactic con-
flicts among heterogeneous databases. We have tried to minimize the burden on the end
users and database administrators while trying to automate the heterogeneous conflict
resolution process.

2 Conflict Resolution Environment for Autonomous Mediation

CREAM can be used to access underlying heterogeneous structured databases as well as
Web published semi-structured information. As shown in Fig. 1, the CREAM architec-
ture consists of four different layers, each of which contains several software modules:
the metadata layer, the semantic mediation layer, the data exchange layer, and the data
access layer.

* This research is supported in part by the HyDiS and RESAC research grants from NASA.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 58-1611 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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Figure 1. Overview of CREAM Architecture

2.1 Metadata Layer

The metadata layer provides the ability to capture semantic metadata into a common
repository and construct wrappers for Web sources. Semantic metadata that needs to be
captured includes: (i) federated and local schemata for heterogeneous databases, (ii) se-
mantic mapping knowledge to capture schema and ontology mappings, and (iii) seman-
tic extraction rules to construct wrappers for Web sources. These tasks are performed
by a human information integrator aided by a set of metadata acquisition and repre-
sentation tools, such as conceptual schema designer, schema mapper, ontology mapper,
and wrapper generator.

The conceptual schema designer allows the information integrator to construct a
federated schema using a point-and-click interface. It is also used to define and/or
automatically generate local schemata from underlying databases. These conceptual
schemata provide a way to capture the metadata associated with information sources.

The schema mapper allows the integrator to make logical links between semanti-
cally similar constructs in heterogeneous local schemata to a federated schema. The
integrator simply clicks on a component in a federated schema and points to the corre-
sponding local schema component. In addition, users can browse and update the schema
mappings.
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The ontology mapper allows users to establish mappings between a concept in
SCROL (Semantic Conflict Resolution Ontology) to a conceptually matching schema
component. These ontology mappings help capture the contextual knowledge of mul-
tiple information sources. Since SCROL is used to capture various semantic conflicts
at both data and schema levels, they also help automate the conflict detection and res-
olution process [2]. This knowledge is used by a query generator (a type of semantic
mediator) to generate proper local queries from a single global query requested by a
user.

The wrapper generator assists the information integrator in easily constructing
wrappers for Web sources. In order to extract content from Web sources, a wrapper
needs two important types of rules: (i) URL generation rules for physically identify-
ing Web sources, and (ii) semantic content extraction rules for describing the syntactic
structure of the Web source. Using a URL generator interface, the information integra-
tor captures URL generation rules for a given Web source. In addition, the information
integrator needs to provide parameter values for the dynamic portion of a URL string.
The wrapper generator encapsulates the parameter values into an object that is used
during the URL generation process. Another important piece of knowledge required to
access Web data is the semantic extraction rules for specific Web pages. The wrapper
can identify and extract semantic content from the Web source by analyzing the syn-
tactic structure and content of the Web sources. Because the semantic extraction rule
generator provides an interactive mechanism for analyzing the syntactical structure and
content of the web pages with a few mouse clicks, it is not necessary for the information
integrator to understand and use a high-level declarative language to generate semantic
extraction rules.

2.2 Semantic Mediation Layer

The semantic mediation layer is intended to resolve various semantic conflicts and co-
ordinate the information gathering process from heterogeneous and autonomous infor-
mation sources. We define seven distinct types of semantic mediators based on different
functionalities and tasks. They are: query generator, coordinator, conflict detector, con-
flict resolver, selector, message generator, and data collector.

2.3 Data Access Layer

This layer is responsible for gathering query results from different types of information
sources. This layer provides an interface between the semantic mediation layer and the
underlying heterogeneous information sources. This layer consists of wrappers that are
responsible for accessing the corresponding information sources. These wrappers are
classified into two types based on the nature of the information sources, viz. structured
and semi-structured. The first type of wrapper is responsible for accessing information
sources in databases. They simply wrap RMI (Remote Method Invocation) calls, while
the other type of wrapper is intended to extract semantic content from Web sources.
Wrappers of this kind are generated using our wrapper generator.
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2.4 Data Exchange Layer

The data exchange layer provides tools for users to initiate information requests and
export the semantically integrated information into XML. It consists of two software
components. The semantic filter is a query interface that allows users to create global
queries. Since the semantic filter provides a homogeneous view of heterogeneous in-
formation sources, which is independent of the structure and the location of the actual
data sources, the user can transparently access data from difference sources without
the prior knowledge of their information content. Users can also export the retrieved re-
sults into an XML-based document with complete semantic metadata information using
the output generator that creates XML tags and inserts corresponding values from the
data passed by semantic mediators. It also coordinates the DTD and XSL generation.
Since XML is an emerging standard data format for B2B transactions, our architecture
leverages the power of XML to support interoperability between loosely coupled virtual
partners in an electronic marketplace [3].

3 Demonstration

Our CREAM prototype has been developed using Java 2 SDK and Oracle 8i. Our ex-
amples for the demonstration will illustrate how to facilitate semantic interoperabil-
ity among heterogeneous and autonomous information sources. Specifically, we will
demonstrate the following aspects of the CREAM system:

— The ability to identify relevant information sources and provide a unified view of
data.

— The incorporation of a semantic data model and ontology to provide an automatic
way of identifying and resolving semantic conflicts at both data and schema levels.

— The ability to semi-automatically generate wrappers for semi-structured informa-
tion sources.
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1 Introduction

The capability of the Web in handling text and multimedia information is well known
but diagram handling on the Web remains an insufficiently explored field. The moti-
vation for this research was the Cytokine WebFacts project, a database of information
about Cytokines to be created and updated by cytokine experts. The data to be stored
on the Cytokine WebFacts included text, images and cytokine signal pathway diagrams.
The pathway diagram database, the most challenging part, was formed of diagrams sub-
mitted by users. Having established the diagram database, functions were developed to
allow users to index and search diagrams, embed links within them, publish alternative
views of diagrams, modify other people’s work and so on. To enable these functions,
a new set of tools were developed and are described here. Very little of this work is
domain specific and thus could be of use in other application domains.

2 [Editing, Saving, and Searching Diagrams on the Web

Although there are no widely used tools for diagram handling on the web, there are
some conventional approaches. The most common method is to treat diagrams as im-
ages; this is simple but the diagrams cannot be edited and it takes up too much space.
Another common approach is to let users create and edit diagrams using any package
and have a webmaster subsequently compile and display on the Web. This approach is
only practical in application domains where the quantity of the diagrams is limited, the
diagrams are simple and modifications to the diagrams are not required on a frequent
basis, effectively a diagram store rather than a true database. Though limited, there are
some diagram applications available [2,4,5]. However none of them have any concept
of a collaborative diagram database updated by its users. The development of WIDE
(the WWW Interactive Diagram Editor) [6] came from the requirement to have an in-
teractive diagram editor on the Web for users to enter, update and save diagrams directly
on the Web server. WIDE was implemented using Java applets and Java servlets. It is
a GUI drawing panel providing basic, intuitive editing functions. The most innovative
part of WIDE was the Diagram Transfer mechanism. Two functions, Save and Load,
are provided. Both functions are implemented in a way that ensures users need to know
nothing about the data format of the diagrams so users play an active role in building
and maintaining the diagram database. In addition to conventional drawing elements
WIDE diagrams can contain URL links to other Web pages or other diagrams. These

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 62-1631 2002.
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links, like everything else in the diagram, can be added, removed or updated directly by
users. Given the relatively narrow domain that links are likely to belong to our approach
was to provide a picklist of possible internal (to the database) URL links automatically
so that users need not be aware of the internal server structure [7]. However users are
still allowed to enter any URL address freely should they need to.

The diagram search engine was designed to search local diagram files only. It is
specific to WIDE diagrams in that it searches only text within diagrams and not for
particular shapes or line types as objects in cytokine signal pathway diagrams have no
semantic meaning and are left entirely up to the user. It does, however, used meta data
associated with every diagram. The meta data includes the title, keywords, a descrip-
tion, the contributor’s name and email address. The meta data has to be searchable as
well as text in diagram body. They were assigned different weights according to their
importance in identifying the diagrams and can be regarded as the indices for cytokine
signal pathway diagrams. The results of the search are displayed as strings concate-
nated from the diagram title, keywords, description and contributor’s name to give a
clear explanation.

3 Version Control for the Web Diagram Databases

Updating the database in terms of adding extra diagrams and deleting old ones is simple
but the modification of existing diagrams using the editor can introduce further prob-
lems because the new version of a diagram may not superseded the old one, both may
continue as part of the database so we also need some sort of version control mech-
anism which is specific to these sort of diagrams. Versioning usually means the way
users check out a copy for parallel editing, differencing finds differences and conflicts
among versions and merging joins multiple versions together and produces a new ver-
sion representing the union of the actions taken in the previous versions. WIDE adopts
an optimistic check-out mechanism so that other users are not blocked from accessing
the diagram database. Users can update an existing diagram and then submit it to be
added to the database.

Newly submitted diagrams have to be checked by the domain experts to make sure
they are reasonable and correct before they are transferred to the final database. This
process involves finding different versions of a diagram, identifying conflicts within the
different versions, and most importantly, merging those versions into one final state or
a few alternative versions differenced and merged. Differencing and merging text in-
formation have been covered in CSCWriting applications, but there is no equivalent for
diagrams and the differencing and merging functions for WIDE diagram revisions had
to be developed from scratch. Handling diagrams is more complicated than text docu-
ments because, as well as changes to text within diagrams, the system must recognise
changes in shape, colour, size, spatial position etc. too. To avoid unreasonable diagrams
in the database and maintain consistency, newly submitted or modified diagrams need
to be saved in a provisional directory to be reviewed by the domain experts before being
transferred to the permanent database. The domain experts have full permission to man-
age the provisional directory. To differentiate between diagrams at different stages, the
diagrams in the final database directory will be called diagrams and the diagrams in the
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provisional directory will be called revisions (if they are based on existing diagrams)
or sketches (for new diagrams without a parent). To distinguish these different types of
files, they have different name conventions. The diagram database adopted an integrated
naming convention by embedding the root diagram file name, user email address and a
serial number into provisional file names as well as using different extensions for easy
identification. All the revision names are automatically generated, so there will never
be a problem of a revision saved with an improper filename.

To review the raw revisions (new versions of existing diagrams submitted by users)
the domain experts need to identify which parts of the diagram have been updated. If
there are other revisions of the same original diagram, the domain experts will have to
compare all of them to locate compatible modifications and possible conflicts. In order
to perform these functions easily and quickly, the editor had to include information
about changes. The most direct way to achieve this is to set flags during the editing
operations on modified objects. In order to merge diagrams successfully we must know,
not only what changes have been made, but also how important each change is. The
editing operations need to be stored with the raw revisions. To incorporate as many
changes as possible, the change storing mechanism adopts the "just enough" method to
include all the editing operations but filter out redundant ones (such as multiple MOVE
functions where only the last one counts, or functions before a DELETE). Instead of
assigning serial numbers to different change operations, binary numbers can be assigned
and the mixture of the change operations can be calculated by bitmask. WIDE applies
the activity identification scheme which uses the index of the element in the document
to identify the same object across different revisions; the DELETE operation had to be
modified to simply set a tag rather than remove the object from the vector.

The differencing tool of WIDE was designed to be used to compare a raw revision
and the original root diagram although it would be possible to extend it. To present the
differences the tool displays both diagrams with the differences between the original
diagram and the revision highlighted in the revision. This is achieved by having a dif-
ferencing state where all unchanged objects are drawn in grey while modified objects
are highlighted in specific colours. Though divergent revisions can be saved as alter-
native diagrams in the Cytokine WebFacts diagram database, it must also be possible
to merge two raw revisions as a new diagram in the database in order to incorporate
modifications scattered in different revisions.

The rule of thumb for default merging of diagrams is to adopt the changes with high-
est priority across revisions. In cases where the weights of the change operations in both
revisions are exactly the same the conflict can be resolved by adopting an asymmetric
merge method similar to that of COOP [1] which is, to prefer the change in the main
revision to the change in the added revision (the main and added revisions are identified
by the user). Though the asymmetric merge may not be the ideal solution in some situ-
ations, it helps to resolve conflicts that usually require human involvement. The merged
revision is displayed in the modification viewing state (differencing state) where un-
changed objects are in grey and modifications are highlighted in different colours. An
important issue in the merging interface is that, the result shown is the temporary re-
sult of "virtual merge". The merging interface just displays the possible result of the
merging between two raw revisions as a reference for the domain experts. Only when
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the domain experts are happy with the virtual result can they save it into the diagram
database.

4 Discussion and Future Work

The existing system forms a relatively complete platform to maintain an interactive
diagram database but, as always there are areas where it could be extended. For instance,
importing and exporting diagrams with other formats needs to be developed.

The tools and techniques described here are not specific to cytokine signal pathway
diagrams, they are fully extendable to other applications. Although cytokine pathway
diagrams are not hierarchical, the URL links within diagrams mean they could easily
be used in an hierarchical environment.
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Abstract In the last years, several approaches have been proposed to easily cap-
ture main multidimensional (MD) properties at the conceptual level. In this pa-
per, we present how to handle MD models by using the eXtensible Markup Lan-
guage (XML) through a Document Type Definition (DTD) and the eXtensible
Stylesheet Language Transformations (XSLT). To accomplish this objective, we
start by providing a DTD which allows us to directly generate valid XML docu-
ments that represents MD properties at the conceptual level. Afterwards, we pro-
vide XSLT stylesheets to automatically generate HTML pages that correspond to
different presentations of the same MD model.

1 Introduction

Data warehouses, OLAP applications and MD databases, based on the MD modeling,
provide companies with much historical information for the decision making process.
In recent years, there have been some proposals to accomplish the conceptual MD mod-
eling of these systems [[1/2)3]]. Due to space constraints, we refer the reader to [4]] for a
detailed comparison and discussion.

In this paper, we present a way to handle the representation, manipulation and pre-
sentation of MD models accomplished with the object-oriented (OO) approach pre-
sented in [5] by using a standard format. To accomplish this goal, we define a DTD to
validate XML documents that store all the MD properties. Furthermore, we combine
XSLT stylesheets and XML documents in a transformation process to obtain HTML
pages.

The remainder of this paper is structured as follows: Section [2] describes the basis
of the OO conceptual MD modeling approach that we adopt in this paper. Section []
presents how to represent MD models with the XML and the XSLT. Finally, in Section
Hlwe present our conclusions and future works.

2  Object-Oriented Multidimensional Modeling

In this section, we summarize how an OO MD model, based on the Unified Modeling
Language (UML), can represent main structural MD properties at the conceptual level.

* This paper has been partially supported by the Spanish Ministery of Science and Technology,
Project Number TIC2001-3530-C02-02.
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In this approach, the main structural properties are specified by means of a UML class
diagram in which the information is clearly separated into facts (fact classes) and di-
mensions (dimension classes). Then, fact classes are specified as composite classes in
shared aggregation relationships of n dimension classes. Many-to-many relationships
between facts and particular dimensions are indicated by the I..* cardinality on the di-
mension class role (Figure [T] (a)). For nonadditive measures, additive rules are defined
as constraints and are included in the fact class. Furthermore, derived measures can also
be explicitly considered (indicated by /) and their derivation rules are placed between
braces near the fact class (Figure [l(a)). This OO approach also allows us to define iden-
tifying attributes in the fact class, by placing the constraint {OID} next to an attribute
name. In this way we can represent degenerate dimensions [[6] (Figure [[(a)).

Figure 1. Multidimensional modeling using the UML

With respect to dimensions, every classification hierarchy level is specified by a
base class. An association of classes specifies the relationships between two levels of
a classification hierarchy. The only prerequisite is that these classes must define a Di-
rected Acyclic Graph (DAG) rooted in the dimension class (constraint {dag/). The DAG
structure can represent both alternative path and multiple classification hierarchies. Ev-
ery classification hierarchy level must have an identifying attribute (constraint {OID})
and a descriptor attribute (constraint {D}). The multiplicity / and /.. * defined in the tar-
get associated class role addresses the concepts of strictness and non-strictness. More-
over, defining the {completeness} constraint in the target associated class role addresses
the completeness of a classification hierarchy (Figure [1] (b)). Finally, the categoriza-
tion of dimensions is considered by means of generalization-specialization relationships

(Figure [l (c)).

3 Representing Multidimensional Models with XML

A relevant feature of a model should be its capability to share information in an easy
and standard form. The XML [[7]] is rapidly being adopted as a specific standard syntax
for the interchange of semi-structured data.

We have used the XML to store the MD models accomplished by our OO approach.
The correct structure of the XML documents has been defined by means of a DTD. As
an example of the DTD, the following fragment contains elements to express dimen-
sions and their classification hierarchies:
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<!ELEMENT DIMCLASSES (DIMCLASS+)> <!ELEMENT RELATIONASOCS (RELATIONASOC+)>
<!ELEMENT DIMCLASS (ASOCLEVELS?, CATLEVELS?)> <!ELEMENT RELATIONASOC EMPTY>
<!ELEMENT ASOCLEVELS (ASOCLEVEL+) > <!ATTLIST RELATIONASOC child IDREF #REQUIRED
<!ELEMENT ASOCLEVEL (DIMATTS?, RELATIONASOCS?, METHODS?) >
name CDATA #IMPLIED description CDATA #IMPLIED
<!ELEMENT DIMATTS (DIMATT+) >
roleA $Multiplicity; "1" roleB $Multiplicity; "M"
<!ELEMENT DIMATT EMPTY> completeness %Boolean; "false">
<!ATTLIST DIMATT id ID #REQUIRED <!ATTLIST ASOCLEVEL id ID #REQUIRED
name CDATA #REQUIRED atomic %Boolean; "true"
name CDATA #REQUIRED description CDATA #IMPLIED
type CDATA #REQUIRED description CDATA #IMPLIED
showAtts %Boolean; "true" showMethods %Boolean; "true"
initial CDATA #IMPLIED derivationRule CDATA #IMPLIED autoResize %Boolean; "true'">
OID %Boolean; "false" D %Boolean; "false">

Notice that attributes within these elements in the DTD allow us to express all the
MD properties at the conceptual level. For example, non-strictness may be defined
by assigning the same value M to both attributes roleA and roleB in the DTD el-
ement RELATIONASOC, and completeness is defined by means of the DTD attribute
completeness. Moreover, identifying and descriptor attributes within dimensions
are defined using the DTD attributes OID and D in DIMATT.
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Figure 2. An XML document displayed in Figure 3. Model navigation in the web us-
Microsoft Internet Explorer ing a browser

Figure 2] shows the presentation of an XML document generated by our CASE
tool in a popular web browser (Microsoft Internet Explorer). However, only some web
browsers partly support the XML. As a consequence, we are currently forced to trans-
form XML documents into HTML pages in order to publish them on the web. The best
method to accomplish this task is the use of the XSLT [[7], as a language for transform-
ing XML documents. XSLT stylesheets describe a set of patterns (templates) to match
both elements and attributes defined in a DTD, in order to apply specific transformations
for each considered match.

We have used the XSLT processor Instant Saxon 6.5. This processor complies fully
with XSLT 1.0 and also allows the use of some features from XSLT 1.1, such as
xsl:document (this new instruction permits the creation of different outputs from
the same XML document). Our XSLT stylesheet generates a collection of HTML pages
with links between them.
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The resulting HTML pages allow us to navigate through the different presentations
of the model on a web browser. All the information about the MD properties of the
model is represented in the HTML pages. For example, in Figure [3] the first page is
shown as an example of navigation for one of the presentations that contains the defini-
tion of the Sales fact class. At the bottom, we can notice the name of the dimensions:
Product and Time. These are links that allow us to navigate along the pages that con-
tain the definition of those dimensions.

4 Conclusions and Future Works

We have presented how to store MD models accomplished by an OO conceptual ap-
proach, based on the UML, in XML documents. We have defined a DTD and we have
provided XSLT stylesheets that allow us to generate different presentations of the same
MD model on an HTML format. In this way, we have provided a standard format to
represent main MD properties at the conceptual level.

We are considering whether to adapt our proposal to the new emerging standards. In
this sense, we are currently working on providing an XML Schema instead of a DTD.
With respect to the presentation, XSL FO can be used to specify in deeper detail the
pagination, layout, and styling information of XML documents. However, there are no
current tools that completely support XSL FO.

Furthermore, we are currently studying the Common Warehouse Metamodel
(CWM), a Meta-Object Facility (MOF) compliant metamodel, as a common frame-
work to easily interchange warehouse metadata. CWM stores metadata in the XML
Metadata Interchange (XMI) format. This proposal provides designers and tools with
common definitions but lacks the complete set of information an existing tool would
need to fully operate.
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Abstract Abstract. We have developed a clustering algorithm called CLIMIS
to demonstrate the advantages of implementing a data mining algorithm in a
database management system (DBMS). CLIMIS clusters data held in a DBMS,
stores the resulting clusters in the DBMS and executes inside the DBMS. By
tightly coupling CLIMIS with the database environment the algorithm scales bet-
ter to large databases. This is achieved through an index-like structure that uses
the database to overcome memory limitations. We further improve the perfor-
mance of the algorithm by using a technique called adaptive clustering, which
controls the size of the clusters.

1 Introduction

We have developed a clustering algorithm, called CLIMIS, to demonstrate the advan-
tages of tightly coupling a data mining algorithm with a database management sys-
tem (DBMS). CLIMIS is based on the classic conceptual clustering algorithm COB-
WEBJ1]. Unlike COBWEB, CLIMIS clusters data held in a DBMS, stores the resulting
clusters in the DBMS and executes inside the DBMS.

One of the benefits of this approach is that by tightly coupling our algorithm with
the database environment the algorithm scales better to large databases. This is achieved
through an index-like structure that uses the database to overcome memory limitations.
This structure makes CLIMIS memory independent.

Previous work on data mining investigated loose integration of data mining algo-
rithms with a DBMS through ODBC-style technology[2]. ODBC, however, has a per-
formance overhead that can affect the data mining process substantially. Our algorithm
removes this overhead by executing as a database procedure using a direct link to the
database.

2 Data Structure and Algorithm

We decided to base CLIMIS on COBWEB because COBWEB has a number of prop-
erties that complement the DBMS environment. It is an incremental, unsupervised al-
gorithm that produces non-overlapping clusters. A DBMS is a dynamic system where
new data arrives constantly. As COBWEB is incremental it supports restructuring of
the clusters as new data is presented to the database. Our intention is for the end users
to create the CLIMIS index in the same way they create database indexes. The unsu-
pervised nature of COBWEB requires less user intervention during construction of the

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 70-I721 2002.
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index. Finally, our goal is to integrate CLIMIS into the DBMS query language and
non-overlapping clusters should be easier for the user to interpret.

CLIMIS builds a hierarchy of concepts stored as attribute-value probabilities us-
ing category utility[1] as a measure of quality. Most hierarchical algorithms, includ-
ing COBWEB, require these probabilities to be stored at every level of the tree. The
data structure that our algorithm uses stores data at the leaf nodes of the tree and uses
database queries to calculate the internal nodes.

CLIMIS uses caching to avoid querying the database unnecessarily. The algorithm
executes efficiently as the DBMS handles the data access. In addition, because only
probabilities for the leaf nodes are stored on disc, the I/O cost of transferring data and
the space required to store the entire tree are kept to a minimum. The clusters are stored
in relations in the database, which makes them easy to access and manipulate. To en-
sure good performance the table storing attribute value probabilities is clustered on the
attribute/values.

CLIMIS uses caching to reduce the cost of calculating category utility. Our study
of the COBWEB algorithm has revealed that the most expensive part of category utility
is the calculation of the conditional probability. Pre-calculated conditional probabilities
are stored in memory and reused with a simple adjustment when new data arrives. In this
way, the algorithm needs to access considerably less data to calculate category utility.

3 Clustering Large Databases

By default CLIMIS, like many conceptual clustering algorithms, builds a tree of clus-
ters with singleton leaf nodes. Singletons do not convey a lot of information, as they do
not represent a relationship between cases. Also, in large databases, creating singleton
clusters for every record in the database produces a very tall tree, which affects perfor-
mance. To further improve the performance of CLIMIS when mining large databases,
we have adapted the clustering algorithm to perform adaptive clustering. Adaptive clus-
tering sets a threshold size for each cluster and only sub-divides a cluster when its size
reaches the threshold. The size of the database and the number of clusters that are
required determine the threshold. This approach helps to reduce the size of the tree.
Limiting the size of each cluster is a common technique [4,5] and we are currently
investigating the accuracy of clusters generated in this way.

4 Application

The data structure used by CLIMIS allows data mining to be integrated with the query-
ing system of the DBMS. This is achieved with the use of triggers[3] that update
CLIMIS’s data structure as new data arrives at the database. An additional benefit of
storing the clusters within the database is that the entire database and data dictionary
can be used to interpret the clusters.
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5 Conclusions

Our approach is currently implemented in the Oracle Relational Database Management
System[3] and can be applied to many commercially available DBMSs. We are cur-
rently investigating the overall performance and accuracy of the CLIMIS clustering
algorithm.
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The goal of cluster analysis [[10] is to find homogeneous groups, or clusters, in
data. Homogeneity is often made precise by means of a dissimilarity function on ob-
jects, having low values at pairs of objects in one cluster. Cluster analysis has also been
investigated in data mining [3], emphasising efficiency on data sets larger than main
memory [46/819/16]. More recently, the growing importance of multimedia and trans-
actional databases has stimulated interest in metric clustering, i.e. when dissimilarity
satisfies the triangular inequality.

Most of the clustering algorithms proposed in data mining are static. However, in
many important database applications data are dynamic. For example, a data warehouse
collects updates from data sources during its off-line state, which lasts only shortly. Ef-
ficient clustering must exploit the opportunity to compute updated clusters from current
clusters and the updates, that is, it has to be dynamic.

A dynamic algorithm [[13] executes a pre-processing stage, followed by a sequence
of update stages, which update the solution and an internal state, in response to up-
dates of objects. If the accepted updates include both insertions and deletions, then we
term the algorithm fully dynamic. Dynamic algorithms for metric data include Incre-
mentalDBSCAN [3]] and BUBBLE [6]. The former is hard to utilise on databases of
transactions, because ordinary metrics misbehave in such domain. (See e.g. [ 9].) BUB-
BLE is only partially dynamic, i.e. accepts only insertions. Moreover, homogeneity is
attained by minimising cluster radius, inducing thus a bias towards “globular” clusters.

In the following we discuss an external memory, graph-theoretic framework for the
fully dynamic cluster analysis of metric data, based on dissimilarity transformation. Let
(X, d) be a metric space and S a finite subspace of X. Let x € X. With NN gxk we
denote the set of the k& nearest neighbours of x in .S, and with NNglxk the set of all
points in .S having = among their £ nearest neighbours.

Cluster analysis based on dissimilarity transformation can be generalised by the
following schema, where K € N, § € R are parameters: (i) For each y € S compute
NNsy K. (ii) Compute a transformed dissimilarity function, ¢ ,,, which is both local,
i.e. §;, depends only on NN gz K and NNgy K, and sparse, i.e. 05, = oo if {z,y} N
(NNgzK UNNgyK) = 0. (iii) Compute the clusters as connected components of the
graph on S whose edge set contains exactly the edges (x, y) such that § ,, < 6.

Instantiations of such schema can be found in [[7/12]15], where it is shown that dis-
similarity transformation allows for accurate recognition of arbitrarily shaped clusters
and a dramatic reduction of the chaining effect. In particular, we believe that method [[12]
is robust even on transactional data.

* This work has been partially supported by project D21 of the Italian MIUR
(http//:www.dis.uniroma.it/~lembo/D21I).
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We now turn this scheme into a fully dynamic scheme. Let S be the initial instance.
We store the following information in the state of the algorithm: (i) The sparse undi-
rected weighted graph G induced byd, (ii) The connected components of the graph
obtained from G5 by removing all edges weighing more than 6. (iii) Two sparse di-
rected graphs G i and Gl_(l, storing, for each point x € S, NNgxK and NNglxK s
respectively.

The initialisation stage computes G g, G}l, G5 and the output clustering as the set
of connected components of the graph obtained by deleting from G 5 all edges having
weight greater than 6. The update stage is structured into two layers. The outer layer
performs a detailed analysis of the neighbourhoods of points influenced by the insertion
or deletion and determines which updates to G5, G, G}l are needed. The inner layer
performs the requested updates and calls a fully dynamic algorithm to re-compute the
connected components from the current components and the updates.

For z,y € X, let the rank rankr¥y of y w.r.t  in S be the number of points in S
that are closer to x than y, plus one. If rankrYy = k, then y is the kth neighbour of
z. Let z, y be mutual neighbours if the rank of z w.r.t. y is at most K, and vice versa.
We briefly outline the outer layer for the methods in [[7] and [12]. Let x* € X be an
inserted or deleted point.

In [[7]], 0, is defined as rank T'Z x + rankr¥y, if x and y are mutual neighbours, and
oo otherwise. We retrieve all points y € S such that z* has rank at most K w.r.t. y. For
both insertion and deletion, if * and y are mutual neighbours, we remove an edge from
G, or add an edge with appropriate dissimilarity to G 5. Then we retrieve the K nearest
neighbours of y, in case of insertion, or K + 1 nearest neighbours in case of deletion.
The retrieved points may be at the other end of a new edge, or an edge to be removed,
or an updated edge.

In fact, in case of insertion, an edge to the furthest neighbour of y, say z, must be
removed if ¢ and z are mutual neighbours, because = * is inserted in the rank order be-
fore 2, and z and y cease to be mutual neighbours. In case of deletion, an edge between
y and its (K + 1)th neighbour, say z, must be added if the rank of y w.r.t. z is at most K
after the insertion of 2*. For points z that are non-furthest neighbours, the correspond-
ing edge weight must be incremented, in case of insertion, or decremented, in case of
deletion, by one or two units, depending on the rank of the new point = * with respect to
y and z.

In [12], &5, is defined as the number of neighbours of rank at most K shared by
z and y, if  and y are mutual neighbours, and co otherwise. The cases for adding or
removing edges in G5 are similar to the method in [[7]].

In the remaining cases, in order to determine if the number of neighbours of rank
at most K that are shared by y and z changes, we need to compute the rank of the K'th
neighbour of y w.r.t. z and vice versa, for insertion, or (K + 1)th neighbour, for deletion.
Moreover, the insertion of * with rank at most K w.r.t. both y and z, or deletion when
its rank is at most K w.r.t. both y and 2, may increment or decrement the number of
shared neighbours.

Preliminary complexity results for the outer layer show the following. If we let F, B
be the worst-case amount of time used to retrieve NN g2 K, NNg LK, respectively, and
|F|, |B| their respective cardinality, then the worst-case cost to list all necessary graph
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updates after an insertion or deletion is a low order function of K, F, B, |F|, |B|, for
all methods in [[7/12}J15]. In practice, we expect the dominant term to be proportional to
|B| - F.

Notice that dynamic metric access methods, such as the M-tree [2], efficiently sup-
port queries of the form NN gzk. Queries like NN g ! 2k require a work around. If spatial
objects defined by center and radius are supported, then we may construct an auxiliary
structure containing a spatial object (z, p) for every point z € S, where p is the dis-
tance from « to its K'th neighbour. In such structure, a point query at x returns the set
NNglxk. We are planning an in-depth experimental investigation on the actual costs of
the queries involved in the outer layer.

Concerning the inner layer, a dynamic graph algorithm must be invoked. For clus-
tering in internal memory, we may use the approach in [[IT] due to Holm et al., which
achieves worst-case complexity O(log® N) for updates and O(log N/ loglog N) for
connectivity queries.

For clustering in external memory, following [[1]], an external memory fully dynamic
algorithm for connected components can be derived from parallel algorithms for the
minimum spanning forest. If we evaluate I/O efficiency according to the parallel disk
model [14], then a single update of the dissimilarity graph G s takes just a number of
I/Os that is bounded by the number of I/Os needed to optimally sort N items in external
memory.

Since clusters are usually stored as point-cluster look-up tables, in order to guaran-
tee that connectivity queries can be answered in O(1) I/Os, connected components in
such explicit representation can be computed from the MSF again at a cost bounded by
the cost of optimal external sorting (using the Euler tour technique in external memory).
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Abstract Across a wide variety of fields, data are being collected and accu-
mulated at a dramatic pace, and therefore a new generation of techniques has
been proposed to assist humans in extracting usefull information from the rapidly
growing volumes of data. One of these techniques is the association rule dis-
covery, a key data mining task which has attracted tremendous interest among
data mining researchers. Due to its vast applicability, many algorithms have been
developed to perform the association rule mining task. However, an immediate
problem facing researchers is which of these algorithms is likely to make a good
match with the database to be used in the mining operation. In this paper we con-
sider this problem, dealing with both algorithmic and data aspects of association
rule mining by performing a systematic experimental evaluation of different al-
gorithms on different databases. We observed that each algorithm has different
strengths and weaknesses depending on data characteristics. This careful analy-
sis enables us to develop an algorithm which achieves better performance than
previously proposed algorithms, specially on databases obtained from actual ap-
plications.

1 Introduction

The capabilities of both generating and collecting data have rapidly increased during the
last years. Advances in commercial and scientific data collection have generated a flood
of data. Advanced database management systems and data warehousing technology
allow to gather the flood of data and to transform it into databases of an enormous size.

Due to this situation, a number of techniques with the ability to intelligently and
automatically transform the processed data into knowledge have been proposed. The
most widely studied of these techniques is the association rule mining, which has an
elegantly simple problem statement, that is, to find the sets of all subsets of items that
frequently occur as database transactions, and to infer rules showing us how a subset of
items influences the presence of another subset. The prototypical application is the anal-
ysis of sales on basket data, but besides this example, association rules have been shown
to be useful in domains such decision support, university enrollments, e-commerce, etc.

Since its origin in [1], several algorithms [2,3/4/5.6/78/9,10/11]] have been proposed
to address the association rule mining task, and we observed that, although these algo-
rithms share basic ideas, they present different strengths and weakness depending on
database characteristics. Neglecting this fact, little work has been devoted to the data
aspect in the knowledge discovery process, but for real world applications practition-
ers have to face the problem of discovery knowledge from real databases with differ-
ent characteristics. Furthermore, the extant algorithms were bench-marked on artificial
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(© Springer-Verlag Berlin Heidelberg 2002
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datasets, but the performance improvements reported by these algorithms on artificial
data do not generalize when they are applied to real datasets, and these artificial im-
provements can also cause problems to practitioners in real world applications.

In this paper we deal both with the algorithmic and data aspects of association rule
mining. We conduct an extensive experimental characterization of these algorithms on
several artificial and real databases, presenting a systematic and realistic set of results
showing under which conditions an algorithm is likely to perform well and under what
conditions it does not perform well. We also study the differences between the artificial
datasets, generally used as benchmarks, and real datasets from actual applications (i.e.,
e-commerce), showing how much these differences can affect the performance of the
algorithms. Furthermore, we realized that not only do there exist differences between
real and artificial data, but there also exist differences between real datasets. This careful
analysis enables us to develop a superior algorithm, which achieves better runtimes than
the previous algorithms, especially on real datasets.

The paper is organized as follows. The problem description and related works are
given in the next section. In Section 3, we systematize the most common algorithms
and the strategies used by each one. Section 4 presents our new algorithm, ADARM
(ADaptive Algorithm for Association Rule Mining). In Section 5 we discuss and present
the analysis of the algorithms described in the preceding section. Section 6 summarizes
our paper and closes with interesting topics for future work.

1.1 Research Contributions of this Paper

Our first contribution is a complete experimental comparison against the state-of-the-art
algorithms for mining association rules. In our experiments we employed not only syn-
thetic datasets. In fact, as opposed to the great majority of previous works, we also em-
ployed different real datasets from actual applications. Understanding how each tech-
nique behaves on different types of data is the first step of developing efficient algo-
rithms.

The other important contribution is ADARM, the algorithm developed during this
work. ADARM combines relevant features of other algorithms, which highlight the
advantages of each one depending on data characteristics. These features combined
together, provide to ADARM a better performance over different types of databases.

2 Problem Description and Related Works

The goal of association rule mining is to discover if the occurrence of certain items in
a transaction can imply the occurrence of other items, or in other words, to find asso-
ciative relationships between items. If indeed such interesting relationships are found,
they can be put to various profitable uses such as personalization, recommendations,
etc. Given a set of items, we must predict the occurrence of another set of items with a
certain degree of confidence. This problem is far from trivial because of the exponential
number of ways in which items can be grouped together. To state this problem we need
some definitions. Let I = {I, I, ..., I, } be a set of m attributes or items. Let D be a set
of transactions where each transaction is a subset of I, and the transaction is uniquely
identified by a tid. Let C be a subset of I, also called an itemset. If C' has k items it is
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called a k-itemset. We define the support of C' with respect to D to be:
o(C)=|{t|te D,C Ct}|

For example, consider a set of transactions as shown in Fig. [Il The items set I for
these transactions is { Bread, Beer, Diaper, Milk}. The support of { Diaper, Milk}
is o(Diaper, Milk) = 3.

‘ Lattice of Frequent ltemsets
Items ‘ TID Transact tions 1234
Bread 1 1 12 /\
—
itk 2 2 13 123 124 134 234
Bee 3 3 234 ———
Diaper a a 1234 12 13 14 23 24 sa
s 24
1 2 a a
\/
3

Figure 1. Transactions and Search-Space of Itemsets (minsup=40%)

An association rule is an expression of the form X = Y, where X C I and Y C [.
The support s of the rule X = Y is defined as c(X UY")/ | D |, and the confidence c is
defined as o(X UY')/o(X). For example,consider a rule { Diaper, Milk} = { Beer}
(i.e. presence of diaper and milk in a transaction tends to indicate the presence of beer
in the same transaction). The support of this rule is o(Diaper, Milk, Beer)/5 = 40%.
The confidence of this rule is o(Diaper, Milk, Beer)/o(Diaper, Milk) = 66%. A
rule that has a very high confidence is often very important, because it provides an ac-
curate prediction on the association of the items in the rule. The support of a rule is also
important, since it indicates how frequent the rule is in the transactions. This is one of
the reasons why most algorithms disregard any rules that do not satisfy the minimum
support condition specified by the user. This filtering due to the minimum support re-
quired is also critical in reducing the number of association rules to a manageable size.
The number of possible rules is proportional to the number of subsets of I, which is
211 Hence the filtering is absolutely necessary in most practical settings.

The task of discovering association rules is to find all rules X =% Y, such that s
and c are at least equal to the corresponding thresholds. This task is composed of two
steps. The first step is to find all the frequent itemsets, and the second step is to generate
association rules for these frequent itemsets. The first step is much more expensive
than the second. Hence major efforts in the research community have been focused on
finding algorithms to compute the frequent itemsets, as in this work.

2.1 Related Work

Several algorithms for mining association rules have been proposed in the literature.
The APRIORI algorithm [2] is the best known previous algorithm, and it uses an ef-
ficient candidate generation procedure, such that only the frequent itemsets at a level
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are used to construct candidates at the next level. However it requires multiple database
scans. Many variants of APRIORI have arisen. The DIC algorithm [[3] dynamically
counts candidates of varying length as the database scan progresses, and thus is able to
reduce the number of scans. The PASCAL algorithm [9] introduces a novel optimization,
called counting inference, which can infer the support of a candidate without accessing
the database. The ECLAT algorithm [4] is based on vertical database format and lat-
tice problem decomposition. These two features allow a better usage of resources. The
FPGROWTH algorithm [10] uses a novel structure called frequent pattern tree, which
avoids generating a huge number of candidates.

All above algorithms generate all frequent itemsets. Methods for finding the maxi-
mal frequent itemsets include the MAXMINER algorithm [[7], which uses pruning tech-
niques to quickly narrow the search space. The MAFIA algorithm [I8)] uses pruning
strategies to remove non-maximal itemsets, but it mines a superset of the maximal fre-
quent itemsets and requires another step to eliminate non-maximal itemsets. The GEN-
MAX algorithm [I6] uses a backtrack search and a number of optimizations to prune
the search space for maximal frequent itemsets. Recently, some interest also has been
devoted to the closed frequent itemset mining. The ACLOSE algorithm [[11] is based on
Apriori and directly mines closed frequent itemsets. ACLOSE first identifies the gen-
erators, that is, the smallest frequent itemsets that determines a closed itemset, then it
computes the closure of all generators found. The CHARM algorithm [5] improves the
search for closed itemsets . It prunes candidates based not only on subset in-frequency
but on non-closure property as well, making fewer database scans than ACLOSE.

Although there exists a large number of proposed algorithms, not one of them was
developed exclusively for actual applications. Further, the efficiency of these algorithms
is generally very dependent on database characteristics. These are the main topics of this

paper.

3 Algorithms for Mining Frequent Itemsets

Three approaches have been proposed for mining frequent itemsets. The first is travers-
ing iteratively the set of all itemsets in a bottom-up or level-wise manner. During each
iteration corresponding to a level, a set of candidates is generated by joining the fre-
quent itemsets discovered during the previous iteration, the supports of all candidates
are counted and infrequent ones are discarded. This approach works because an itemset
cannot be frequent if it has an infrequent subset.

The second approach is based on the extraction of maximal frequent itemsets M, from
which all subsets are frequent. As a very important characteristic of these algorithms, it
is not necessary to explicitly examine every single frequent itemset, potentially reduc-
ing the number of candidates examined for finding all frequent itemsets. However, just
determining the maximal frequent itemsets is not sufficient enough to generate associ-
ation rules, since we do not have the support associated with each subset. This is the
main negative aspect of this approach, since a complete scan over the entire database is
required in order to compute the frequency of each subset.

! A frequent itemset is maximal if it has no frequent superset.
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The third approach does not necessarily need to examine all frequent itemsets. In
this approach the frequent closed itemsets, which is the smallest representative subset
of all frequent itemsets without loss of information, are extracted from the database in
a level-wise manner. Then, all frequent itemsets, as well as their supports, are derived
from the frequent closed itemsets and their supports without accessing the database.
Hence not all itemsets are explicitly examined, and no additional scan is necessary in
order to generate association rules.

3.1 The APRIORI Algorithm

APRIORI is the first efficient algorithm for association rule mining. It introduces a prun-
ing trick that all subsets of a frequent itemset must also be frequent, thus infrequent
itemsets are quickly pruned. It performs a breadth-first search for frequent sets, allow-
ing an efficient candidate generation, since all frequent sets at a level are known when
starting to count candidates at the next level. A depth-first search would improve the
memory utilization by maintaining less candidates, but APRIORI cannot perform this
type of search. The reason is evident when considering how the horizontal database for-
mat works: First, a set of candidates is set up, second, the algorithm passes all transac-
tions and increments the counters of the candidates. That is, for each set of candidates
one pass over all transactions is necessary. With a breadth-first search such a pass is
needed for each level of the search space. In contrast, a depth-first search would make a
separate pass necessary for each class that contains at least one candidate. The costs for
each pass over the whole database would contrast with the relatively small number of
candidates counted in the pass. Although APRIORI employs an efficient candidate gen-
eration, it is extremely I/O intensive, requiring as many passes over the database as the
size of the longest candidate. This process of support computation may be acceptable
for sparse databases with short-sized transactions. However, when the itemsets are long,
APRIORI may require substantial computational efforts, hardly debasing its scalability.
Thus, the success of APRIORI critically relies on the fact that the length of the frequent
itemsets in the database are typically short.

3.2 The ECLAT Algorithm

ECLAT uses vertical database format, where it has available for each itemset its tidset,
the set of all transaction tids where it occurs. The vertical format has the following
major advantages over the horizontal format: Firstly, computing the support is faster
with the vertical layout since it involves only the intersections of the tidsets. Secondly,
there is an automatic “reduction” of the database before each scan in that only those
itemsets that are relevant to the following scan of the mining process are accessed from
disk. Finally, the vertical layout is more versatile in supporting various search strategies.

ECLAT performs a depth-first search for frequent itemsets, which is based on the
concept of equivalence classes [4]. Two k-itemsets belong to the same equivalence class
F if they share a common k-7 length prefix. Each class may be processed indepen-
dently, thus ECLAT divides the lattice of itemsets into smaller sub-lattices, where each
one corresponds to an equivalence class and is processed independently in memory,

2 A frequent itemset is closed if it has no frequent superset with the same frequency.
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minimizing the secondary memory operations. The depth-first search starts from 1-
itemsets and keeps intersecting tidsets of itemsets within the same equivalence class.

In contrast to APRTIORI, ECLAT does not know all frequent itemsets at a level before
starting the computation of the candidates at the next level, diminishing pruning effec-
tiveness. For instance, ECLAT only knows the frequent itemsets within each equiva-
lence class. This low-quality of pruning may be acceptable when the database is small,
and the cost to process an infrequent candidate is not worst than the cost of verifying if
all its immediate subsets are frequent. However, in large databases where we may really
avoid database scans, other strategies of pruning become necessary.

3.3 The GENMAX Algorithm

GENMAX [i6] uses vertical database layout and a backtrack search to enumerate all
maximal frequent itemsets. The maximal frequent itemsets solely determine all frequent
itemsets, and they are specially interesting in dense databases, where it is infeasible to
explicitly enumerate all frequent itemsets. The efficiency of GENMAX stems from the
fact that it eliminates branches that are subsumed by an already mined maximal frequent
itemset. In the backtrack search the solution is represented as a set I = {7 ¢, 41, ...}, where
each 7; is chosen from a finite possible set, P;. Initially I is empty; it is extended one
item at a time, as the search space is traversed. Given a candidate of length [, I; =
{0,141, ..., 11—1}, the possible values for the next item i; comes from a subset C; C P,
called the combine set. If y € P; — (Y, then nodes in the subtree with root node I; =
{0,141, ..., 41 — 1, y} will not be considered by GENMAX. Each iteration tries to extend
I; with every item x in the combine set C';. An extension is valid if the resulting itemset
I, is frequent and is not a subset of any already known maximal frequent itemset. The
next step is to extract the new possible set of extensions, P;1, which consists only of
items in Cj that follow . The combine set, C;1 1, consists of those items in the possible
set that produce a frequent itemset when used to extend I;4;. The backtrack search
performs a depth-first traversal of the search space.

3.4 The CHARM Algorithm

CHARM mines the set of frequent closed itemsets, which is much smaller than the set
of all frequent itemsets. CHARM is unique in that it simultaneously explores both the
itemset space and transaction space, unlike the other methods that which only explores
the itemset search space. It prunes candidates based not only on subset in-frequency,
but also based on no-closure property. CHARM uses vertical database format, and the
two basic operations are an union of two itemsets and an intersection of their tidsets.
The search method employed by CHARM is similar to the backtrack search employed
by GENMAX but instead of maximality checking CHARM performs closure checking.

4 Real World Association Rule Mining

In this section we present the motivations of developing algorithms for association rule
mining on real databases. Also, we present ADARM, an algorithm for real-world as-
sociation rule mining which combines some of the techniques described above. In con-
trast with other works, we always keep in mind the need to develop an algorithm for
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real databases. Thus, before developing ADARM, we studied some characteristics of
different real datasets, and their differences from the synthetic ones. Next we describe
the dataset’s characteristics and which features were selected in the development of
ADARM.

4.1 Dataset Characteristics

Now we will describe some data characteristics, which will help us to better understand
the effectiveness of the selected features. Both synthetic and real datasets were used to
help the development of ADARM. The synthetic datasets mimic the transactions in a re-
tailing environment, where people tend to buy sets of items [4]. We have employed two
synthetic datasets that are described next. The first one, called T10.14.D50K, comprises
50,000 transactions over 1,000 unique items, each transaction containing 10 items on
average. The second synthetic dataset, called T25.110.D10K, comprises 10,000 trans-
actions over 500 unique items, each transaction has 25 items on average. We also eval-
uated the characteristics of real data from actual applications. The first real dataset,
VBook, was extracted from a 45-day log from an electronic bookstore and comprises
136,809 customer transactions. Here, a transaction contains the books bought by a cus-
tomer during a visit to the bookstore. VBook has 10,249 items, and the average size of
the transactions is 5. The second actual dataset is called KddCup, which comes from
click-stream data from a small dot-com company called Gazelle.com, a leg-ware and
leg-care retailer, which no longer exists. A portion of this dataset was used in the KDD-
Cup 2000 competition. It has 59,601 transactions over 498 items with an average trans-
action length of 2.5 and a standard deviation of 4.9. The last real dataset represents the
access patterns of a WEB portal. The dataset, WPortal, comprises 432,601 transactions
over 1,182 unique items, and each transaction contains on average 3.6 items.

We begin our study observing the average size of transactions. Figure 2((a) shows a
big difference between artificial and real datasets. As we can observe, in the real datasets
the short-sized transactions are much more frequent than the others. In contrast, the
artificial datasets present more medium-sized transactions. We also observed the fre-
quency distribution of the items in these datasets. Figure 2ib) shows that, not only real
and artificial data are different, but also there exist differences between the real datasets
themselves. The synthetic datasets present a constant frequency distribution, which is
followed by an abrupt frequency decay. A similar behavior is observed on the KddCup
dataset from a retail application, but is not observed on the other real datasets. Finally,
Figure2l(c) depicts the frequency distribution of frequent itemsets. Surprisingly, all real
datasets present different frequency distributions. Despite the obvious differences be-
tween real and artificial data [[12]], there also exist differences between the real datasets.
This complicates the development of algorithms for real-world association rule mining,
which must use several techniques that, combined together, provide a more homoge-
neous behaviour over different types of databases, adapting to database characteristics.

4.2 The ADARM Algorithm

In this section we present the features selected in the development of ADARM. Some
features are specially effective depending on database characteristics. Our algorithm is
adaptive in that the computational efforts performed by each feature are also utilized, if
needed, by other feature.
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Figure 2. a) Transactions Distributed by Size (left), b) Popularity Distribution of the
Items (middle), and c) Popularity Distribution of Frequent Itemsets (right)

Database Layout. Figure 3] shows a comparison of the time spent by both APRIORI
and ECLAT for processing frequent itemsets of different sizes. As we can observe, the
computation of 2-itemsets in ECLAT is extremely inefficient, both in synthetic and real
data, when compared to APRIORI. This fact was first reported in [5]], and it is caused by
the vertical database format, which in the worst case, performs n? tidset intersections,
where n is the number of frequent 1-itemsets. Contrast this with the horizontal approach
used by APRIORI that performs only O(n) operations. It is well-known that a large
number of 2-itemsets are not frequent and, worse still, note that the tidsets of each 1-
itemset involved in the intersection are generally the longest ones, since the 1-itemsets
are more frequent, making a single intersection even more costly.

VBook WPortal T25110D10K
100 T 100 100
Eclat-0.10% —— Eclat - 0.02% —+— Eclat- 0.40% —— X
Apriori - 0.10% % X Apriori - 0.02% % x Apriori - 0.40% %~
10 Eclat - 0.08% - 10 Eclat - 0.01% ya 10 Eclat - 0.20% ¥ e
Apriori - 0.08% & / Apriori - 0.01% & S Apriori - 0.20% & x
= 1 v ~ 1 g ~ 1
8 ) 8 4
8 § 8
~ 0.1 ~ 0.1 ~ 0.1
Q Q o
£ £ 1 £
Foo001 Foo001 F o001
0001 0001 000t}
00001 L 1 M- 0.0001 P 00001 b e v
2 3 4 5 6 7 8 9 10101 2 3 4 5 6 7 8 9 10 2 3 456 7 8 910111213
Size of the Frequent ltemsets Size of the Frequent ltemsets Size of the Frequent ltemsets

Figure 3. Average Time spent for processing each Itemset of different Size

After all 2-itemsets are found, ECLAT achieves better performance than APRIORI.
This is because the reduction in the size of the tidsets show the advantages of the vertical
format employed by ECLAT when compared to APRIORI which performs several data
scans. These observations show us that we must employ an hybrid approach, which
initially uses the horizontal format, like APRIORI, and then starts to use the vertical
format, like ECLAT.
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Counting Inference. The counting inference strategy was introduced as a novel opti-
mization of APRIORI. We refer the reader to [[9]] for a fuller description of this strategy,
which relies on the concept of key patternsE], from which the support of the non-key
patterns can be inferred without accessing the database. To achieve more efficiency by
using this strategy, the algorithm must keeps a large number of subsets (i.e., only their
supports), while it is generating the respective supersets. This is because the larger the
number of subsets verified, the larger is the chance of finding a key-pattern. In that way,
a breadth-first search would achieve better results. However, if one changes the depth-
first search for maintaining the supports of the subsets already computed, the modified
algorithm would achieve an acceptable efficiency.

Finally, this strategy is very sensitive, both to data characteristics and to the mini-
mum support used. As we may observe in Figure [2(c), for lower support values, some
datasets present a step-based behavior which indicates a large number of itemsets with
the same support. This fact indicates that a potentially large number of support infer-
ences will occur while mining this database.

Pruning Techniques and Database Scans. As mentioned earlier, to perform counting
inference, the algorithm will have to keep the support of some subsets already com-
puted. However, if this strategy does not work well, we can use the information kept
to perform the pruning inter-classes, that is, before a candidate is evaluated over the
database, we observe if all its immediate subsets are frequent. If not, so we must re-
move this candidate from consideration. On such pruning, the branch reordering is very
important, since if we first generate infrequent itemsets we will prune a large number
of candidate which are supersets of these infrequent subsets. Figure [2(b) shows that this
branch reordering will not be effective for pruning in synthetic datasets, since the items
present a similar support. In contrast, this pruning seems to be very efficient on real
datasets, since the items present very different supports (excepting the KddCup).

Even if this pruning does not work well, we can use the computation performed to
find the two smallest tidsets in order to perform the least costly intersection. Note that,
an itemset can be computed based on any two of its subsets, and choosing the two with
the smallest support is a very efficient way to minimize the cost to process a candidate.

Figure H] presents the results of running ADARM on different datasets. As can be
observed in Figure 4{a) the pruning was more effective on real data, as was the counting
inference, depicted in Figure Blb). These two features cause a decrease in the number
of candidates in real data. Figure [4(c) shows the improvement in choosing the smallest
tidset to perform the least costly intersection. The improvements were caused both by
the smaller number of candidates generated by ADARM and the least costly tidset
intersections. As expected, each feature presented different effects on different datasets,
but surprisingly, in a given dataset, the most effective feature may vary depending on
the minimum support employed, highlighting again the need of developing adaptive
algorithms, even if they will be applied to a specific database.

3 An itemset is a key pattern if it has no proper subset with the same frequency.



86 Adriano Veloso et al.
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Figure 4. a) Pruning (left), b) Inferences (middle), c¢) Intersection Cost (right)

5 Experimental Evaluation

In this section we present the performance evaluation and comparison of five state-of-
the-art algorithms for association rule mining: APRIORI, ECLAT, FPGROWTH,
CHARM and GENMAX f]. We also compared these algorithms against ADARM run-
ning on five datasets, which were described in the last section. Two of the datasets
are synthetic: T10.14.D50K and T25.110.D10K, while three come from different e-
commerce applications: WPortal, VBook and KddCup. The performance measure was
the total execution time. All the experiments were run on a 7S0MHz processor with
1GB main memory.

T10.14.D50K. Figure 5 shows the performance of the algorithms on a sparse dataset.
On such dataset, for higher supports, APRIORI is the best algorithm, while ADARM
is the worst. As the minimum support decreases the performance of APRIORI also de-
creases and quickly becomes the worst algorithm for lower supports. The features used
in the development of ADARM are not very effective on such datasets. The number of
frequent itemsets is large compared to the number of candidates and nearly all frequent
itemsets are key patterns. On this dataset, FPGROWTH is the best algorithm, imposing
an improvement of more than one order of magnitude over APRIORI.

T25.110.D10K. This dataset presents long-sized transactions, making APRIORI the
worst algorithm in all cases, as can be seen in Fig. 6l Again, FPGROWTH presents the
best results, being very scalable on such datasets. Finally, ADARM is slightly better
than ECLAT and GENMAX. In fact, in this dataset the proportion of itemsets which
are not key patterns is very significant, enabling ADARM to reduce considerably the
number of support counts performed.

4 An additional scan was performed in order to find the support of all subsets.
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Figure 6. Running Times on the T25110D10K dataset

WPortal - Access Patterns. As we can observe in Fig. [/} ADARM is the best al-
gorithm on such dataset. This can be explained by the high pruning effectiveness. We
observed that the equivalence class formed by the item “index.html” comprises many
more itemsets than the other equivalence classes. Note that, in this situation, the branch
reordering can provide a great improvement in the pruning, since a potentially large
number of infrequent subsets were already verified in other classes. Again, APRIORI
was the worst performer, but the differences are not as large as on the synthetic datasets.
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VBook - Customer Preferences Patterns. This dataset is composed of strongly corre-
lated items, where a large number of itemsets are not key patterns. Hence using counting
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inference, ADARM has to perform many fewer support counts than APRIORI, ECLAT,
GENMAX and FPGROWTH. The same observation holds for CHARM, that uses the
closure mechanism to reduce the number of support counts. Due to a little improve-
ment over CHARM, ADARM is the best performer on this dataset, as can be seen on
Fig.[8] We believe that the advantage of ADARM over CHARM was caused by the least
costly intersection performed by ADARM, demonstrating the efficiency of ADARM.
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Figure 8. Running Times on the VBook dataset

KddCup - Click-Streams. Figure [0]depicts the performance of the algorithms on the
KddCup dataset. For higher supports, ADARM does not perform well, contrasting with
APRIORI and ECLAT, which perform the best. Decreasing the minimum support, both
APRIORI and GENMAX lose the scalability. Definitively, a maximal based approach
does not work well for lower supports on the real datasets used. In contrast, ADARM
and CHARM stay scalable and remain competitive until the minimum support reaches
0.06%. From this value on, as we can observe in Fig.s [d(a), (b), and (c), the strategies
employed by ADARM present an abrupt growth in effectiveness. This high efficiency
makes ADARM the best performer for lower supports on such database.
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Figure 9. Running Times on the KddCup dataset
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6 Summary

In this paper we show some differences between real and synthetic datasets. These
differences are inducing an artificial improvement, since the algorithms are over-fitting
the synthetic datasets. Most importantly, we show that even the real datasets themselves
present some differences, turning extremely hard the development of association rule
mining algorithms for real world applications, since on such real environments, the
algorithms must be adaptive in order to do not present dependences on specific data
characteristics. Finally, we present ADARM, an adaptive algorithm developed for real
world association rule mining. It uses several features of other algorithms, which are
combined in such a way that minimizes both computational costs and data dependence,
providing to ADARM a better performance on different real datasets.

Our work opens up important avenues for future works. The synthetic dataset gener-
ator appears to be too restrictive, generating obsolete data distributions. It is well known
that the frequency distribution of WWW patterns and requests obeys the Zipf law. We
plan to develop a new generator that the users can use to produce distributions which
obey the Zipf law. Another obvious avenue is to improve ADARM to combine more
features, and potentially achieving better performance on more types of data.
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Abstract Data warehouse maintenance is the task of updating a materialised
view to reflect changes to autonomous, heterogeneous and distributed sources.
Selection of a maintenance policy has been shown to depend on source and view
properties, and on the user specified criteria (such as staleness, response time
etc.), which are mapped on to evaluation criteria. In our previous work, we have
analysed source and view characteristics, and user requirements to derive a cost-
model. Maintenance policy selection has thus been cast as an optimisation prob-
lem.

This paper takes a complementary approach to evaluating maintenance policies,
by implementing a test-bed which allows us to vary source characteristics and
wrapper location. The test-bed is instrumented to allow costs associated with a
policy to be measured. An actual DBMS (InterBase) has been used as a relational
source and an XML web server has been used as a non-relational source. The
experiments clearly show that maintenance policy performance can be highly
sensitive to source capabilities, which can therefore significantly affect policy
selection. They have further substantiated some of the conjectures found in the
literature. Some of the lessons learnt from this test-bed implementation and eval-
uation are reviewed.

1 Introduction

Information is becoming an increasingly important corporate asset, with consequential
requirements for its efficient collection, organisation and maintenance. For decision-
making and other analytical tasks, it is often necessary to integrate data from a number
of sources. These sources may be operational databases controlled by the organisation
that conducts the analysis, but may also involve external sources. The latter may include
web sites and read-only databases. A data warehouse (DW) can be used to support
selective integration and analysis of distributed information. At a very general level, a
DW can be seen as a set of materialised views over heterogeneous, autonomous, and
distributed sources [[15)10]. A consequence of materialisation is that a DW may need to
be maintained when sources are updated.

A DW maintenance policy determines when (e.g. periodically or immediately) and
how (e.g. incrementally or by recompute) DW views should be updated to reflect

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 90-[102] 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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changes in sources. Heterogeneity implies that no specific data model can be assumed,
and that an interface can have a varying degree of support for maintenance. Autonomy
implies that sources cannot be altered to participate in maintenance. DW maintenance is
inherently dependent on the capabilities provided by the sources. This is obviously the
case for sources external to an organisation, but may also be true for sources controlled
by the organisation, due to limitations related to security or legacy issues.

There have been several previous approaches to DW maintenance [[120[17] which
are based on assumptions that sources either provide the required capabilities or can be
extended to do so through wrapping. However, wrapping to extend source capabilities
will introduce overhead, which may impact on system performance and user quality
of service (QoS). The selection of a maintenance policy, based on QoS, system per-
formance or both, may hence be affected by source capabilities. In [[5] we introduced
user-oriented definitions for QoS, and developed a set of mutually independent crite-
ria for characterising source capabilities. These have been used to produce a number
of meaningful maintenance policies. They have been further analysed in [[7], which
introduces a cost-model to explore optimal policies (for a single source) for a given
combination of QoS requirements and source capabilities.

In this paper, we describe a test-bed that has been developed to support various
source and DW characteristics, as well as DW maintenance policies. We present results
from experiments to compare the performance of different policies. An important result
is that optimal policy can be strongly dependent on source capabilities. This can be
shown independently of whether optimisation is based on minimising system overhead
or meeting requirements on QoS. This is largely ignored in the published literature

The paper is organised as follows. In the next section we give a short introduction to
previous work on DW maintenance and our approach to it. In section three we present
the test-bed architecture, implementation, and the features supported. In section four
we present a number of experiments designed to explore how source capabilities affect
maintenance, and analyse the results. Finally, in section five we suggest future work and
add some final conclusions.

2 Background

A number of studies [[1I19)12]17/20] address DW maintenance, i.e. how to update ma-
terialised views based on heterogeneous, autonomous sources. DW research is strongly
focused on incremental maintenance in a relational context where sources may provide
delta changes, although there exist approaches based on assumptions about different
data models and application scenarios [2/8/1813]. Much interest has been shown in
view consistency [20!1]] and the development of algorithms which preserve various de-
grees of consistency.

2.1 Our Approach

It is common to consider recompute policies as unrealistic, mainly due to an assumption
that the size of a view is likely to be very large. Sources which do not provide deltas are
assumed to be extended through wrapping. We claim that, depending on the scenario,
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this may lead to solutions which are inferior to recomputing. Based on our observa-
tions, the approach adopted in this paper is to include wrapper activity (i.e. cost) in any
comparative analysis of maintenance policies. To the best of our knowledge, this has
not been done previously. We have:

— Developed a test-bed which includes: a source that can be configured to have any
combination of source capabilities; a wrapper that maintains a view according to
any of the policies; and has instrumentation to measure performance in terms of
stated evaluation criteria.

— Executed a number of experiments in which policies and capabilities are varied,
their computation time recorded, and the results analysed.

This paper considers the representative subset of maintenance policies shown in
Table [Tl These policies are the result of combining incremental and recompute with
immediate, periodic, and on-demand timing - the most commonly mentioned timings
in the literature.

Table 1. A representative set of maintenance policies

Policy Abbreviation Description

Immediate incremental I On change — find and send changes
Immediate recompute  Ir On change — recompute

Periodic incremental Pr Periodically — find and send changes
Periodic recompute Pr Periodically — recompute

On-demand incremental Or When queried — find and send changes
On-demand recompute  Opr When queried — recompute

Among these, P;r and Pg are parameterised on maintenance frequency p. Exactly
how these policies are implemented depends on the nature of the view and on source ca-
pabilities. In the literature, there are examples of both system-oriented and user quality
oriented evaluation criteria, and combinations thereof. System oriented criteria include
processing (CPU and I/0O), storage requirements (in source as well as DW), and com-
munication overhead. QoS criteria [[5] include consistency, view staleness and response
time. In this paper, we consider strong consistency [[20]], maximal staleness [7] and av-
erage response time.

3 Test-Bed Implementation and Its Features

To support various source capabilities and analyse how the presence or absence of these
capabilities affects the selection of maintenance policy, we have developed a test-bed
in which a view can be maintained with any of the policies described in section 2,
and with various combinations of source capabilities. The purpose of implementing an
extensive test-bed is to study DW maintenance policies to understand the impact of
source capabilities and wrapper localisation.
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3.1 System Design

Fig.Mlshows the major components of the system. Full details of the platform are avail-
able in [6]].

Source host (server) Data warehouse host (client)

3
Wrapper Wrapper DW/Integrator
Network
Director DW querier

Figure 1. Major components of the test-bed

The system has been developed as a distributed Java application on two Sun Ul-
tra Sparc machines under Solaris, communicating via a dedicated hub. Maintenance
is handled by a configurable wrapper, which can be located either in the server or in
the client. Care has been taken to maintain independence of the various processes, to
eliminate synchronisation effects.

DB. The source is modelled as a relation in an Interbase 6.0 database, initialised for
each experiment to give appropriate view selectivity and update behaviour. Tuples se-
lected or updated will be randomly distributed through the relation. Where source ca-
pabilities are not provided directly, the test-bed emulates them at no (measurable) cost.

Source Updater. During an experiment the updater executes Poisson distributed up-
dates, deletes and inserts. The size of the affected tuple set is normally distributed
around a specified value. This process operates independently from other processes
in the system.

Wrapper. The wrapper is responsible for implementing maintenance policies. In our
case this means either recomputing a view or incrementally maintaining it, at times
dictated by the policy. Immediate policies are triggered from the source, on-demand
policies from the querier, and periodic policies through a local timer. The wrapper pro-
cess can be run either on the server or on the client.

DW/Integrator. The task of the integrator is to maintain the warehouse view and re-
spond to queries. In the developed environment the warehouse is in practice only an
integrator.

Querier. The warehouse querier is an independent process which issues queries to the
warehouse. As with the updater, events are Poisson distributed.
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Director. This is a central component for initialising the data needed for experiments
and for collecting and recording measurements. During experiments three different met-
rics are collected: staleness (Z) and response time (RT) for each query, and integrated
cost (IC) - the sum of source processing, warehouse processing and communication.
Staleness is computed for individual queries based on: the time when queries are re-
turned; which update is reflected in the query result; and when the following update is
committed. Details of how staleness is defined can be found in [[7].

We also collect additional information that can be useful in analysing experiments,
for example to detect errors or to gain an indication of the reliability of the results.

3.2 Support for Source Capabilities

When experiments are executed, it should be possible to configure the source to have
any combination of source capabilities. It is important to differentiate between a source
having a capability and the wrapper compensating for it. In our system, the distinction
is not inherently sharp as we control all components of the system. In a real system,
with an autonomous source, the distinction will be clear: either the source provides a
capability which can be used, or the wrapper has to operate without it. In this section
we give a brief introduction to the source capabilities considered. We discuss how each
of them has been realised in the test-bed, and how the wrapper will act when it is not
making use of each.

A central activity in maintenance is the detection and representation of changes. In
[S]], three orthogonal change detection capabilities are defined, as shown in Table

Table 2. Classification of change detection capabilities

CHAW Change aware - the ability to, on request, tell when last change was made

CHAC Change active - the ability to automatically detect and report that changes
have been made

DAW  Delta aware - the ability to deliver delta changes

It is apparent that all of these capabilities have an impact on maintenance. For ex-
ample, CHAW may be used to avoid unnecessary recomputation of a view; CHAC is
necessary for immediate notification of updates, and DAW will deliver actual changes.

Another important property of a data source is the query interface available to
clients. A source is defined as view aware if “it has a query interface that returns the
desired set of data through a single query” [1]], where the desired set of data is the sub-
set of the source used in the view. With a non view-aware source, the whole data set
may have to be retrieved and processed to derive a view.

If a source lacks a certain capability, it is sometimes possible to extend it by wrap-
ping. As an example, it is possible to derive changes even when a source is not DAW,
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by sorting and comparing two snap-shotsﬂ [1413]]. However, the autonomy of sources
implies that there is a limitation on which mechanisms can be used to extend a source.
Distribution may also imply that wrapping has to be done remotely. Engstrom et al.
[S] define a source to be “remote” if it cannot be wrapped on the server side. In other
words, remote is synonymous with client-side wrapping.

View Aware -VAW. The important implication of a source being non-VAW is that a
larger fraction of it will have to be retrieved, in general. Interbase is VAW for views
expressed in SQL. When the wrapper utilises VAW the desired fraction of a relation
will be retrieved through a select query. Otherwise the full relation will be sent to the
wrapper, which will iterate through the relation to compute the view.

Delta Aware - DAW. We utilise Interbase triggers functionality to provide DAW capa-
bility. Triggers are defined to insert source table changes into an auxiliary table. When a
source is specified as non-DAW, the wrapper saves a sorted snapshot of the view which
is compared with a recently sorted view when changes are to be derived.

Change Active - CHAC. An important remark concerning DAW is that a source is
only required to deliver changes on request. For I and I sources are required to im-
mediately notify clients about changes. It is interesting to note that, although there has
been extensive research on active database technology, it is very rare or even impossible
to achieve true CHAC from commercial DBMSs. Many systems support internal trig-
gers, which may initiate an action when the database is updated, but that is not the same
as being able to make external notifications on transaction commit. In the test-bed the
source updater notifies the wrapper after each commit. This emulates CHAC capabil-
ity in a way we claim is acceptable for our purposes. We carefully design the message
passing to avoid blocking, and we monitor the communication overhead it introduces.

It is not possible for the wrapper to compensate for lack of CHAC capability: polling
for changes will inevitably introduce delays, which may lead to missed updates. It also
introduces the problem of setting an appropriate periodicity.

Change Aware - CHAW. CHAW capability is useful in maintenance to avoid unnec-
essary computation. The wrapper uses it as a first step to check whether changes have
occurred. Although many data sources have the CHAW capability (for example, files
and web-pages) it is, interestingly, not provided in standard SQL. There is no way, that
we are aware of, to query the server on the time a relation was last updated. To emu-
late CHAW, the wrapper uses notifications from the updater which are sent to emulate
CHAC.

The wrapper in our system will not try to compensate for lack of CHAW capability;
the cost would be on the same order of magnitude as maintaining the view.

! Typically, by performing the difference operation. It should be noted that this is an expensive
operation in most situations.
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Wrapper Location. Wrapper localisation is determined when an experiment is ini-
tialised. We use Java RMI to migrate the wrapper to the source environment. From
there it will interact with the integrator through RMI. If wrapping is to be done in the
client, the wrapper operates as a thread in the warehouse environment.

3.3 Summary

In this section we have presented an implemented test-bed which enables comparison
of DW maintenance policies. The cost of maintenance in terms of system overhead (IC)
and QoS (staleness and response time) is recorded, and a number of parameters can
be controlled, including: source and view size; update size and distribution; update and
query frequencies; source capabilities; wrapper localisation; and maintenance policy
(including periodicity for periodic policies). We have focused the presentation on source
capabilities and wrapper operation as these are of particular interest in this paper. We
acknowledge a number practical limitations in the test-bed as configured. Firstly, we are
only interested in delays introduced up to the point at which data enters the warehouse.
The data warehouse itself has been simulated in main memory. Secondly, relation size
has been kept modest. In spite of this the total elapsed time for experiments has been
over six weeks. Thirdly, alternative vendor specific replication facilities have not been
explored.

4 Experiments and their Analyses

The test-bed presented in the previous section has been used to run a large number of
experiments. Different parameters have been varied to enable a systematic evaluation
and comparison of policies. In this section we will present the results and make some
interesting observations.

Throughout this section we will use the following abbreviations for experiment pa-
rameters:

— p refers to periodic maintenance frequency (1/period);
— crefers to update frequencys;
— q refers to query frequency.

In all experiments the tuple size was set to 1K and the size of the relation to av-
erage 30000 tuples. View selectivity is 20%, giving an average view size of 6Mb. Up-
date transactions were, on average, 100 tuples with 25% inserts, 25% deletes and 50%
updates. For each experiment measures are collected for 150 queries. The same ex-
periment is repeated three times with different seeds used to initialise random number
generation. The median values for the three experiments have been used for analysis.
The first 10% of queries have been excluded from measurements as they are considered
to be in the initialisation time.

The source table has the following attributes: the primary key (PK); a View Attribute
(VA), used to select which rows belong to the DW view; a Guide Attribute (GA) col-
umn, which directs the course of the update stream; and a content field, which dictates
the size of a tuple. The only index defined is for PK.
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Before an experiment starts, the relation is populated through insert statements. The
values for VA and GA are randomly generated to give the expected sizes for the view
and for updates. Random character data is generated for the content field.

The results from each experiment are stored in a separate file; a set of experiments
can be analysed by filtering out the relevant data from the associated files.

4.1 Description of Experiments

We initially concentrated on establishing the soundness of the system, by comparing
policy behaviour with results reported in the literature. Once this had been established
we focused on examining the role of source capabilities. The following is a classifica-
tion of the major types of experiment that have been conducted:

— Analysing the impact of DAW and CHAW. For incremental policies all four possi-
ble combinations of DAW and CHAW have been used. They are all meaningful, in
the sense that CHAW is used to detect whether maintenance is necessary and DAW
is used to derive the delta once maintenance has been initiated. For recompute poli-
cies, only CHAW has been varied. It is not meaningful to alter DAW as recompute
policies do not make use of deltas even if they are provided.

— Analysing the impact of VAW. To do this we have compared all policies, both for a
source that is VAW and one that is not.

— Localisation of wrapper. The set of experiments described above have all been ex-
ecuted with the wrapper located in the server and in the client.

For each of the above alternatives, various values for parameters p, ¢ and q have
been used. We have also conducted experiments where the source, view and update
sizes have been varied. Finally, the role of the machines has been switched to make sure
that the results are not dependent on the choice of machines for DW and sources.

No experiments have been designed to explore the impact of CHAC. The reason for
this is that the wrapper cannot compensate for the absence of CHAC. In other words,
this means that the results for I; and I assume CHAC. If a source is not CHAC, Iy
and I can simply not be used.

4.2 Results for a Relational Source

Although we have conducted a large number of experiments, we report only on the
salient results. The reader is referred to [[6] for additional details.

Initial experiments were conducted to verify that the behaviour of policies in terms
of costs was as expected from the literature. Fig. 2lshows a comparison of the integrated
cost (IC) for policies I and O when update frequency is altered, q is 0.02 and the
source is not CHAW.

As can be seen, the cost for O is independent of update frequency. On the other
hand, Iy increases linearly with update frequency. This is as expected for a source
which is not CHAW, as each change requires a full recompute of the view. This means
that the choice between I and O, is dependent on the relation between ¢ and q. I g is
cheaper for ¢ < ¢; Op is cheaper for ¢ > g.
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Through such experiments we have been able to substantiate a number of results
from the literature. In the rest of this section we present results which, we claim, con-
tribute to an understanding of DW maintenance in general, and particularly its depen-
dence on source capabilities.

0 0.01 0.02 0.03 0.04
c[1/s]

Figure 2. Integrated cost as a function of update frequency

All Policies Are Meaningful. A rudimentary result established is that all suggested
policies are meaningful, in the sense that there are situations in which each one is opti-
mal. As has been shown in the literature [/l 1], on-demand maintenance is preferable if
queries are infrequent; immediate is preferable if updates are infrequent. For periodic
policies, cost (IC and staleness) depends on periodicity.

The choice between incremental and recompute depends on the relative size of up-
dates, something well known from the literature [[16/9/4]]. In addition, it depends on
source capabilities. If wrapping is done in the client and the source is non-DAW, re-
compute has a lower cost than incremental.

Source Capabilities Impact on Policy Selection. The experiments give strong evi-
dence that all the suggested source capabilities may influence policy performance. This
is true for both QoS and system costs. We have been able to verify that all capabili-
ties, and wrapper localisation, may impact on policy selection.Table [3 shows the IC for
policies when CHAW, DAW, and wrapper localisation is varied.

By comparing rows whose source capabilities differ in only one place, it is possible
to conclude that each capability impacts on policy selection. For example, row 3 has O r
as optimal policy while row 7 has Oy, which implies that wrapper localisation affects
policy selection. In the same way we see that row 3 and row 4 have different optimal
policies, implying CHAW impacts on selection. Finally, rows 2 and 4 have different
optimal policies, implying DAW has an impact.

Concerning VAW, we have identified situations where it impacts on policy selec-
tion - but only for very specific combinations of source characteristics and parameter
settings. This indicates that, among the suggested policies, VAW has the least impact
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Table 3. The IC per query (in seconds) when p=c=q

Wrapper CHAW DAW I; Ir P; Pr O; Ogr

Client True True 1.6 95 04 51 04 40
Client False True 16 96 04 82 06 83
Client True False 10.7 95 64 5.1 4.6 4.0
Client False False 10.7 9.6 9.8 82 9.6 8.3
Server  True True 1.6 126 05 74 05 54
Server False True 1.6 126 05 11.3 0.6 11.2
Server  True False 9.6 12.6 57 74 40 54
Server  False False 9.6 12.6 84 113 84 11.2

0NN R W=

on relative policy cost. It is important to note, however, that the absolute costs differ
significantly for policies when a source is VAW compared to when it is not.

Returning to Table 3l an interesting observation is that DAW is critical for incre-
mental policies to be superior when the source is wrapped in the client. As an example,
IC is significantly higher for a source without DAW than with. More importantly, it
is higher than the corresponding recompute policy. This is an interesting result, as it
contradicts a well established rule-of-thumb that incremental policies are always more
efficient than recompute policies unless the size of the delta is very large.

Staleness. If policies need to be chosen based on staleness, the situation is quite dif-
ferent. For this requirement, periodic policies are penalised for not being synchronised
with either updates or queries. Also, the setting of periodicity becomes crucial. As an
example, Fig. Bla shows the combined cost of staleness and IC as a function of p, for
Pr and Pr with a source that is DAW but not CHAW.

a 120 b) 50
—e—PI —e— PRCHAW
90 | —=—PRNo CHAW | 40 4 | —=— PR No CHAW,|
)
N 60
3
Q
30

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
p [1/s] p[1/s]

Figure 3. a) The combined cost of IC and staleness for periodic policies as a function
of periodicity. b) The impact of CHAW on the IC for Pr when p is varied

The shapes of these curves are typical for this situation; when maintenance is in-
frequent, staleness is high, but with frequent maintenance IC grows. For Pg, IC grows
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faster than staleness declines, giving the U-shape. If the goal is to minimise Z+IC, it
may be hard to find the p-value which gives a local minimum for Pr. An interesting
observation is that CHAW makes this setting much less critical. Figure 3b shows IC for
periodic recompute as a function of p with and without CHAW. The graph shows only a
slight increase in cost when the source is CHAW, while the gradient is steeper when the
source is not CHAW. CHAW makes it possible to reduce the cost of frequent polling,
which may be needed to reduce staleness. For the combined IC+Z cost in Figure 3a, the
presence of CHAW will give Pr a shape similar to Pr (but with a higher value).

Response Time. The major difference between policies in response time is that O
and Op have substantially higher response time than other policies under the same
conditions. This is as expected, as the delay to conduct maintenance is included in the
response time for those policies [4]]. It is interesting to note that the presence of CHAW
reduces response time for O; and Op.

The Impact of Policy Timings. In the process of conducting experiments we made an
interesting observation. When p=c=q the cost of periodic, immediate and on-demand
policies is not, as expected, identical. For most experiments immediate has the highest
IC. This may be explained by the fact that immediate is penalised for the consequen-
tial synchronisation with updates: the database does not reach an idle state before it is
queried for the deltas.

We find this issue worth raising as it brings in a new dimension to maintenance
which is rarely considered. Depending on the staleness requirement, it may be prefer-
able to avoid immediate maintenance.

4.3 Result for XML Source

An important property of a DW system is that sources are heterogeneous, which means
that not only relational sources and views can be assumed. To better understand the
impact source system characteristics have on maintenance we have extended the im-
plementation to include a web-source which delivers XML-pages. Each XML object is
stored in a separate file. Through HTTP-requests, clients can request an XML-document
containing a set of objects.

This source has been used to conduct some of the experiments described in the
previous section. The source data had 3000 XML objects each with a size of SK. The
view involves 10% of these objects. Preliminary results show a close resemblance with
the relational source in terms of relative policy performance. As an example, Table H
shows IC for all policies for a selection of parameter settings.

The lowest cost for each setting (row) is marked with bold typeface and as can be
seen all policies are marked once. Furthermore, with client wrapping and a non-DAW
source, recompute was again found to be the best policy.

4.4 Desiderata

The development of the test-bed has given us some valuable insights into the capabilities
that may be provided by a DBMS accessed through the standard access protocol JDBC.
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Table 4. The IC per query (in seconds) for policies with different configuration

p c Wrapper It Ir Pr Pr Or Og

0.02 0.02 client 42 39 43 38 3.7 34
0.02 0.02 server 3.2 5.0 3.2 4.8 2.8 43
0.02 0.01 client 20 1.8 43 39 38 34
0.02 0.01 server 1.6 2.3 32 50 2.8 43
0.01 0.02 client 42 39 1.7 14 37 34
0.01 0.02 server 32 5.0 1.3 1.9 2.8 4.4

We have also learnt what is required by a wrapper to extend a source which does not
offer the desired capabilities.

It is interesting to note that it was not possible to produce CHAW from the chosen
DBMS in a straightforward way. It is a fairly simple service to provide, and has been
shown to have significant impact on performance. It was possible to produce DAW by
defining an auxiliary table and some triggers. This, however, requires administration
privileges which may not be granted by autonomous sources. Finally, to provide CHAC
we had to introduce an artificial signalling channel from the updater to the wrapper.
This is an acceptable solution in a test-bed, but is not an option in a real environment.
It may have been possible to produce external notifications as trigger actions, but not
through a JDBC connection and not on transaction commit.

Other source types (other relational DBMSs, web-servers, temporal databases etc.)
may provide other capabilities, but it is unlikely that a source will provide all capa-
bilities. The experiments clearly show that, for autonomous sources exporting data to
external clients, each suggested capability can impact on performance.

5 Conclusions and Future Work

Although materialised view maintenance has been a research issue for more than 20
years there are still issues which are not well understood, and new circumstances which
invalidate rules of thumb established under different conditions. In this paper, a test-bed
has been presented which we have used to compare representative maintenance policies
in a single source scenario. The test-bed allows us to configure sources to provide any
combination of source capabilities. We have identified situations in which the long-held
rule that incremental maintenance is more efficient than recompute would have led to
reduced system performance as well as lower quality of service. The suggested source
capabilities may be useful for a better understanding of the conditions for maintenance.
We believe that the test-bed we have developed will be a useful tool to assist system
developers in understanding the trade-offs involved in maintenance policy selection.
When conducting the work reported here we have been forced to draw boundaries
and limit the search-space for obvious reasons. We see two main directions in which the
study could be extended. First, more experiments within the current simulation envi-
ronment could be conducted. We have selected a number of representative experiments
initially, but there are many more experiments which could be usefully conducted.
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Secondly, the simulation model could be developed to capture more detailed infor-
mation or to simulate other scenarios. We are currently extending the system to han-
dle multiple source scenarios where the DW view contains joined data from different
sources.
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Abstract When searching for information within a distributed heterogeneous en-
vironment, it is often difficult to ascertain the quality of the obtained results.
Sometimes it may be possible to estimate the quality, but as the amount of avail-
able information grows this becomes increasingly difficult and time consuming.
One possible solution is to develop a method of using quality as a filter to reduce
the amount of irrelevant information that is returned by customising it to a user’s
requirements, defined in terms of quality characteristics.

Before this can be done the general term ’quality’ must be explicitly defined,
and its characteristics identified. This paper therefore discusses our research into
creating a domain-independent taxonomy of quality that can be used to assist in
information evaluation and filtering within various information retrieval environ-
ments.

1 Introduction

The primary thrust of our project is to develop a system capable of assisting users in
retrieving information of a specified quality from within a distributed heterogeneous
environment, such as the Internet. This could be information about tangible products,
services, data, or documents from such sources as databases or web pages. As more in-
formation becomes available users start to suffer from information overload [15,18,20],
where it becomes increasingly difficult, or even impossible, to find the information they
need. Their desired information may well be included in the returned results from some
database query or Internet search, but sometimes so much irrelevant information is also
returned that it becomes impossible to manually search through all of the returned re-
sults to identify those that are relevant. It is our belief that this problem can be alleviated
by enabling the user to state their desired level of quality, then using this information to
automatically filter the results obtained as a result of the user’s query. This will return a
set of information more suited to the user’s requirements.

A method for representing information about quality therefore needs to be defined.
Previous projects that have used quality attributes to filter information have only se-
lected those attributes relevant to their particular area, such as in [16] and [10], so that
each time a new system is developed a new set of attributes must be collated from
scratch. The taxonomy presented in this paper is the first step in describing a general
model of quality that can be incorporated into any information retrieval (IR) system.
By providing a pre-defined model of quality from which the desired attributes for some
domain can be easily selected, these IR systems will be able to improve the relevance
of obtained information, thereby also increasing user satisfaction.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 103-[I13] 2002.
(© Springer-Verlag Berlin Heidelberg 2002



104 Mikhaila Burgess et al.

1.1 Potential Users

It is envisaged that many different types of user will benefit from using a model that
allows them to state their desired level of information quality. Individuals could em-
ploy it to reduce the amount of information returned to them when using an Internet
search engine or shopping agent. Their personal quality ratings could be stored within a
dynamic personal profile that evolves over time by recording individual quality require-
ments, learning user preferences and, if required, asking for user feedback regarding
the quality of the information they have used. This quality feedback could then also be
shared with other users, if desired, such as in [10].

Group profiles are also possible. User communities, such as companies, research
groups, or academic departments, may well have common interests when looking for
information. In this case it would be desirable to share both user feedback and quality
ratings amongst all the group members, as their information needs will be very similar.

1.2 Project Aim

The aim of this project is to create an experimental multi-agent environment to assist
users in finding the information they require, of the best available quality, from a set of
distributed data sources. By developing a taxonomy of quality that can be incorporated
into this, or any other, system we hope to reduce the problem of information overload
by using it to increase the precision of the results obtained from an information search.
This will be done by providing a formal description of quality, consisting of the various
characteristics associated with it, the potential range of values of a characteristic, and
descriptions of the settings within which each characteristic is applicable. When com-
plete this model will enable users to apply ratings to these characteristics in order to
describe the level of quality they desire from some information.

Our agents will initially focus on the quality of the information available within
known data sources, for testing purposes. However, once satisfied that our taxonomy
improves the quality of returned results the quality evaluation process can be extended
to look at the quality of the data sources themselves (coarse-grained) as well as the data
contained within them (fine-grained). The principles developed can then be applied in
a larger, unknown environment, such as the Internet.

2 Defining Quality

Quality is not an easily definable term, as it is not absolute. It has many different aspects
and its meaning varies across different situations and users [8][1]. A formal method is
therefore needed to describe this term, freeing users from the need to produce detailed
quality requirements when requesting information, but still allowing them to stress the
importance of various desirable characteristics, to define their required level of quality.

2.1 Taxonomy of Quality

During our research we have developed a high level, domain independent, taxonomy
of quality, for application within such domains as the Internet and e-commerce. Its de-
velopment was based upon both people’s general perception of quality [13] and their
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domain specific interpretations, including those from information retrieval [23,24], en-
terprise modelling [14], software engineering [9], software agents [21], shopping agents
[5,12,19,25,28], database research [6,11,22], multi-attribute utility theory (MAUT)
and general consumer issues [27]. The terms within our taxonomy were acquired by
combining information obtained from technical literature (including the aforementioned
references), research into quality, and discussions with potential users.

Within the process of developing or purchasing some product there are three main
factors that need to be considered - its em cost, the em time taken to either develop or
obtain it, and the item em requirements. We have therefore adopted these elements as
the top level of our taxonomy, with one minor change. The term em requirements im-
plies features that are essential within some product, but when discussing quality this is
not necessarily the case. Features that are an additional benefit need also to be included
to cater for the user who has an idea about the qualities they would like in a product,
but which are not necessarily essential. The term em requirements has therefore been
replaced by the more general term utility. The current version of our taxonomy can be
seen in Fig. 1 below. It contains all the currently identified attributes of quality, organ-
ised into such groups that the user should be able to find the attributes they desire by
following an intuitive path through the hierarchy. This has been done to enable the user
to easily find any attribute they require, without needing to search the entire taxonomy.

2.2 Quality Attributes

As each person has different opinions regarding the meaning of the term ’quality’ this
taxonomy should not be viewed as an exhaustive collection of quality attributes. It is not
static. As it is used more attributes will be added, those not relevant will be removed, and
the placement of the attributes may be altered. Indeed, it is envisaged that this taxonomy
can be restructured when required, with the hierarchy reflecting the importance of each
category and attribute to the situation. Thus a user or group of users will develop their
own version of the taxonomy tree and make minor adjustments to this if the current
requirement needs a different quality filter. These adjustments may involve adding or
removing individual attributes, or entire categories, as their need dictates.

As can be seen in Fig. 1, the categories of quality are not discrete: some terms are
repeated. This has been allowed as the meaning of these terms differs depending upon
the context in which they are used. It also ensures that attributes can be found when
following an intuitive path though the taxonomy. For example, the term em financial
appears twice in the taxonomy, to represent both monetary (em cost category) and time
(em time category) expenditures. As the number of domain-specific attributes added
to the taxonomy increases, it will become unmanageably large. This is avoided by the
contents of the main taxonomy being restricted to only general quality attributes, with
those particular to individual domains being recorded in smaller, domain-specific sub-
taxonomies. Therefore, when using these quality metrics, more than one taxonomy may
be required - the general taxonomy plus one or more domain-specific taxonomies. Given
this taxonomy, we need to know how the characteristics it embodies can be represented
within an IR system to allow comparisons and negotiations based on quality ratings.
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Figure 1. Taxonomy of information quality
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2.3 Representing Quality Ratings
2.4 Quantitative and Qualitative Characteristics of Quality

A number of the characteristics that we have discovered are quantitative in nature. This
means they can be easily represented within an IR system as their values can be stated
as specific quantities, e.g. ’purchase price’. But this is not always the case. Many char-
acteristics are qualitative measures of quality, such as ’reliability’ and “efficiency’. Al-
though difficult to quantify, these characteristics are just as important as the quantitative
measures in defining a user’s quality requirements. After examining the properties of
these qualitative characteristics, and looking at other research projects including [19],
[26] and [17], it is our belief that they are all quantifiable as they can be represented
as ordered sets of values. From these sets, or scales of values, users can select their
desired level of quality for qualitative characteristics, which can then be used within an
IR system to compare quality ratings.

2.5 Rating Scales

The scales used for stating desired levels of quality will be based upon that used in
MAUT [4], as shown in Fig. 2, part (a). The required level of quality can then be chosen
for each characteristic by either selecting a value from the scale via a slider on the user
interface, or stating 'no preference’. To make it more intuitive for the user these scales

0 50 100
@) standard 'S °
scale low middle T high
rating rating rating
user-chosen
quality rating
(b) characteristic e °
of ‘accuracy’ ot very fairly very
accurate accurate accurate
characteristic o °
©  of reputation’
putation
average good

Figure 2. Scales of quality characteristic ratings

may be labelled differently to make selecting the desired level of quality easier, as in
Fig. 2 parts (b) and (c). The values used within the IR system for quality comparisons
will however remain the same as those in part (a), but this would be hidden from the
user for simplicity. Along with the quality rating values for each desired attribute the
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user will also be able to state the importance of each rated value. This can be used by
a search agent to calculate which attribute values can be relaxed during a search, and
by how much. If the user does not provide either a rating or importance value for some
attribute then default values may be used. Initially these will be simple values, but as
user feedback can be used to adjust these defaults they will become more suitable as
the system matures.

2.6 Obtaining Information about Quality

To be able to rate information based upon its quality we must be able to obtain val-
ues for the various quality characteristics. These can be acquired in various ways, such
as from the information supplier, through user feedback, automatically by means of
quality evaluation software, or from independent third parties, such as *Which’ [27]
. The latter two would, hopefully, be objective, unbiased and therefore very reliable,
but might also be difficult, time consuming and expensive to obtain. A cheaper alterna-
tive would therefore focus on feedback from users and suppliers. One possible method
would be for the supplier of information to rate its quality as it is placed into the in-
formation marketplace. This may well be biased, as the supplier is unlikely to say that
the information they provide is poor. However, this can be used along with feedback
from users to provide a more accurate evaluation of quality over time, as illustrated in
Fig. 3. Initially, few users will have supplied feedback regarding information quality, so

scale of confidence for quality ratings

° ®
ratings ratings
obtained from obtained via
information user feedback

supplier
1) weighting when 3) weighting after 2) weighting when a
little user feedback information has been lot of user feedback
available upgraded available

Figure 3. Illustration of weighting confidence in supplier and user quality ratings

supplier provided ratings will be the most reliable (1). Although the supplier is likely
to be subjective their ratings should, generally, be more reliable than the opinions of a
small number of anonymous users, who may have extremely differing views or biased
opinions. This is particularly likely to be the case if the supplier has a good reputation
- a quality measure that should also be taken into account in this scenario. Over time
the number of users providing feedback will increase, meaning more emphasis can be
placed on its reliability (2). Eventually the user supplied ratings will become far more
reliable than those of the suppliers. If the supplier then upgrades the supplied informa-
tion, emphasis will again move towards the supplier provided ratings, until enough users
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have rated its quality after the change (3). This system would lead to one value for each
quality characteristic, determined by combining the ratings from both supplier and user
feedback. Weighted values could be used to add more emphasis to either the supplier
or user feedback ratings, depending on the situation and user preference. The precise
method used to combine these ratings is an aspect of future research. It is of course
possible that some user supplied feedback is not reliable, as it may be unfairly biased or
discriminatory. However, as this problem is currently being researched elsewhere, e.g.
[3], it will not be included as part of our project.

3 Using the Taxonomy of Quality

Not all of the included characteristics of quality will be applicable to every situation.
For example, when looking to purchase a car the characteristic of ’purchase price’ is
likely to be very important, but less so the characteristic of *weight’. A personalised
quality evaluation process is therefore necessary to ascertain the quality needs of each
individual user in their current context.

3.1 User Defined Quality Ratings

Each user should be able to set quality ratings for the characteristics that are important
to them in their current situation, without needing to worry about the rest. A method
therefore needs to be developed for deciding which characteristics the user is required
to rate, as asking them to spend time selecting the ones they want from all those avail-
able would be counterproductive, especially as the number of available characteristics
increases.

3.2 Setting and Relaxing Quality Ratings

Once a method for choosing characteristics to be rated has been developed, the user can
then set their desired level of quality in one of two ways:

1. setting specific required values for each desired characteristic;
2. choosing thresholds within which the quality will be of an acceptable level (either
upper boundaries, lower boundaries, or both).

These values will define the users’ em solution space - the area that bounds the in-
formation that will be considered by the user to be of good quality. Setting specific
values, or very tight thresholds, will place a strong restriction on the results that can be
returned, so the ability to state the importance of complying with that request should
also be included, allowing the system to return results that do not necessarily exactly
match the user’s initial requirements. This is particularly important if the user’s request
is unrealistic. This could occur when either the user has entered a sensible request, but
one for which no matches exist in the current environment, or when unrealistic quality
ratings have been entered for conflicting characteristics. For example, when discussing
software it would not be possible to find code that is both minimal and secure as the
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addition of security features increases code size. This is a feature of many of the char-
acteristics in this taxonomy, as many of them affect other characteristics: where a high
rating for one characteristic may increase (positive) or decrease (negative) the rating for
another.

By stating which quality ratings are essential and which are (merely) desirable these
ratings can be relaxed during the search, expanding the solution space, to find informa-
tion that closely matches the user’s needs. For example, if a user requests information
on some product that is both cheap and immediately available, but nothing can be found,
the system can continue to search by relaxing one or more parameters until either some
result is found or the relaxation becomes so extreme that it no longer meets the user’s
requirements.

3.3 User Profiling

When searching for information, users are likely to have similar quality requirements
under similar circumstances. Although not part of this research programme, user pro-
filing techniques could be employed to learn these individual requirements over time,
developing a personalised quality profile for each user, or user community. Quality re-
quirements will change over time so this profile will be dynamic, constantly learning
user preferences and adapting as both the user and situation changes. This quality pro-
file can then assist users when searching for quality information by reducing the number
of ratings and threshold values the user needs to supply. As the profile becomes more
accurate the user will only need to rate the quality of important characteristics, leaving
their profile to automatically supply the rest, making the rating process faster and less
intrusive for the user.

The main problem that needs to be addressed in this area is the fact that each user
may have many different profiles, e.g. at work, at home, regarding hobbies, etc, and
their quality requirements will differ depending on which they are assuming. This there-
fore needs to be taken into account when using quality profiling within these different
settings. This is however less of a problem when generating user community quality
profiles as the scenario for the community profile is likely to remain relatively more
static.

4 Future Work

Within our research we are currently looking into how the various characteristics of
quality can be measured, and how they interact with each other, for example causing
conflicts. Once completed, this knowledge, along with the taxonomy itself, will be in-
corporated into a system to investigate how the inclusion of quality ratings can improve
the results obtained when searching for information in some environment. As yet we
have not addressed the problem concerning how to obtain information about quality, be
that from the supplier, user, or other parties. Once this has been researched more closely
we can look at combining weighted quality ratings to generate more accurate measures
of quality. Research then needs to be done into how this information can be stored for
future use, for example in dynamic user profiles. The taxonomy needs to be developed
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further before it can be incorporated into a fully functional IR system. We have not
yet started creating domain-specific taxonomies, or looked into how the various char-
acteristics interact and affect each other. A methodology also needs to be defined for
enabling each taxonomy to evolve over time. As the taxonomies are used more charac-
teristics will have to be added to accommodate individual needs, as each are used by
different people and in different situations. As this is a substantial area of research our
project will initially concentrate on developing an experimental multi-agent environ-
ment for testing our general taxonomy, developed using one of the existing multi-agent
development toolkits, such as ZEUS from BT [29]. Initially this environment will con-
tain a selection of known datasets, for testing purposes. During this preliminary stage
quality ratings will be applied to the information within the datasets rather than to the
sources themselves. However, this will be expanded as our research progresses to rate
the quality of large numbers of unknown datasets.

The agents within this experimental system will be able to negotiate on the user’s
behalf to find the information that best meets the user’s quality needs, relaxing individ-
ual or categories of characteristics, or by increasing the solution space dynamically as
necessary in the negotiation process.

5 Conclusion

Although quality of information is extremely important to a lot of people, in different ar-
eas of work, no-one has previously looked at developing a taxonomy of quality that can
be used for evaluating the quality of information across a wide range of applications.
Through our research we have developed a domain-independent taxonomy of quality,
initially containing over fifty separate attributes. A number of these are quantitative so
are straightforward to store and manipulate. Those that are qualitative can also be made
quantifiable by representing them as ordered sets of values, from which the required
rating can be chosen. It is therefore possible to define parameters by which each char-
acteristic can be measured. After defining the parameters of these quality metrics it will
be possible to obtain data regarding the quality of information, from various different
sources. This information may be obtained directly from the supplier, from a reliable,
objective third party, or automatically though the use of quality evaluation software. It
could also be obtained via feedback from users or user communities.

Having created this general taxonomy of quality we can now continue with the de-
velopment of an associated quality ontology. This will be followed by the creation of
a system to assist users in evaluating the quality of information, obtained from vari-
ous sources within an experimental multi-agent environment, to test its effectiveness
at searching for information of user-defined quality. After this initial testing stage, the
system will be expanded to search for information within a larger environment, such
as the Internet. The meaning of quality will vary between individuals and situations,
so only those quality characteristics that are relevant to the user’s current requirements
need be taken into account. This will result in a personalised quality evaluation process,
to increase the amount of relevant results recovered from an information search, reduce
information overload and therefore to significantly increase user satisfaction.
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Abstract This article extends the Refined Triggering Graph Method for active
rules termination analysis. The Refined Triggering Graph Method has been pro-
posed to analyse active rules sets termination, in the context of object oriented
databases. The RTG method exploits the notion of triggering formula. A trigger-
ing formula is a logic formula binding two rules. This logic formula captures the
triggering link between a rule postcondition and a rule precondition. But only
DB-independent atoms contained in rules postprecondition can be taken into ac-
count by the RTG analysis. We improve the RTG Method, taking into account
the DB-dependent atoms contained in rules prepostconditions. To achieve this,
we introduce the notion of descendant of a triggering formula and the notion of
complex condition of a rule. The descendant of a triggering formula captures
the transformations of an object, which satisfies the triggering formula, due to the
rules actions. The complex condition of a rule captures the triggering link between
arule R and the rules which can trigger R. Many more termination situations can
be detected, thanks to our improvement.

1 Introduction

The next generation of databases will be able to react to modifications of the environ-
ment, and to update the stored data according to these modifications. This introduction
of the reactivity within the databases results from two present trends: on the one hand,
the development of rules languages (production rules, active rules, deductive rules),
and, on the other hand, the development of the object oriented technologies. Rules lan-
guages and object oriented technology can be seen as complementary: on the one hand,
the object oriented technology allows to integrate in the same entity the structural and
the behavioural aspects, on the other hand, the rules languages allow to describe the
reaction of an entity according to its environment.

However, although the rules are intended to facilitate the design and the program-
ming work, writing a rules set actually remains tricky, often devolved upon specialists.
Indeed, a rules set is not a structured entity: the global behaviour of a rules set can
be hard to predict and to control [1]. In particular, research works have brought to the
fore the rules termination problem (the rules execution can be infinite in some situa-
tions), or the rules confluence problem (the same rules do not necessarily yield the
same results, depending on the rules execution order). We are here interested in the ac-
tive databases rules termination. The active rules generally follow the paradigm Event-
Condition-Action [16]. The event is an instantaneous fact, which can occur inside or
outside the system. The condition is generally a query upon the database. The action is
generally a database update.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 114-{133] 2002.
(© Springer-Verlag Berlin Heidelberg 2002



Improving the Refined Triggering Graph Method 115

In section 2, we present the related work; in section 3, we expose the Refined Trig-
gering Graph Method; in section 4, we develop an example which motivates our propo-
sition; in section 5, we propose the notion of triggering formula of a complex path; in
section 6, we propose the notion of descendant of a triggering formula; in section 7,
we introduce the notion of complex condition of a rule; in section 8, we expose our
termination algorithm; section 9 concludes.

2 Related Work

The active rules termination is an undecidable problem [2]. Research works have pro-
posed sufficient conditions to guarantee the termination of a rules set at run time or at
compile-time.

Methods proposed for run-time analysis [5, 9] suffer from the following drawback:
it is necessary to know the initial database state, and the result is just available for the
tested initial database state.

Methods proposed for compile-time analysis can provide sufficient conditions avail-
able for any database state.

We are here interested by compile-time analysis methods. Some methods propose
a translation of the active rules in terms of rewriting systems [20], in Condition-Action
rules [11], or in deductive rules [13, 18]. However, these methods are rather complex
to use, cannot be automated and are reserved for relational databases. [4] introduces a
behavioural stratification of the active rules. Some conditions allow to conclude that
termination is guaranteed if, inside each stratum, termination can be guaranteed. It is
necessary to guarantee the termination by means of other methods inside a stratum.

However, most of the works about the active rules termination use the concept of
triggering graph. [12] introduces, for the first time, the notion of triggering graph; this
notion is clarified by [1]: this graph is built by means of a syntactic rules analysis; the
nodes of the graph are rules, and two rules r; and 5 are bound by an oriented edge from
r1 towards 9 if the action of r; raises a triggering event of 5. The presence of cycles
in such a graph means a non-termination risk for the rules set. The absence of cycles in
the triggering graph guarantees the termination. However, this analysis is conservative:
the satisfiability of the Condition part is not taken into account. The analysis of the
triggering graphs is refined by [3, 5] by means of activation graphs. In an activation
graph, the rules r1 and ro are bound by an oriented edge from r; towards ro if the
action of 71 can make TRUE the condition of 75, and a rule R is bound to itself if the
condition of R can still be TRUE after the action execution of R. The non-termination
implies then the presence of cycles in the triggering graph and in the activation graph.
An algorithm for building of the activation graphs is proposed by [10] for the relational
databases. However, only self-deactivating rules are taken into account by activation
graphs.

The previous technique is widened by [22]: the concepts of activator and deactiva-
tor are proposed. The rule 7 is a deactivator of the rule ry if the action of r; always
makes FALSE the condition of the rule 75. The rule 7 is an activator for the rule ro if
the action of r; can change the truth value of the condition of the rule r 5 from FALSE
to TRUE. A rule R is labelled "finite" if each activator of R is labelled "finite", and if
each cycle containing R also contains a deactivator of R.

The Refined Triggering Graph Method [21, 28] completes the triggering graph anal-
ysis. An edge (1, 72) can be removed from the triggering graph as follows: the post-
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condition of r; is combined with the condition of r5 by means of variables unification
between the variables used in the action of 71 and the variables used in the event of r5.
If it is impossible to satisfy the obtained formula (qualified as triggering formula), the
edge (71, r2) can be removed from the triggering graph. But the variables of the trigger-
ing formula must not be updated by rules actions. The Path Removing Technique [23]
extends the triggering formulas as follows: if the rule ; can indirectly trigger the rule
ro via a path P, a generalised triggering formula is built along the path P. [23] proposes
to “remove a path" instead of a node. To achieve this, a new triggering graph is consti-
tuted, equivalent to the initial triggering graph, containing duplicate nodes. The Cycle
Unrolling Technique [24] brings another extension. A generalised triggering formula is
built along a path, which corresponds to a cycle executed (k+1) times: if it is impossible
to satisfy the triggering formula, a k-cycle is detected. A method is proposed to un-
roll" a k-cycle in a triggering graph: an equivalent triggering graph is built, containing
duplicate nodes.

[29] considers the influence of the composite conjunction events on the termination:
two kinds of edge are introduced in the triggering graphs (total edges and partial edges)
in order to take into account the composite conjunction events. [14] improves [29] and
[21, 23, 24], taking into account both the overall condition of a rules path and the
composite conjunction events, thanks to the notion of composite path.

[30] exploits the monotonic bounded operations in order to remove some edges of
the triggering graphs: for instance, if a rule action deletes an object of a class, and
if no rule action creates objects in this class, the delete operation is bounded and the
corresponding rule can just occur a finite number of times. This principle is detailed by
[17], which exposes a method to calculate the maximum iterations number of a cycle,
due to some database limit values.

[7, 8] uses the abstract interpretation to simulate the execution of the active rules,
using abstract database states. A concretisation function allows to link abstract states
and real states. If the rules execution terminates for abstract states, then termination is
guaranteed for real database states.

[15] allows the termination analysis in a modular design context, thanks to the no-
tions of private event and public event. So, termination can be guaranteed, even when
no designer knows all the active rules.

We present in this paper an improvement of the Refined Triggering Graph Method
[21, 28]. The Refined Triggering Graph Method [21, 28], improved by the Path Remov-
ing Technique [23] and the Cycle Unrolling Technique [24], detects the deactivation of
an overall condition of a rules path, but only atoms which contain no attributes updated
by the database (or attributes updated by rules removed from the triggering graph for
[23, 24]) are included in triggering formulas. We propose to include also atoms which
contain attributes updated by the database (even updated by rules not removed from the
triggering graph) in triggering formulas. So, many more termination situations can be
detected. To achieve this, we introduce the notion of descendant of a triggering formula
and the notion of complex condition of a rule.

3 The Refined Triggering Graph Method

We present in this section the Refined Triggering Graph Method [21, 28]. We first intro-
duce the abstract architecture of an active object oriented database assumed by [21]. We
next present the notions of triggering formulas and generalised triggering formulas.
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3.1 Abstract Architecture of an Active Object Oriented Database

‘We adopt the abstract architecture of an active object oriented database assumed by [21].
This architecture consists of three components: an object store, events, and active rules.
The object store is a collection of objects maintained by the active database. Objects are
affected by two types of events: external (explicitly signalled to the system) and internal
(corresponding to the database operations).

Each object is represented by a ground object term:

o=ty ZQ[ll =ty = tn]

ty is the unique object identifier (oid), c is the class of o, and [; :=t;(i = 1,...,n) is
an attribute-value pair, [; is an attribute name and ¢;is a ground term representing the
value of [; for o.

Each event has a recipient object. An event is represented by a ground event term.
An event term has the format:

e =d(so@sy,...,8y,)

where d is the event name, s( is the oid of the recipient object of the event, and
81, ---,8n(n > 0) are ground terms representing the event parameters.

Active rules specify how objects respond to event occurrences. The syntax of an
active rule is:

Rule:

Event: e

Condition: c

Action: Yo.lh = Z1,..., Yol = Zy,
Raised events: eq, ..., ek

where

R is the rule label,

e =d(Yp@...) is the event term,

Y} is the oid term of the recipient object,

cis a logic formula,

- Yo.ly = Z4, ..., Yyl = Zj represents the updated recipient object, and
- e1,...,e,(k > 0) are event terms (raised by the rule action).

The formula c is a conjunction of primitive conditions. A primitive condition can be
either an atom or a negated atom. An atom is specified by means of a first-order lan-
guage. A required property of active rules is that each variable occurring in the Action
part must also occur in the Condition part or in the Event part.

For each rule R, a set of event occurrences F'( R) is maintained by the rules process-
ing. Before the rules processing, the set F/(R) contains the occurrences of the events
triggered by the transaction.

The rules processing is the following:

1. (Choose). A rule R, such that F(R) is not empty, is non-deterministically chosen.
An event occurrence event_occurrence of E(R) is non-deterministically chosen.

2. (Match). The variables of the Event part of R (that is the recipient object variable
and the parameters variables of the Event part) are instantiated with
event_occurrence. The event event_occurrence is removed from F(R).
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3. (Ewaluate). The condition of R is satisfiable if there is a substitution ¢ such that the
formula co is TRUE for the current database state. o is then a ground substitution
for the variables of the Action part of R.

4. (Act). If the condition is satisfiable, the recipient object of the rule is updated. For
each rule R’ such that the name of the triggering event of R’ matches with a name
of one of the events raised by the action of R, the set E(R’) is updated.

5. (Return to step I).If there is at least a rule R” such that E(R"') is not empty, return
to step 1.

The rules processing can clearly be infinite. The termination static analysis studies
the rules triggering (step 4 of the processing) and the satisfiability of rules conditions
(step 3 of the processing).

3.2 Triggering Formula and Generalised Triggering Formula

We first present the notion of triggering graph, which is the basis of the termination
analysis. We introduce then the notions of rule precondition and rule postcondition.
This allows us then to present the notion of triggering formula.

Triggering Graph. Let RS be an arbitrary active rule set. The triggering graph is
a directed graph where each node corresponds to a rule Ri € RS. A directed arc
(R2 < R;y) belongs to the triggering graph iff the action of rule R, generates an event
which triggers rule Ro.

If there is no cycle in the triggering graph, termination of the rules set is guaranteed.
When a cycle (or several) appears in the triggering graph, the RTG Method proposes to
analyse the edges of the cycle, using the triggering formulas.

Precondition and Postcondition of a Rule. Let R be a rule specified as below:
Rule: R

Event: d(Yo@Yy,...,Y,)

Condition:  ¢q,...,¢p

Action: Yo.lhn = Z1,..., Yl = Zy,

Raised events: d'(Xo@Xq,..., X,)...
We set:

Condition_Set(R) = {c1,...,¢p}
Pre_Set(R) = Condition_Set(R)
Post_Set(R) = Condition_Set(R)U{Yy.l; = Z;/j=1,...,k}
The precondition and the postcondition of the rule are defined as follows:
Precondition(R) = A(cepre_subSet(R)) (€)
Postcondition(R) = A(ce post_subSet(R))(€)
where Pre_SubSet(R) and Post_SubSet(R) are respectively subsets of Pre_Set(R)
and Post_Set(R) determined by a selection criterion described below.

Triggering Formula. Let (R < R’) be an arc of the triggering graph from R’ to R. A
triggering formula T'riggering_Formula(R «— R’) is built as follows:
Triggering_Formula(R «— R') =

Precondition(R) A Postcondition(R') A Parameter Formula(R «— R’)

where:
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- Parameter Formula(R < R’) captures the parameter transfer from R’ to R in
an arbitrary execution sequence where the execution of the action of R’ generates
an event which triggers R,

— Precondition(R) and Postcondition(R') are determined using the following se-
lection criterion: Precondition(R) and Postcondition(R’) just contain primitive
DB-independent conditions (an atom is said to be DB — independent iff it does
not involve function and predicate symbols whose interpretation depends on the
current database state).

If the logic formula Triggering_Formula(R < R’) is not satisfiable (that is: can
never be TRUE), the edge (R < R’) can be removed from the triggering graph.
DB-dependent conditions cannot be included in triggering formulas, since intermediate
rules can modify the variables included in DB-dependent conditions between the action
of R’ and the condition evaluation of R.

Equality atoms (X.l = ¢) (where X is an object variable) are called selectors. A
DB-dependent selector (X.I = t) of Post_Set(R') (respectively Pre_Set(R)) can be
included in Postcondition(R') (respectively in Precondition(R)) if the selector is a
rules-independent selector.

— If t is a variable, the selector (X.I = t) is a rules-independent selector if no rule
action contains an atom (X.lg = ¢g) such that (I = l);

— If t is a constant, the selector (X.l = t) is a rules-independent selector if no rule
action contains an atom (X.lg = ¢) such that (I = lp) and (¢ /=).

Generalised Triggering Formula. The triggering formulas can be generalised for a
path containing n rules. If it is impossible to satisfy the generalised triggering formula
along the path Path, Path cannot occur. But no arc of Path can be removed from the
triggering graph if some arcs of Path participate in other cycles. The Removing Path
Technique [23] allows to remove a path from a triggering graph. The Cycle Unrolling
Technique [24] allows to remove from the graph a path corresponding to a cycle exe-
cuted k times. These two techniques modify the triggering graph: some duplicate nodes
are introduced and some edges can sometimes be removed.

Overview of the Proposed Extension. We propose an extension of the RTG Method.
This extension allows to build triggering formulas along rules paths, including rules-
dependent selectors. To achieve this, we introduce the notion of complex rule condition.
A complex condition of a rule R includes information about postconditions of the rules
which can trigger R. This information takes into account the descendants of the rules-
dependent selectors included in postconditions: a descendant of a selector Selector is a
logic formula capturing the possible transformations of objects which satisty Selector.
An iterative computation of the complex conditions is proposed, using the previously
computed complex conditions.

4 Motivating Example

We present here an example, which motivates our proposition. This example will be
used to illustrate the introduced notions within the paper. We consider a banking appli-
cation. Four active rules are defined.
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4.1 Example

RuleR; : When the allowed overdraft of an account is updated, if the loan rate of the
account is equal to 8, the loan capacity of the account is set to 6000. Rule R : When
the loan capacity of an account is updated, if the loan rate of the account is equal to 4,
the allowed overdraft of the account is set to 20. Rule R3 : When the loan capacity of
an account is updated, if the account is a stocks account, the loan rate of the account is
set to 4. Rule R4 : When the allowed overdraft of an account is updated, if the account
is a standard account, the loan rate of the account is set to 8.

Rule: Ry

Event: account_ overdraft_update_event(A 1)
Condition: A;.rate=8

Action: Aj .capacity = 6000

Raised event: account_capacity_ update_event(A 1)
Rule: Ry

Event: account_capacity_ update_event(A o)
Condition: As.rate=4

Action: As.overdraft=20

Raised event: account_overdraft_update_event(A o)

Rule: R3

Event: account_capacity_update_event(A 3)
Condition:  Aj.type = stocks_account

Action: As.rate =4

Raised event: account_rate_ update_event(A3)

Rule: Ry

Event: account_overdraft_update_event (A4 4)
Condition:  A,.type = standard_account

Action: Ay.rate =8

Raised event: account_rate _update_event(A 4)

4.2 Termination Analysis of the Example

We try now to analyse the termination of the motivating example, using the main algo-
rithms proposed in the literature.

RTG Method. Let us try to analyse termination of this rules set by means of the RTG
method [21, 28]. The triggering formula Triggering_Formula(R1 < R2) is:
Triggering_Formula(Ry < Ry) = (Ag.overdraft = 20) A (A2 = A;)

The atoms (Aq.rate = 4) and (A;.rate = 8) cannot be included in the triggering for-
mula, since they are rules-dependent atoms. Thus, the RTG method cannot guarantee
the termination of this rules set.

Activation Graph. Let us try to use [3] to analyse the termination of this rules set.
The triggering graph is depicted by Figure 1. Let us build the activation graph. No rule



Improving the Refined Triggering Graph Method 121

Figure 1. Triggering graph of the motivating example.

is a self-deactivating rule, since the condition of each rule can still be true after the
execution of the action of the rule. So there is an edge from each rule to itself in the
activation graph. There is also an edge from the rule R3 to the rule Ry and an edge
from the rule R, to the rule 12;. No further information is given by the activation graph
(Figure 2). Termination cannot be guaranteed by [3].

7S
o L

Figure 2. Activation graph of the motivating example.

Unrolling Cycle. Let us try now to use the Unrolling Cycle method [24], and let us
analyze the cycle (R, R, R1, R, R1). We try to build a formula concerning the cy-
cle (Ry, Ro, Ry, Ra, Ry) from the conditions of the rules of the cycle. The algorithm
[24] can include in the formula atoms containing attributes which are not updated by
rules, or atoms containing attributes which are only updated by rules removed from the
triggering graph (that is: rules previously removed by the algorithm). The conditions of
the rules R; and Ry contain attributes which can be updated by rules of the triggering
graph (the rules R3 and R4, which are not removed from the triggering graph), so no
atom can be included in the formula, and the algorithm stops. [24] cannot guarantee the
termination of this example.

Abstract Interpretation. Let us try now to use the abstract interpretation [7, 8]. The
principle of this method is to simulate the rules processing using an abstract database
(an abstract database approximates a number of real databases), and to test the satis-
fiability of the rules conditions during the rules processing thanks to the information
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about the abstract database. The use of this method requires that we can list all the ini-
tially triggered rules before the rules processing. But, in this case, the transaction can
trigger an arbitrary number of occurrences of each rule before the rules processing (for
example, the transaction can trigger two occurrences of R; and three occurrences of
Ry before the rules processing). Thus, it is impossible to list the rules initially triggered
by the transaction before the rules processing. Instance-level triggers are considered
in a later paper [9] but the abstract interpretation approach still requires an enumera-
tion of each kind of initial triggering event. The abstract interpretation [7, 8, 9] cannot
guarantee the termination of the example.

4.3 Discussion

Let us analyse in more detail the behaviour of this rules set. If the rate of an account
is set to 4 by the rule Rj3 , this account is a stocks account (since the condition of
R3 has been evaluated to TRUE before the action of R3). In the same way, if the
rate of an account is set to 8 by the rule R, , this account is a standard account. No
rule action can update the type of an account. So, if the rate of an account is set to
4, this rate can no more be set to 8 during the same rules processing. Thus, the path
(Rq1; Ro; Ry) is impossible. An infinite loop is impossible. But the RTG method cannot
draw this conclusion, because the RTG method cannot include in a triggering formula
atoms containing variables which can be modified by rules actions.

We propose to include in the triggering formula the descendants of a rules-depen-
dent atom due to the rules actions. For instance, the descendant of the atom (A o.rate = 4)
due to the rule R3 is (As.type = stocks_account) A (Ag.rate = 4), and the descendant of
the atom (A,.rate = 4) due to the rule Ry is (As.type = standard_account) A (Aq.rate =
8). Thanks to the atom descendants, we will be able to build a logic formula containing
rules-dependent atoms: the descendant of a triggering formula. The descendant of a
triggering formula will be exploited to build the complex condition of a rule.

5 Triggering Formula of a Complex Path

In this section, we introduce the notion of triggering formula of a complex path. This
notion will be used to compute the descendants of a rules-dependent atom. A complex
path is an entity composed of all the paths which lead to a given rule. A triggering
formula of a complex path is a logic formula capturing the rules triggering along all the
paths of the complex path.

5.1 Elementary Path and Complex Path

We first define the notion of elementary path. We introduce then the notion of complex
order M path of a rule.

Elementary Path. Let R, Rs, ... R;, ... R, be n rules (not necessarily all distinct) of
a triggering graph such that there is an edge from R ;1 to R;. The tuple (R1, Ra, ... R;,)
makes up an elementary path. We adopt the following notation: R < Rg «— ... «
R; «— ... <~ R, (Note that we adopt a notation in the opposite direction of the edges,
for convenience). R is said to be the last rule of the elementary path. R,, is said to be
the first rule of the elementary path.
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Complex Order M Path of a Rule. The notion of complex order M path of a rule Rule
will be used to build a logic formula containing the rules-independent atoms included
in the postconditions of the rules preceding Rule in the triggering graph.

We introduce the following notation: if Path and Paths are two elementary paths,
we denote the set { Pathy, Pathy} as follows: Pathy V Paths.

The complex order M path of Rule is the set containing all the distinct elementary
paths having M nodes (not necessarily all distinct) and having Rule as last node. We
will use the following notation:

Comp_Path(Rule; M) = Elementary_Pathy V ...V Elementary_Path,

If Pathy, Patho and Pathg are three elementary paths such that Paths and Paths
have the same last rule, and such that there is an edge from the last rule of Path o(and
Pathg) to the first rule of Path,, we define:

Pathy « (Path2 V Path3) = (Path; < Paths) V (Pathy < Paths)
The function giving the complex order M path of Rule is then the following:
Comp_Path(incoming variables: Rule, M ; outgoing variable: Path yy:)

Let Ry, Ry, ... R, be the rules such that there is an edge from ; to Rule

IF M > 1

THEN Pathe,: = (Rule < Comp_Path(Ry, M — 1)) Vv

(Rule — Comp_Path(Ra, M — 1)) V...V (Rule < Comp_Path(R,, M — 1))
ELSE Path,; = (Rule)

Example. See Figure 1.
C’omp_Path(Rg, 4) = R3 — R1 — RQ — Rl
Comp_Path(R4,6) =Ry« Ry« Ry < Ry «— Ry — R>

5.2 Rules-Independent Triggering Formula of a Path

The rules-independent triggering formula of a path is a logic formula, which contains
the rules-independent atoms of the postconditions of the rules of the path.

Rules-Independent Triggering Formula of a Elementary Path. Let us consider a
elementary path Path = R; < Ry ... < R,,. The rules_independent formula of the
path RI_Formula(Path) is defined as:

RI_Formula(Path) =

Postcondition(R1) A Parameter Formula(Ry «<— Ra) A

Postcondition(R2) A ... A

Parameter Formula(R,—1 < R,) N Postcondition(R,,)

where the selection criterion for Post_SubSet(R;)(1 < i < n) is the following:
Post_SubSet(R;) contains the rules-independent atoms of Post_Set(R;).
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Rules-Independent Triggering Formula of a Complex Path. Let Rule be a rule. We

associate to the complex order M path of Rule a rules-independent formula:

RI_Formula(Comp_Path(Rule; M))

If Comp_Path(Rule; M) = Pathy V Patha V ...V Pathy,then:

RI_Formula(Comp_Path(Rule; M)) =

RI_Formula(Pathy) V RI_Formula(Paths) V ...V RI_Formula(Pathy)
RI_Formula(Comp_Path(Rule; M)) expresses a necessary condition, which

the database state has to satisfy, at any time of the rules processing, if the action of

Rule is executed during the rules processing.

Example. Let us consider the rule R3 of our motivating example. We have:
Comp_Path(Rs3,4) = R3 < Ry «— Ry — Ry

RI_Formula(Comp_Path(Rs,4)) = (As.type = stocks_account) A (A3 = A1)

A (Aj;.capacity = 6000) A (A1; = As) A (Ag.overdraft = 20) A (Ay = Ajz) A
(A12.capacity = 6000)

= (As.type = stocks_account) A (Aj.capacity = 6000) A (As.overdraft = 20)

(Note that, when a rule appears several times in a path, the variables of the rule are
indexed with an occurrence number of the rule).

6 Descendant of a Triggering Formula

In order to determine the possible effects of rules actions on objects satisfying rules-
dependent selectors, we introduce the notion of descendant of a rules-dependent selec-
tor. This notion will allow us to define the descendant of a triggering formula.

6.1 Total Triggering Formula

Let Formula(R < R’) be a triggering formula:

Formula(R — R') =
Precondition(R) A Postcondition(R') A Parameter Formula(R «— R')

We say that Formula(R < R') is a total triggering formula iff

— the selection criterion used for Pre_SubSet(R) is the following:
Pre_SubSet(R) contains the rules-independent atoms of Pre_Set(R) and the
rules-dependent selectors of Pre_Set(R), and

— the selection criterion used for Post_SubSet(R’) is the following:
Post_SubSet(R') contains the rules-independent atoms of Post_Set(R’) and the
rules-dependent selectors of Post_Set(R’).

Let us note that, since Formula(R < R') contains rules-dependent selectors,
Formula(R < R') cannot be used by the RTG method for termination analysis. The
satisfiability of a total triggering formula is not meaningful, since variables of the for-
mula can be updated between the action execution of R’ and the condition evaluation
of R.
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Example. Let us consider our motivating example. Let us consider the following for-
mula:

Total_Formula(Re — Ry) =

(A;.rate = 8) A (A;.capacity = 6000) A (A1 = Az) A (Ag.rate = 4)

is a total triggering formula. Note that the satisfiability of this formula is not meaning-
ful, since the account rate can be updated between the action of R and the condition
evaluation of Rs.

6.2 Descendant of a Rules-Dependent Selector

Let Rule be arule. Let Total_Formula(R < R’) be a total triggering formula binding
the rules R and R’. Let Selector be a rules-dependent selector (X.[ = ¢) contained in
Postcondition(R’).

The intuition behind the notion of descendant of a selector is the following: let us
consider an object X that satisfies: (X.l = t); the descendant of Selector due to Rule
captures the possible transformation of the attribute [ of X due to the action of the rule
Rule.

The descendant of Selector due to Rule is a logic formula that unifies the object
variable X of Selector and the recipient object variable of Rule, and that expresses the
modification of the attribute [ by the action of Rule.

The rule Rule is specified as follows:

Event: d(Yo@Yy,...,Y,)
Condition: c

Action: Yo.lhn = Z1,..., Yl = Zy,
Raised events: eq, ..., e

We define the descendant of Selector due to the rule Rule as:
Descendant(Selector; Rule) =
(X =Yo) A RI_Formula(Comp_Path(Rule; M)) A (I =11) A (Y0.lh = Z1)) V
(U=L)ANYolo=2Z)) V...V (I =1l) AN Yol = Zy)))

- (X = Yp) captures the variable unification between the object variable X of
Selector and the object variable Yj of the rule action of Rule;

— RI_Formula(Comp_Path(Rule; M) captures the rules-independent atoms
along Comp_Path(Rule; M);

- ((l = ;) N (Yo.l; = Z;)) captures the modification of the attribute [ by the action
of Rule.

The number M is set by the designer, and is called the descendant depth. The logic for-
mula Descendant(Selector; Rule) expresses a necessary condition, which the data-
base state has to satisfy, from the moment of an update of the attribute [ of the object X
by the action of Rule, until the moment of an update of the attribute [ of X by an other
rule action.

Example. Let us consider our motivating example. Let us consider the following total
triggering formula:

Total_Formula(Re — Ry) =

(A;.rate = 8) A (A;.capacity = 6000) A (A1 = Az) A (Ag.rate = 4)
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Let us pose: Selector = (A;.rate = 8).

We set the descendant depth to 2.

We have: Descendant(Selector; R3) = (A1 = Asz) A (As.type = stocks_account)
A(Ag.rate = 4) A(As = A11) A (Aq;.capacity = 6000)

= (A;. type = stocks_account) A(A;.rate = 4) A(A;.capacity = 6000)

6.3 Descendant of a Total Triggering Formula

Let Total_Formula(R < R’') be a total triggering formula. The descendant of the
total triggering formula is a logic formula that expresses the condition evaluation of R,
and that takes into account the triggering of R by R’. This logic formula includes all the
descendants of the rules-dependent atoms contained in Postcondition(R').

The descendant of Total_Formula(R < R') is the following formula:
Descendant(Total_Formula(R <+ R')) = Precondition(R) A
Descendant(Postcondition(R')) A Parameter Formula(R «— R')
where:

e Precondition(R) and Parameter Formula(R <+ R’) are defined as for
Total_Formula(R — R');

e Descendant(Postcondition(R’)) is obtained from Postcondition(R’), replacing
each rules-dependent selector Selector of Postcondition(R') by:

Selector Vv (V(for eachRulec) (Descendant(Selector; Rule))

(G is the triggering graph)

Contrary to the satisfiability of a total triggering formula, the satisfiability of the de-
scendant of a total triggering formula is meaningful: the descendant of a total triggering
formula expresses a necessary condition, which the database state has to satisfy, at the
moment of the evaluation of the condition of R, when R is triggered by R’, if the condi-
tion of R is satisfiable. If the descendant of T'otal_Formula(R < R') is FALSE, this
means that the condition of R cannot be evaluated to TRUE when R is triggered by R’.

Example. Let us consider our motivating example.

Let us consider the following total triggering formula:

Total_Formula(Re — Ry) =

(A;.rate = 8) A (A;.capacity = 6000) A (A1 = Az) A (Ag.rate = 4)

We set the descendant depth to 1. We have:

Descendant(Total_Formula(Ry < R1)) =

((Aj.rate = 8)V((A; = A3) A (Asz.rate = 4) A (As.type = stocks_account)) V ((A; =
Ay)A(Ay.rate = 8)A(Ay.type = standard_account)))A (A1 .capacity = 6000)A(A; =
Ag) A (Ag.rate = 4)

= (Ag.rate = 4) A (Az.type = stocks_account) A (As.capacity = 6000)

7 Complex Condition of a Rule

We introduce the notion of complex condition of a rule. The complex condition of a
rule R is a logic formula that the database state has to satisfy, at the moment of the
evaluation of the condition of R, if the condition of R is satisfiable. This logic formula
includes information about the rules which can trigger R. We propose then the notion
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of complex postcondition, and the notion of elaborate triggering formula. The intu-
ition behind an elaborate triggering formula is to allow an iterative computation of the
complex conditions.

7.1 Complex Order 2 Condition of a Rule

The complex order 2 condition of a rule R is the disjunction of the formulas
Descendant(Total_Formula(R < R;)), for all the rules R; such that there is an
edge from R; to R:

Let Ry, Ry, ... R, be the rules such that there is an edge from R; to R
Comp_Condition(R;2) =
Descendant(Total_Formula(R «— Ry)) V Descendant(Total_Formula(R «—
Ry)) V...V Descendant(Total_Formula(R — R))
The complex order 2 condition of R takes into account the complex order 2 path of
R. If Comp_Condition(R;2) is equal to FALSE, this means that the condition of R
cannot be evaluated to TRUE during a rules processing.

Example. Let us consider our motivating example.
Comp_Condition(Rz;2) =

Descendant(Total_Formula(Ry — R1)) =

(Ag.rate = 4) A (Ag.type = stocks_account) A (Aq.capacity = 6000)

7.2 Complex Order 2 Postcondition of a Rule

A complex condition of the rule R can be used to build a more precise postcondition of
R (that is: including more information). The rule R is specified as follows:

Event: d(Yo@QYy,...,Y,)
Condition: c

Action: Yo.lhn = Z1,..., Yl = Zy,
Raised events: eq, ..., e

The complex order 2 postcondition of the rule R is:

Comp_Postcondition(R;2) =

Comp_Condition(R;2) A (Yo.ls = Z1) A Yola = Za) Ao A (Yol = Zk)

(Note that the satisfiability of Comp_Postcondition(R;2) is not meaningful, since the
database state has not necessarily to satisfy this formula.)

Example. Let us consider our motivating example.
Comp_Postcondition(R2;2) = (Agrate = 4) A (Ag.type = stocks_account) A
(As.capacity = 6000) A (As.overdraft = 20)

7.3 Elaborate Triggering Formula

We can compute a complex condition of a rule R, using the information contained in the
previously computed complex postconditions of the rules which can trigger R. So, we
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will obtain a more precise complex condition (that is: including more information). To
achieve this, we define the notion of elaborate triggering formula. We give an iterative
definition of the elaborate order N triggering formula.

We set: Elaborate_Formula(R «— R';2) = Total_Formula(R — R’).

Let us consider N such that N > 3. Let R, R’ be two rules such that the complex
order (N — 1) postcondition of R’ has previously been computed. We call an elaborate
order N triggering formula the following formula:

Elaborate_Formula(R « R'; N) = Precondition(R) A
Comp_Postcondition(R'; N — 1) A Parameter Formula(R «+— R')

(where Precondition(R) and Parameter Formula(R «— R') are defined as for
Total_Formula(R < R')). As for a total triggering formula, we define the descen-
dant of an elaborate triggering formula:

Descendant(Elaborate_Formula(R «— R’; N)) = Precondition(R)(
ADescendant(Comp_Postcondition(R'; N —1))AParameter Formula(R «— R)
where:

e Precondition(R) and Parameter Formula(R «— R’) are defined as for
Total_Formula(R «— R');

e Descendant(Comp_Postcondition(R'; N — 1)) is obtained from
Comp_Postcondition(R'; N — 1),

replacing each rules-dependent selector Selector of Comp_Postcondition(R'; N—1)
by:

Selector V (V (mbox foreach Rulecc) (Descendant(Selector; Rule))

We use the elaborate order N formulas to compute the complex order N condition of
arule. Let %1, R, ... R, be the rules such that there is an edge from R; to R. The
complex order N condition of R is computed as follows:

Comp_Condition(R; N) =

Descendant(Elaborate_Formula(R <+ Ry; N)) V
Descendant(Elaborate_Formula(R «— Ra; N)) V...V
Descendant(Elaborate_Formula(R «— Rp; N))

We use the complex order N condition of R to compute the complex order N postcon-
dition of R (R is specified as at paragraph 7.2):

Comp_Postcondition(R; N) = Comp_Condition(R; N)A(Yo.li = Z1)A (Yoo =
Zz) VANAN (Yolk = Zk)

The satisfiability of Elaborate_Formula(R <« R’; N) is not meaningful, but the
satisfiability of Descendant(Elaborate_Formula(R < R'; N)) is meaningful: this
logic formula expresses a necessary condition, which the database state has to satisfy,
at the moment of the evaluation of the condition of R, when R is triggered by R, and if
the condition of R is satisfiable. The logic formula Descendant(Elaborate_Formula
(R <« R';N)) takes into account the information about the complex order (N — 1)
path of R’. In the same way, the satisfiability of Comp_Condition(R; N') is meaning-
ful. (Note that the satisfiability of Comp_Postcondition(R; N) is not meaningful).

We can compute more and more precise complex conditions, using the previously
computed complex postconditions. Notice that the complex order N condition of R
takes into account the complex order NV path of R.
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Example. Let us consider our motivating example. We set the descendant depth to 1.
We have

Comp_Postcondition(Ra; 2) =

(Ag.rate = 4) A(Az.type = stocks_account) A

(As.capacity = 6000) A(Asq.overdraft = 20)

Let us compute Elaborate_Formula(Ry < Rg;3) :
Elaborate_Formula(Ry < Rg;3) =

(A;.rate=8) A (A1 = A2) A (Ag.rate = 4)A

(As.type = stocks_account) A(As.capacity= 6000) A (Az.overdraft = 20)
Descendant(Elaborate_Formula(Ry < R2;3)) =

(A;.rate= 8) A (A1 = Az) A ((Ag.rate=4)V

((Ag = A3) A (Ag.rate= 4) A (As.type = stocks_account))V

((Ag = Ay) N (Ay.rate= 8) A (Ay.type = standard_account))A

(As.type = stocks_account) A (Aq.capacity= 6000) A (As.overdraft= 20)

= (A;.rate= 8) A (A;.type = standard_account))A
(A .type = stocks_account) A (A;.capacity= 6000)A
(A;. overdraft = 20) = FALSE

So, we have:
Comp_Condition(Ry;3) =
Descendant(Elaborate_Formula(Ry < Rg; 3)) = FALSE

8 Termination Algorithm

We can now sketch our termination algorithm. This algorithm is executed at compile-
time. The designer sets a time limit for termination static analysis (beyond the time
limit, the algorithm is stopped), and the descendant depth.

(Initialisation)
G = initial triggering graph
REPEAT
remove from G the rules without incoming edge
remove from G the edges without origin node
UNTIL (no rule is removed from )
(Iterative computation of complex order N conditions)
N=2
REPEAT
FOR each rule R of G
compute Comp_Condition(R ; N)
IF Comp_Condition(R; N) = FALSE
THEN BEGIN
remove R from G
REPEAT
remove from G the rules without incoming edge
remove from G the edges without origin node
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UNTIL (no rule is removed from G)

ENDIF
ENDFOR
N=N+1

UNTIL (time limit is reached) OR (termination is detected)

Termination is detected when G contains no more rule. When the algorithm is
stopped by the time limit, termination is not detected.
The complex order N conditions are simplified as follows:

— The complex order N conditions are rewritten using the disjunctive normal form.

— The satisfiability of a conjunction of atoms/negated atoms is analysed by means
of a satisfiability algorithm [19, 25, 26, 27]. The choice of the satisfiability algo-
rithm depends on the first-order language used to specify the atoms. When a con-
junction of atoms/negated atoms is detected as not satisfiable, this conjunction of
atoms/negated atoms is replaced by FALSE.

— When a rule R has been removed from G, the descendants of selectors due to
R : Descendant(Selector; R) (for any selector Selector), and the descendants of
elaborate triggering formulas: Descendant(Elaborate_Formula(R' «— R;k))
(for any rule R’ and for 2 < k < N), included in Comp_Condition(Rule; N)
(for any rule Rule), are set to FALSE.

The complex order N condition of a rule takes into account information about the com-
plex order IV path of the rule. The number N is called the termination analysis depth.
For a defined time limit, the termination analysis depth which can be reached depends
on:

— the number of rules;

— the complexity of the triggering graph, that is the number of rules which can trigger
arule;

— the number of primitive conditions of the rules;

— the complexity of the primitive conditions;

— the number of selectors included in rules actions;

— the number of rules-dependent selectors included in rules conditions and actions;

— the number of rules actions which can update the same attribute;

— the descendant depth;

— the satisfiability of the descendants at each intermediate analysis depth.

The RTG Method [21, 28] corresponds to a termination analysis depth equal to 2 and a
descendant depth equal to 0. The Path Removing Technique [23] corresponds to a termi-
nation analysis depth equal to the length of the cycles, and a descendant depth equal to
0, and the Cycle Unrolling Technique [24] corresponds to a termination analysis depth
equal to a multiple of the length of the cycles, and a descendant depth equal to 0. Note
that, beside the fact that our algorithm can include rules-dependent selectors in trig-
gering formulas, our algorithm takes into account rules paths which are not necessarily
included in cycles, while the RTG Method [21, 28], the Path Removing Technique [23]
and the Cycle Unrolling [24] only take into account rules paths included in cycles.
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Example. Let us analyse the termination of our motivating example. We set the de-
scendant depth to 1.

The termination analysis depth equal to 2 gives the following results:
Comp_Condition(Rz;2) =
(Ag.rate= 4) A (Ag.type = stocks_account) A (As.capacity= 6000)
Comp_Condition(R1;2) =
(A;.rate= 8) A (A;.type = standard_account) A (A;.overdraft= 20)
Comp_Condition(R3;2) =
((Az.rate=8) V (As.rate= 4)) A (As.type = stocks_account) A (As.capacity= 6000)
Comp_Condition(Ry4;2) =
((Ag.rate=4) V (Ay.rate= 8)) A (A4.type = standard_account) A (A 4.overdraft= 20)
The termination analysis depth equal to 3 gives the following results:
Comp_Condition(R1; 3)
= Descendant(Elaborate_Formula(Ry < Rz2)) =FALSE
Ry is removed from G.
R5 and R3 are removed from G.
R, is removed from G.

So, termination is guaranteed by our algorithm for the motivating example, with a
termination analysis depth equal to 3 and a descendant depth equal to 1. Note that no
previous termination algorithm is able to give this result (see paragraph 4.2). Extension
to the Relational Model. The RTG method has been proposed for the object oriented
model, and we have also presented our improvement for the object oriented model. But
it is possible to fit the RTG method and our improvement of the RTG method to the
relational model. We give an intuition of this extension using a small (and informal)
example. We use a relational table CLIENT, and we informally define two rules.

RuleR;:

FEwvent: update of the attribute type for some clients (the set Set;1 of the concerned
clients is transferred to the Condition part), Condition: selection of the clients of the
set Set11, whose loan rate is greater than 10, (the set Set;2 of the selected clients is
transferred to the Action part), Action: update of the attribute bonus for the clients of
the set Setq2.

RuleRs:

FEwvent: update of the attribute bonus for some clients, (the set Set,1 of the concerned
clients is transferred to the Condition part), Condition: selection of the clients of the set
Seto1, whose loan rate is less than 5, (the set Seto2 of the selected clients is transferred
to the Action part) Action: update of the attribute type for the clients of the set Set 22.

We can build a formula, concerning the triggering of the rule R o by the rule R;.
We first observe that we can unify a client concerned by the action of R and a client
concerned by the event of R 5. Informally, the formula can be expressed as follows: ’the
loan rate of the client is greater than 10 and the loan rate of the client is less than 5",
that is: (CLIENT.rate > 10)(AN(CLIENT.rate < 5). This formula is similar to a
triggering formula.

9 Conclusion

We have presented a significant improvement of the Refined Triggering Graph Method
[21, 28]. We have introduced the notions of:
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— complex path of a rule: this entity includes all the elementary paths having a given
rule as last node;

— rules-independent triggering formula of a complex path: this logic formula captures
the rules-independent atoms included in postconditions of a complex path;

— descendant of a selector due to a rule: this logic formula expresses the transforma-
tion of an object, which satisfies the selector, due to a rule action;

— descendant of a triggering formula: this logic formula expresses the possible trans-
formations of objects which satisfy the triggering formula, due to the rules actions;

— complex condition of a rule: this logic formula takes into account the descendants
of triggering formulas concerning the rule;

— elaborate triggering formula: this logic formula captures the triggering link be-
tween two rules taking into account the complex postcondition of the triggering
rule.

Our algorithm can include in triggering formulas rules-dependent atoms. This is impos-
sible for the Refined Triggering Graph Method [21, 28], the Path Removing Technique
[23], the Cycle Unrolling Technique [24]. Thanks to our improvement, many more ter-
mination situations can so be detected, since the RTG Method, improved the Path Re-
moving Technique and the Cycle Unrolling, is a special case of our algorithm, where
the descendant depth is equal to O.

In the future, we will develop heuristics to choose the descendant depth, according
to the type of the rules and to type of the triggering graph.
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Abstract Constraints are a class of business rules that many organisations im-
plement in their information systems. However, it is common that many imple-
mented constraints do not get documented. This has led researchers to consider
how to recover constraints from implementations. In this paper, we consider the
problem of how to analyse the set of constraints extracted from legacy systems.
More specifically, we introduce an algorithm for determining which constraints
are related according to some criteria. Since constraints are typically fragmented
during their implementation, the ability to determine a set of related constraints
is useful and important to the comprehension of extracted constraints.

Keywords: Reverse Engineering, Constraint Business Rule, Constraint Analysis.

1 Introduction

Constraints are a class of business rules that describe the conditions under which an
organisation operates [[12119]], and they are typically enforced in information systems
by managing and constraining the behavioural elements, such as events and meth-
ods, so that undesirable manipulation of business objects will not occur. Unfortunately,
while most information systems implement constraints, few document them accurately
[L8U19/13[17]. This makes it difficult for an organisation to understand the set of con-
straints it actually enforces and to evolve them effectively in response to business
changes.

To help the situation, researchers have considered how to develop techniques to
support the extraction of constraints buried in source code [[7I5J13)17]]. While these
techniques are useful in identifying constraints from physical implementations, they
are rather limited in what they can do to help users understand the extracted constraints.
Most existing systems simply present the constraints as extracted and do not support
their analysis. This is not satisfactory for two reasons:

— Constraints are typically fragmented when implemented. As a result, semantically
related constraints may not be extracted in a collective manner. Thus, it is important
that we analyse the extracted constraints, so that the “broken" links among the
related constraints may be recovered.

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 134-[149] 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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— Extracted constraints may be used by different user groups for different purposes.
Data analysts may want to know which constraints are responsible for the value
assumed by a specific business object, whereas system maintainers may want to
understand whether there exists a conflict among the constraints implemented in
the system. It is desirable, therefore, that we can analyse the extracted constraints
for various properties.

Consider the following example. Suppose that we have the following two constraints
that are used by a mobile phone service promoter:

BR1 The company offers 2 categories of free-talk time:
300 minutes and 600 minutes.

BR2 Only Vodafone customers are entitled
to 600 free-talk time.

Clearly, if we wish to understand why in the company’s customer database, every cus-
tomer is offered some free-talk time, but only Vodafone customers are given 600 min-
utes, then the above two constraints (or business rules) must be interpreted and under-
stood together.

In this paper, we consider the problem of how to analyse the set of extracted con-
straints to determine which ones are related with respect to some criteria. We present an
algorithm for analysing the constraints expressed in BRL, a meta-level language that
we have proposed to represent the extracted constraints [9]]. Our algorithm supports the
derivation of related constraints for a given set of business objects, and allows some
implicit constraints to be derived as part of the process. The proposed algorithm has a
polynomial complexity, and can therefore scale to non-trivial applications.

The paper is organised as follows. In Section 2, we review the related work in con-
straint representation and analysis, and briefly explain how constraints are expressed in
BRL. Section 3 discusses what we mean by related constraints. An algorithm is given
in Section 4 for analysing constraints expressed in BR L and for determining the related
ones. In Section 5, we give a complete example to show how the proposed algorithm
works. Conclusions are given in Section 6.

2 Representation and Analysis of Constraints

One important factor that affects constraint analysis is the language in which constraints
are represented. Most constraint languages proposed in the literature represent con-
straints at the instance level [1J21J16J20/14]. These languages are typically based on
First Order Logic (FOL), and specify a constraint by stating what the instances of a
class must satisfy. For example, BR2 given in Section 1 may be represented at the in-
stance level in FOL as follows:

Y, y1, yo (service(x) A service_freeTime(z,y1) A freeTime(yi)A
service_network(xz,ya) A network(ys) A (y1 = 600) — (y2 = Vodafone))

The advantage of this type of constraint language is its expressive power [|10]. How-
ever, constraints expressed at the instance level are less intuitive, less readable, and
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difficult to analyse. For example, it is not obvious to see whether the above formula is
about service, network, freeTime or all of them. As another example, consider
the checking of whether the constraint “Minimum number of customers is 100" entails
the constraint “Minimum number of customers is 90". Conceptually, this could be done
by an integer comparison. However, when they are represented at the instance level in
FOL:

x4, ..., z100(customer(x1) A ... A customer(zig0) A (21 /#2) A (21 /23) ... A
(w99 /=100))

Jz1, ..., x90(customer(x1) A ... A customer(zop) A (x1 /=2) A (1 /=3) ... A
(w89 /=00))

a theorem prover must be used to show that the second formula is implied by the first.

The alternative approach is to represent constraints at the meta level [[2J6/15]]. The
idea is based on the observation that since constraints are intended to express the prop-
erties that must be met by every instance of a class, they essentially deal with classes
themselves. Thus, representing constraints at the class or meta level can be more natural.
There exists a large body of work in description logics (DL) that attempts to represent
class properties at the meta-level [4/11]. For example, to express the constraint “every
existing customer subscribes to at least one service from one of the networks: Vodafone,
Orange, one2one and BTcellnet” in Classic [3]], we write the following:

customer C (AND ATLEAST(1, service)
(ALL network
(ONE-OF Vodafone, Orange, one2one, BT cellnet)))

Here, no variables representing the instances are present, hence the expression is easier
to understand. While DLs offer an effective framework for representing concept-based
knowledge, when used to represent the extracted constraints, they suffer from several
limitations. First, since DLs are designed as concept languages, most of them do not
have a sufficient range of constructs to express constraints. For example, BR2 given
earlier is hard to be expressed in most DLs. Second, though most DLs have efficient
procedures for deciding subsumption and satisfiability properties, many constraint anal-
ysis problems encountered in the reverse engineering of constraints cannot be reduced
to subsumption and satisfiability in DLs.

To represent constraints in such a way that they are simple to comprehend and
easy to analyse, we have proposed a language called BRL [[9]. BRL is based on
predicate logic and represents constraints at the meta-level. The basic term used in
BRL is structure, which represents a class of objects in the real world. For example,
service (network, freeTime) is a structure. A structure can be nested, i.e. the
components of a structure can be a structure itself. For example, order (customer,
service (network, freeTime), recommender) is a structure too. Struc-
tures are restricted to be acyclic, that is, a structure can not be the component of it-
self, either directly or indirectly. To refer to the components of a structure in BRL, we
introduce the term path expression. A path expression has the form S1.55 ... .S, -1.5m,



An Algorithm for Determining Related Constraints 137

[Tt

where S1, ..., Sy, (m > 1) are structure names and the dot ““.” stands for the component-
of relationship between the structures appearing on either side of it. .S is called the
source and Sy, the target. For example, order . customer is a path expression which
specifies that customer is a component of order.

Different from a general predicate language [[LI16)21]], BRL does not allow arbi-
trary predicates to be used in constructing atomic formulas. Instead, it provides only
a set of pre-defined predicates to capture the semantics which can realistically be ex-
pected from the reverse engineering of constraints. For example, BR1 given earlier is
represented in BRL as:

ENUMERATE(freeTime, {300,600})

where “ENUMERATE" is one of the pre-defined predicates allowed in BRL. The
usual logic connectives, e.g., A, V,~ and — may be used to express more complex
constraints. For example, to express the constraint

BR3 The company is allowed to provide BTcellnet service
for up to 10000 customers.

we use the following BRL formula
EQU AL(network, btcellnet) — AT M OST (customer, 10000)

The full syntax of BRL is given in Appendix A. For a detailed description of BRL, the
reader is referred to [9].

In the rest of the paper, we will use the following set of constraints to explain our
algorithm. These constraints are assumed to be extracted from a hypothetical applica-
tion used by a mobile phone service promoter (Appendix B describes these constraints
in English).

Example 1. A set of extracted constraints:

Cl. ENUMERATE (network,
{Vodafone, Orange, one2one, Btcellnet})
C2. ENUMERATE (freeTime, {300, 600})
C3. EQUAL(service.freeTime, 600) ->
EQUAL (service.network, Vodafone)
C4. EQUAL(order.service.network, BTcellnet) ->
ATMOST (order.customer, 10000)
C5. ENUMERATE (customer.status,
{current, temporary, historic, written-off})
C6. ATMOST (order.customer, 1, order.recommender)
C7. SUBSUME (customer, recommender)
C8. ATMOST (order.customer, 3, order.service)

All the constraints are defined for the following structure:

order (customer (id, name, status),
service (network, freeTime),
recommender (id, name, status))
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3 Related Constraints

We now explain what we mean by related constraints. Essentially, we are interested in
a set of constraints that are related through shared structure(s), i.e. the constraints that
involve the same structure(s) in their expressions. The ability to identify this type of
related constraints is important in understanding the constraints extracted from legacy
systems. This is because from any non-trivial applications, we can expect a large num-
ber of constraints to be extracted. Thus, it is essential that we are able to comprehend
the extracted constraints selectively. The structure(s) involved in the constraints provide
a plausible “point of focus” for such selective comprehension.

Conceptually, the relationship between a set of structures and a set of constraints
can be illustrated as a Structure-Constraint (S-C) graph. For example, the S-C graph
for Example 1 is shown in Figure 1, where a rectangle vertex stands for a structure and
is labelled with the structure name, a round vertex stands for a constraint and is labelled
with the constraint identifier. There are two types of arc in an S-C graph:

- A structure-structure arc (.S;,S;) represents that structure S; is a component of
structure S;. For example, the arc (service, network) in Figure 1 specifies that
network is a component of service.

— A constraint-structure arc (C';, S;) represents that the structure S, is restricted by
constraint C';. Note that a single constraint may be connected to several structures,
depending on the path expression(s) involved in the constraint. For example, C'5
is connected to both customer and status in Figure 1 because it involves
customer.status in its expression. A constraint-structure arc (C;, S;) is also
marked with a weight to indicate S;’s position in the path expression. For exam-
ple, (Cs, status) and (Cs, customer) in Figure 1 are marked, respectively, with
weights 0 and 1, indicating that status is the target structure and customer
is the next structure (parent of status) in the path expression involved in C's.
The weights marked on constraint-structure arcs may be considered as represent-
ing the strength of constraints on structures: the smaller the weights, the stronger
the relevance.

With an S-C graph, we can define and determine related constraints. Depending on how
many structures are involved and whether their components are to be considered, we
have three types of related constraint. The first type is the simplest and involves a single
structure and does not consider its components. That is, given S;, the set of related
constraints, Rel(S;), are the constraints that are connected to S; with O-weighted arcs.
For example, Rel(customer) = {C4, Cs, C7,Cs} as they are the only constraints that
are connected to customer with 0-weighted arcs. We call the constraints related in
this way the 1-S-1-D related constraints.

The second type generalises the first by extending the relatedness to the structure’s
components. That is, given S; and depth requirement 7, the set of related constraints,
Rel(< S;,n >), are the constraints that are connected to S; with an arc whose weight
is less than n. For example, Rel(< customer,2 >) = {C4,Cs,Cq,C7,Cs, } since
they are the ones that are connected to customer with either 0- or 1-weighted arcs.
We call the constraints related in this way the 1-S-n-D related constraints.
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| recommender |
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Figure 1. The S-C Graph for Example 1

The third type is a generalisation of the second by allowing multiple structures
to be considered. Given Sy,..., 5, and a set of corresponding depth requirements,
the set of related constraints, Rel(< S1,k1 >,...,< Sp,kn, >), is the intersection
of Rel(< Sy,n1 >),...,Rel(< Sk,ny >). For example, Rel(< customer,2 >, <
service,2 >) = Rel(< customer,2 >) N Rel(< service,2 >) =
{C4,C5,C4,C7,Cs, } N {C5,Cy,Cs} = {C4,Cs}. We call the constraints related in
this way the n-S-n-D related constraints.

>From the above definitions it can be seen that the task of determining a set of
related constraints is equivalent to the traversing of the corresponding S-C graph for
a subgraph that contains the relevant constraint vertices. In the following section, we
introduce an algorithm to perform this task.

4 An Algorithm for Determining Related Constraints

We assume that the extracted constraints are already expressed in BRL, and the S-C
graph for the constraints and associated structures has already been constructed.[] Our
proposed algorithm consists of 3 steps. The first step normalises the S-C graph, the
second step identifies the related constraints for a given criteria from the normalised
S-C graph, and the last step derives additional related constraints by performing some
logical deductions over the S-C graph.

! Constructing an S-C graph for a given set of constraints and structures is straightforward.
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4.1 Normalising S-C Graph

The purpose of this step is to complete the original S-C graph, constructed from the
set of constraints and structures extracted from legacy systems, with some “missing”
constraint-structure arcs. This is necessary because in the original S-C graph, it is pos-
sible that a constraint that is related to a structure may not actually be connected to that
structure. For example, according to Figure 1, Rel(< order,2 >) = {C4,Cs,Cs}.
This is incomplete as C7 is also related to Rel(< order,2 >). The reason for
(C7, order) to be missing from the original S-C graph is that C'7 is expressed in terms
of recommender and customer, and their parent structure (order) is not explic-
itly named in the path expression. The algorithm given below is used to normalise the
original S-C graph, so that a constraint is always connected to the structure if it is related
to that structure.

Algorithm 1. NORMALIZATION(G)

1. For every constraint-structure arc (e — (C,S)) € G

2. If S is the source of a path expression in C

k «+— WEIGHT (e)

k—k+1

P «— Find the parent structures of S

For every S’ € P
Add an arc (C, S") to G with weight k
S «— S'; return to step 4

Endfor

10.  Endif

11. Endfor

12. Return G

OGNSR W

For each constraint C, the algorithm looks for the source structure .S of each path ex-
pression in C' and assigns the weight of (C,S) to k. If S has parent structures, we
connect C to those structures and mark the arcs with weight & + 1. This process is re-
cursively performed until no parent structure can be found. For example, consider C 5
in Figure 1. The source of its path expression customer . statusis customer and
the weight of (C, customer) is 1. Since order is the parent structure of customer,
we add arc (C's, order) with weight 2 to the S-C graph. The normalised S-C graph for
Example 1 is shown in Figure 2.

4.2 Identifying Related Constraints

This step of the algorithm is to traverse the normalised S-C graph to identify a subgraph
which includes only the relevant structure(s) and constraints. Since the last step of our
algorithm has extended the original S-C graph with all the missing constraint-structure
arcs, looking for the related constraints for given structure(s) becomes straightforward.
The following algorithm shows how 1-S-n-D related constraints are identified. The in-
put of the algorithm is a normalised S-C graph G and a pair < S, n >, the output is a
subgraph G; which includes related constraints for < S, n >.
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Figure 2. The Normalised S-C Graph for Example 1

Algorithm 2. IDENTIFICATION (G, < S,n >,G1)

2. CS « Find a set of constraint-structure arcs through which S
/ is connected to a constraint
3. Forevery (e — (C,S)) e CS
4. IfWEIGHT(e) < n
5. Gy —Gi U {C} U {6}
6. EndIf
7. EndFor
8. Return G4

The following example illustrates how Rel(< order,2 >) is computed using the
algorithm. We shade a vertex and dash an arc to indicate that they are included in the
subgraph. The algorithm first locates vertex order in the S-C graph shown in Figure 2
and marks it. Then the algorithm looks for constraints that are connected to order
and they are C, Cs, Cs, Cy, C5, Cg, C7, Cs. Among them, only C'y, Cg, C7 and Cyg are
connected to order with arcs whose weights are less than 2, so we mark them and
the corresponding arcs. Figure 3 shows the result of performing IDENTIFICATION for
Rel(< order,2 >).

The above algorithm directly applies to 1-S-1-D related constraints too. For n-S-
n-D related constraints we can execute the above algorithm for n times, one for each
structure, and then intersect the results.

4.3 Deducing Implicit Constraints

The set of related constraints derived by the previous steps of our algorithm may not be
complete in a sense that there might be some other constraints which are not explicitly
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Figure 3. The Related Constraints for < order,2 >

available in the S-C graph, but are deducible from the ones present in the graph. For
example, from C; and Cs, it is possible to deduce the following:

AT MOST (order.recommender, 3, order.service)

which is clearly a member of Rel(< order,2 >). We argue that including implicit
constraints in the computation of related constraints is beneficial. This is because while
these implicit constraints may be seen as completely redundant from implementation
point of view, they can help users, business users in particular, to comprehend the ex-
tracted constraints as a whole.

This third step of our algorithm is responsible for deducing the constraints that are
implied by the known ones. What can be deduced depends on the type of constraint
and the available axioms. For the constraints expressible in BR L, we have introduced
14 axioms (see Appendix C). For example, the above constraint is derived by using
Axiom 13. We classify these axioms into two categories: transitivity axioms, e.g. Ax-
iom 2, which express the transitivity property of constraints, and inheritance axioms,
e.g. Axiom 7, which express the fact that a structure inherits the constraints related
to its super structures. These two groups of axioms need to be handled differently in
deduction, though each individual axiom in the same group is handled similarly. We
therefore need two algorithms: TRANSITIVITY for handling transitivity axioms and
INHERITANCE for inheritance axioms.

In the following, we will give one algorithm, as an example, to show how to derive
the constraints that are implicitly related to given structure(s) using Axiom 2. Algo-
rithms used for handling other axioms are of the similar flavour, but will not be given
here due to space limitation. One way to carry out the task is to apply the axioms to
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all extracted constraints first and then use the algorithm IDENTIFICATION to deter-
mine which deduced constraints are actually relevant. However, this approach can be
time-consuming because the set of constraints that might be deduced can be large. Our
algorithms do not generate all the implicit constraints, but compute the ones that are
relevant to the concerned structure(s) only. This is explained in the following algorithm
for handling Axiom 2:

Algorithm 3. SUBSUME(G, G1 = Rel(< S,n >))
1. For every constraint vertex C, € G1
IfCyisa SUBSUM E(Py, Py) constraint
S1 < SUBSUMING(S, n, P2, G)
Sy «— SUBSUMED(S, n, P;,G)
G4 «— LCOMPOSE(S, S1)
G3 «— RCOMPOSE(S, S2)
EndIf
G1 — G1 U G2 U Gg
9. EndFor
10. Return G4

o N RAWDN

The input to the algorithm is a normalised S-C graph G and a set of related constraints
G1 = Rel(< S,n >) which is derived by the IDENTIFICATION step. The out-
put of the algorithm is G1 augmented with the deduced constraint vertices and cor-
responding arcs. The algorithm works as follows. For every C'; € G; of the form
SUBSUME(Py, P,), the algorithm derives two sets of path expressions, S and So,
using the SUBSUMING and SUBSUMED functions respectively. S contains the path
expressions that transitively subsume Py and S5 contains the path expressions that are
transitively subsumed by P;. It is necessary to create these two sets of path expressions
because the structure (S) to which the deduced constraints must relate may appear in
P, P or both, and we must consider the two cases separately. Note the difference be-
tween a conventional transitive closure derivation and the one we described here. As
we must consider the relevant structures involved in the constraints, our process is more
complicated. The use of .S in the SUBSUMING and SUBSUMED functions is to ensure
that the constraints derived using Axiom 2 are always related to S. Once S; and S9 are
obtained, G; is augmented new constraints vertices and corresponding arcs composed
with LCOMPOSE and RCOMPOSE functions.

4.4 Time Complexity of the Algorithm

In this section, we analyse the time complexity of the proposed algorithm. The size of
input, i.e., the S-C graph, is characterised by the following

n1 — the number of structure vertices
no — the number of constraint vertices

The overall cost of the proposed algorithm is polynomial. The cost is divided into three
parts, each of which is associated with each step of the algorithm. We show the cost in
Table 1
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Table 1. Time Complexity

Step Time Cost
NORMALIZATION O(n1 *n2)
IDENTIFICATION|1-S-1-D, 1-S-n-D|O(n1 + n1 * n2)
n-S-n-D O(n * (n1 +mn1 xn2 +n3))
DEDUCTION __ |1-S-1-D, 1-S-n-D|O(ny # n3)
n-S-n-D O(n * (n1 *nj +n3))

To normalise an S-C graph, the main effort is to add missing constraint-structure
arcs to an S-C graph. Since the maximum number of constraint-structure arcs is made
by pairing every structure vertex with every constraint vertex, we can at most add n 1 *
no number of constraint-structure arcs to the S-C graph. Thus, the worst case for the
algorithm NOAMALIZATION to execute is O(ny * ng).

To identify 1-S-n-D related constraints, we need a maximum of n ; steps to locate
the concerned structure in the normalised S-C graph, and maximal n; * ny steps to
determine if a constraint is connected to the structure or not. Thus the worst case for
IDENTIFICATION to execute is O(n; + nl * ns). This result applies to identifying 1-
S-1-D related constraints as well. To identify n-S-n-D related constraints, however, we
need an extra O(n * (n3)) effort to find the intersection of n sets of related constraints.

To compute implicit constraints using the transitivity axioms for 1-S-n-D problems,
we need a maximum of (n; * n3) steps to construct a transitive closure of path expres-
sions for every single constraint in Rel(< S;,n >). So the worst case is (n1 * nj),
which happens when Rel(< S;,n >) has ny number of constraints. We have not given
algorithms for deriving implicit constraints using the inheritance axioms or involving
n-S-n-D problems due to space limitation, but their complexity is also polynomial [[8].

5 An Example

We have implemented the algorithm in Prolog. In this section, we show how Example 1
given in Section 3 is executed by our implementation. The construction of the S-C graph
is straightforward. Structure vertices are represented as a set of structure(S) facts. For
example,

structure (order)

expresses that order is a structure. The arcs connecting the structures are represented
as a set of composite(S, L) facts. For example,

composite (order, [customer, service, recommender])

expresses that order has customer, service and recommender as compo-
nents. The set of extracted constraints are represented in the form of

constraint(ID, cons_expr)
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where ID is the constraint identifier, and cons_expr is the clausal form of the con-
straint expression in BR L. For example, constraint C's is represented in our program as
follows:

constraint (C3, [neg(equal, [service,freeTime], 600),
pos (equal, [service,network], vodafone)])

The constraint-structure arcs are expressed as a set of C'S(C, S, weight) facts. For ex-
ample, the arcs connecting C's to the three structures are expressed as the following
facts:

CS(C3, service,1l)
Cs(C3, freeTime, 0)
CS (C3, network, 0)

S-C Graph Normalization. The first step of our algorithm is to add the missing
constraint-structure arcs to the S-C graph. Given the S-C graph for Example 1, the
execution of

?- normalization.
asserts the following facts into the system:

(Cl1, service, 1)

(C1, order, 2)

(C2, service, 1)
CS(C2, order, 2)

(C3, order, 2)

(C5, order, 2)

(C7, order, 1)
Identifying Related Constraints. According to the type of related constraint requested
by the user, the system will return the corresponding set of constraints. In the following,
we show the results for 3 requests. The first asks for Rel(network), a set of 1-S-1-D
related constraints. The execution of

?- identification (network, 1, C).

results in the following set of constraints to be returned, which are all connected to
network with O-weighted arcs.

C=constraint (C1l, [pos (enumerate, [order, service,network],
[vodafone, orange,one2one,btcellnet])])
C=constraint (C3, [neg(equal, [order, service, talkTime],600),
pos (equal, [order, service,network] , vodafone)])
C=constraint (C4, [neg(equal, [order, service,network],
btcellnet) ,pos (atmost, [order, customer],10000)])

The second request asks for Rel(< order,2 >), a set of 1-S-n-D related constraints.
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?-identification (order, 2, C).

The constraints identified are those which are connected to order with 0- or 1-weighted
arcs.

c

constraint (C4, [neg(equal, [order, service,network],

btcellnet) ,pos (atmost, [order, customer],10000)])
C = constraint (C6, [pos (atmost, [order, customer], 1,
[order, recommender])])

C = constraint (C7, [pos (subsume, [order, customer],
[order, recommender])])
C = constraint (C8, [pos (atmost, [order, customer], 3,

[order, servicel])])

The third request asks for Rel(< recommender,2 >, < service, 1 >), a set of n-S-n-
D related constraints:

?-identification( [recommender, servicel, [2,1], C).

Since there is no constraint that is connected to both recommender and service,
the system returns nothing.

Deducing Implicit Constraints. This step is to infer the constraints implied by known
ones. The system starts with related constraints computed by the last step, and looks
for implicit constraints for the given structure(s) using the set of axioms given in Ap-
pendix C. For example, the execution of

?-deduction (order, 2, C).

computes the implicit constraints for Rel < order, 2 > and returns nothing because no
constraint can be deduced in this case. The execution of

?-deduction ( [recommender, service], [2,1], C).

on the other hand, derives one additional constraint for Rel(< recommender,2 >, <
service,1 >)

C = constraint (C9, or ([pos(atmost, [order, recommender], 3,
[order, servicel)]))

6 Conclusion and Future Work

In this paper we have described an algorithm for determining the set of constraints that
are related to each other with respect to a given class or classes of business objects.
We assume that the constraints are extracted from legacy systems, and our method is to
represent such constraints in a meta-level predicate language, and to derive the related
constraints by a mixture of logical deduction and path expression manipulation. We
have also shown that the proposed algorithm has a polynomial time complexity, and
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thus it can be expected to scale to constraints extracted from non-trivial applications.
The analysis technique we proposed here can help users to understand the extracted
constraints selectively by localising the constraints of interests.

While the paper is focused on the analysis of the relatedness property for con-
straints, it is possible to analyse other properties too. For example, we may wish to
determine whether there exists a conflict among the constraints. We plan to investigate
other forms of analysis in the future. We will also test the algorithm on the constraints
extracted from real-world applications.
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Appendix A BRL Grammar

< cons_expr > 1= <cons_expr >\ <cons_expr > | <cons_expr >V <cons_expr > |
- < cons_expr > | < cons_expr >—< cons_expr > |
Vo < cons_expr > |3z < cons_expr > |
TY PEOF (< path_expr >, < built_in >) |
ENUMERATE(< path_expr >,{< Object > [, < Object >]*}) |
GREATHRAN (< path_expr >, < arith_expr >) |
EQUAL(< path_expr >, < arith_expr >) |
SUBSUM E(< path_expr >, < path_expr >) |
DISJOINT (< path_expr >, < path_expr >) |
ONEOF (< path_expr >,{< path_expr > [, < path_expr >]*}) |
ATMOST (< path_expr >, < positive_integer >) |
ATLEAST(< path_expr >, < positive_integer >) |
ATLEAST (< path_expr >, < positive_integer >, < path_expr >)|
ATMOST (< path_expr >, < positive_integer >, < path_expr >)
< arith_expr > := < path_expr > | < object > |sum(< path_expr >) |
count(< path_expr >)|ave((< path_expr >)|maz((< path_expr >)|
min(< path_expr >)| < arith_expr > + < arith_expr > |
< arith_expr > — < arith_expr > | < arith_expr >
*x < arith_expr > | < arith_expr > |/ < arith_expr >

< path_expr > == < structure > [. < structure >] %

< built_in > = real | integer | boolean | string | char
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< structure > 1= < symbol >

< object >

< symbol >

Appendix B Constraints in English (for Example 1)

Cl. The company uses the following networks: Vodafone,
Orange, one2one and BTcellnet.

C2. The company offers 2 categories of free talk:
300 minutes and 600 minutes.

C3. Only Vodafone customers are entitled to 600 minutes
free talk.

C4. The company is allowed to provide BTcellnet service
to up to 10000 customers.

C5. The status of a customer is one of following:
current, temporary, historic or written-off.

Cé6. Every customer has no more than one recommender.

C7. A recommender must be an existing customer.

C8. Every customer can subscribe to at most 3 services.

Appendix C: Axioms for Deriving Implicit Constraints

Axiom 1 ONEOF(P,{P,...,Pn})
= SUBSUME(P, P\) A ... A SUBSUME(P, Py,)

Axiom 2 SUBSUME(Py, P,) A SUBSUME(Py, Ps) = SUBSUME(Py, Ps)
Axiom 3 ATLMOST(Py,n, P2) N ATMOST(Py, m, Ps)= ATMOST (P, n + m, Ps)
Axiom4 EQUAL(Py, P2) N EQUAL(P,, Ps) = EQUAL(Py, Ps)
Axiom5 GREATHAN(Py, Py) AGREATHAN Py, Ps) = GREATHAN (Py, Ps)
Axiom 6 GREATHAN(Py, P;) A EQUAL(Py, Ps) = GREATHAN (Py, Ps)
Axiom7 SUBSUME(Ps, P\) AENUMERATE(Py,{O1,...0m}) =

ENUMERATE(Py,{O1,...,0m})
Axiom8 SUBSUME(Py, Py) AGREATHAN (Py, A) = GREATHAN (P, A)
Axiom 9 SUBSUME(P,, Pi) A EQUAL(P, A) = EQUAL(Py, A)
Axiom 10 SUBSUME(P,, P,) NTY PEOF (Py,b) = TY PEOF (Py, b)
Axiom 11 SUBSUME(Py, Pi) AN ATMOST (P, m) = ATMOST(Ps, m)
Axiom 12 SUBSUME(Py, P,) N ATLEAST (P2, n, Ps) = ALTEAST(Py,n, Ps)
Axiom 13 SUBSUME(Py, Pi) AN ATMOST(Py,m, Ps) = ATMOST(Py,m, Ps)
Axiom 14 SUBSUME(P,, P\) AN DISJOINT (Ps, Ps) = DISJOINT (P, P3)
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Abstract Finding relevant information using search engines that index large por-
tions of the World-Wide Web is often a frustrating task. Due to the diversity of
the information available, those search engines will have to rely on techniques,
developed in the field of information retrieval (IR).

‘When focusing on more limited domains of the Internet, large collections of doc-
uments can be found, having a highly structured and multimedia character. Fur-
thermore, it can be assumed that the content is more related. This allows more
precise and advanced query formulation techniques to be used for the Web, as
commonly used within a database environment. The Webspace Method focuses
on such document collections, and offers an approach for modelling and search-
ing large collections of documents, based on a conceptual schema.

The main focus in this article is the evaluation of a retrieval performance exper-
iment, carried out to examine the advances of the webspace search engine, com-
pared to a standard search engine using a widely accepted IR model. A major
improvement in retrieval performance, measured in terms of recall and precision,
up to a factor two, can be achieved when searching document collections, using
the Webspace Method.

1 Introduction

Over time the Internet has grown into an ever more tangled resource of information.
The state-of-the-art means for finding information are text-based search engines like
Alta-Vista and Google, hierarchical indexes and directories like Yahoo!. These search
engines have to base their tools solely on information retrieval techniques, due to the
unstructured nature of the Internet. The diversity, irregularity, and incompleteness of
the data involved, make it impossible to use database technology at this global level.
Besides that the data has the tendency to change rapidly over time.

However, when focusing on smaller domains of the WWW, database techniques
can be invoked successfully to enhance the precision of the search process. On such
domains, large collections of documents can be found, containing related information.
Although the conditions are better, one still has to deal with the semi-structured and
multimedia character of the data involved. The Webspace Method [|13] focuses on such
domains, like Intranets, digital libraries, and large web-sites.

The goal of the Webspace Method is to provide sophisticated search facilities for
web-based document collections, using existing database techniques. To achieve this,

B. Eaglestone, S. North, and A. Poulovassilis (Eds.): BNCOD 2002, LNCS 2405, pp. 150-[163] 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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three stages are identified for the Webspace Method. The first stage deals with concep-
tual modelling of web-data. During the second stage, both conceptual and multimedia
meta-data is extracted from the document collection. Finally, in the last stage, the Web-
space Method introduces a new approach to query a collection of web-based documents.

The key behind the Webspace Method is the introduction of a semantical level,
which provides a conceptual description of the content of a webspace. This semanti-
cal level consist of a collection of concepts, which are defined in an object-oriented
schema. The object-oriented schema is also referred to as the webspace schema. The
second level of the Webspace Method is called the document level. This level is formed
by the web-based document collection. Each document on the document level of a web-
space consists of a view, corresponding to (a part of) the webspace schema, to assure
the relation between the semantical and physical levels of the Webspace Method. The
webspace schema defined during the first stage, is also used to extract the relevant meta-
data during the second stage, and to formulate queries over a webspace. A webspace is
formed by both the semantical and the document level.

Revolutionary within the scope of search engines and query formulation over doc-
ument collections is that the Webspace Method allows a user to integrate (combine) in-
formation stored in several documents in a single query. At this point traditional search
engines, e.g. Alta-Vista and Google, are only capable of querying a single document at
a time. As result, the query will return the requested conceptual information as a view
on the webspace schema, rather than returning a collection of relevant document URLSs.

The main focus of this article forms the retrieval performance experiment. To eval-
uate the retrieval performance of the webspace search engine, and in particular the con-
tribution of conceptual modelling to the retrieval process, a retrieval performance ex-
periment is carried out. It measures the increase in performance of the webspace search
engine, compared to the traditional way of querying a collection of documents, using a
standard search engine. For this purpose, the standard search engine is equipped with
the same IR model for text retrieval as the webspace search engine. A third search en-
gine is also evaluated, which implements a fragmented variant of the webspace search
engine. The motivation for this fragmented variant, along with a discussion of the im-
plementation is given in Section [4l

The evaluation method used for the experiment is related to the TREC test collec-
tion, as described in Section 3.2 The second part of this article describes the experi-
mental setup, which provides insight in the test collection, setup for this experiment. It
is based on the ‘Lonely Planet’” web-site. The original web-site can be found at [l12],
and contains 6500 documents with structured information about destinations all over
the world, divided in regions, countries, and cities. Furthermore, it contains a large col-
lection of postcards, send in by travellers, containing the experiences of those travellers,
while staying at a certain destination.

The results of the experiment show a high increase in retrieval performance, mea-
sured in terms of recall and precision. On average, both webspace search engines per-
form up to a factor two better, than the standard search engine. Furthermore it proves
that the search engines based on the Webspace Method are capable of finding infor-
mation that can not be found by standard search engines, due to the conceptual model
introduced by the Webspace Method.
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Related Work

Modelling data on the web is an ongoing research area, where many research projects
have been positioned. Closely related to our approach is the Araneus project [[10] where
also existing database technology is applied to the WWW. This project is also concerned
with handling both structured and semi-structured documents. The main difference with
our approach is that we aim at combining concept-based search with content-based in-
formation retrieval, to come up with more precise query formulation techniques for data
on the web. Others [13], like in XQuery [4] use the structure of an XML document as
their model. This allows them to search for patterns and structure in the XML data, but
does not allow them to formulate content based (IR) queries. In [[7I8], about XIRQL
and searching text-rich XML documents with relevance ranking, the focus is on XML
and information retrieval. But these approaches do not use a conceptual model, and in-
tegrate the IR model only partially. Of course in the field of information retrieval, and
multimedia databases many sophisticated models are proposed. We do not aim to come
up with better IR techniques, but aim to combine existing IR techniques with concep-
tual modelling, using a database-oriented approach. For those interested in information
retrieval and MM-DBMS, we refer to [[25]6], where these matters are discussed.

Organisation

In the remainder of this article, the ideas behind the Webspace Method are explained
in Section 2l Before discussing the experiment a short discussion of retrieval perfor-
mance evaluation is presented in Section [3|to explain some of the backgrounds of the
experimental setup, presented in Section [4l The results of the retrieval performance
experiment are discussed in Section 5l Finally, we will come to the conclusions in Sec-
tion

2 Ideas behind the Webspace Method

In the introduction we already argued that database techniques cannot be applied
straightforwardly to search for data on the Web, since the Web is not a database [[L1].
Therefore the Webspace Method aims at smaller domains of the Internet, where large
collections of documents can be found containing related information. Such data can
typically be found on large Intranets, web-sites and digital libraries. The Webspace
Method for modelling and querying web-based document collections is developed for
such collections. It combines conceptual search with content-based information re-
trieval to obtain more precise and advance query formulation techniques for web-data.

The Webspace Method consists of three stages: a modelling stage, a data-extraction
stage, and a query stage. The modelling stage is used to define a webspace at both the
semantical and document level. Next, during the indexing stage, meta-data is extracted
from a webspace, and stored into the object server used by the webspace search engine.
Finally, during the query stage, a webspace can be queried using the conceptual schema
(webspace schema), which allows a user to formulate his information needs in terms of
concepts defined in the webspace schema.
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: Postcard I I Fact Image
I [sender "N name title
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Figure 1. Webspace schema for the ‘Lonely Planet’ case-study.

2.1 Modelling a Webspace

For each webspace, it is possible to identify a finite set of concepts, which adequately
describe the content of a webspace at a semantical level [[14]. During the modelling
stage of the Webspace Method, these concepts are modelled in an object-oriented
schema, called the webspace schema. At the document level the content is stored in
XML documents, or in a content DBMS. In either case the representation of the docu-
ment, as presented to the end user, forms a materialised view. To create such a view, it
requires that the author specifies a structure of the document, provides the document’s
content, as well as the default presentation.

Webspace Schema. Each concept defined for a webspace is referred to by a unique
name. Furthermore, each concept should be defined in the webspace schema. Going
towards the test collection used for the retrieval performance experiment, the webspace
schema presented in Figure[Ilis setup to semantically describe the content of the ‘Lonely
Planet’” webspace.

It contains ten class definitions with their attributes and the associations between the
classes. The underlined attributes form the uniques keys of a web-class. The attributes
having their type displayed are of a multimedia class, which realises the integration of
multimedia objects into the conceptual framework The dotted boxes, illustrate how the
information contained in the XML documents at the document level of a webspace are
spread over the different conceptual classes.
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Materialised Views. Each document found on the document level forms a materialised
view on the webspace schema. Thus, the dotted box containing the classes Postcard and
Destination (Figure [I) forms a view on the webspace schema, since it describes only
a part of the schema. All documents that contain information, related to (exactly) this
part of the schema are materialising this view. Other documents might contain different
materialised views, while the collection of materialised views is likely to have some
overlap, as is the case for boxes I and II of Figure 1]

To derive a materialised view from the webspace schema, i.e. an XML-document,
several steps will have to be taken in order to define the structure of the document
explicitly. This procedure is described in more detail in [[14] and implemented by the
webspace modelling tool.

2.2 Indexing a Webspace

During the extraction stage of the Webspace Method the object server needed for query-
ing a webspace is set-up. Depending on the webspace schema and the types of multi-
media used for a webspace, daemons need to be administered in the Daemon Data
Dictionary. A daemon is a program performing a single task on a web object. In gen-
eral, when the object is a multimedia object, the daemon will try to extract relevant
meta-data and store it in the object server. But also for the storage of conceptual objects
daemons are used. A detailed description of the DDD and its role in the extraction stage
is given in [[15].

2.3 Querying a Webspace

The main contribution of the Webspace Method is that it provides a new approach for
querying web-based document collections. The basis for this is formed by the web-
space schema, which allows powerful query formulation techniques, as known within
a database environment, to be invoked on the content of a webspace. The query for-
mulation techniques, implemented by the webspace search engine, allow queries to be
formulated, by using the webspace schema, over the content stored in one or more doc-
uments. Secondly, it allows users to directly extract the relevant parts of one or more
documents as the result of a query, instead of a document’s URL.

The webspace schema developed during the modelling stage of the Webspace
Method is provided to the user, to specify his information need. To allow a user to
formulate these relatively complex queries over a webspace a graphical user interface
(GUI) is used, which guides the user through the query formulation process. The GUI
provides a visualisation of the classes contained in the webspace schema, which is used
to determine the query skeleton. Next, the constraints are formulated, and the user spec-
ifies the information that is returned as the result of the query.

Since the user specifies his information need by selecting concepts from the web-
space schema, it can formulate queries that combine information originally stored in
several documents, i.e. materialised views. Using the overlap between the materialised
views, allows the webspace search engine to find information that can not be found
by search engines that do not rely on a conceptual schema. Crucial for the success of
the Webspace Method is the schema-based approach, but also the integration with the
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Test Collection C

Answer Set A

Relevant Documents in Answer Set Ry
Relevant Docs R

Figure 2. Information request

information retrieval, which allows us to benefit from the existing knowledge in that
area.

3 Retrieval Performance Evaluation

Measuring the response time and usage of space of a system are normally the objectives,
when carrying out a performance evaluation. In information retrieval, other metrics,
besides time and space are of interest. A user’s information need is formulated using
a set of terms, and the result of a query contains inexact answers, where, based on the
assumed relevance of a document, a ranking is produced. Therefore the main objective
of a retrieval performance evaluation in the information retrieval is to measure the
precision of the answer set given a specific query.

3.1 Retrieval Performance Measures

In the information retrieval a retrieval performance experiment is based on a test ref-
erence collection and one or more evaluation measures. The test reference collection
consists of a collection of documents, a set of information requests (queries), and a set
of relevant documents for each information request, provided by specialists.

The performance of a retrieval strategy, implementing a specific IR model, is mea-
sured by calculating the similarity between the set of documents found by the retrieval
strategy, for each information request, and the set of relevant documents of the test
reference collection.

The measures recall and precision are most frequently used, to measure the retrieval
performance of an experiment, evaluating an IR system in batch mode. Figure [2 shows
how these measures can be calculated for a specific information request.

Given an information request I, taken from the test reference collection and the
set of relevant documents R for that specific information request, then | R | refers to
the number documents in this set. Let A be the answer set of documents found by the
retrieval strategy for information request I. Then | A | is the number of documents in
the answer set. Further, let | R,, | be the number of documents in the intersection of the
sets R and A. The measures for recall and precision are then calculated as:
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‘Standard Searéh Engine ——

Figure 3. Precision at 11 standard recall levels

| Ra |
Recall = (D
| R |
o |Ra
Precision = A )

The ‘perfect’ IR system, would both have a recall and precision of 1. Unfortunately
such systems do not exist (yet). Furthermore, basing the retrieval performance solely on
these two measures would neglect the fact that the answer set of a specific information
request is ranked. Retrieval strategies that rank the relevant documents higher should
be rewarded for that. This is normally expressed in a precision versus recall curve. This
curve is calculated by introducing 11 standard recall levels, for which the precision is
calculated. This results in a curve, as shown in Figure B]

To illustrate how the precision curve at 11 standard recall levels of the figure should
be interpreted, consider the following. When the fop 30% of the documents in the an-
swer set is evaluated, the retrieval strategy has a precision of 0.5480. The graph shows
the typical behaviour of IR systems. Increasing the recall of the answer set, will grad-
ually cause a decrease in precision. Interpolation is used to determine the precision at
recall level 0.

Alternatively, the average precision at given document cut-off values can be com-
puted. This approach provides additional information with respect to the retrieval per-
formance of the ranking algorithm. The result is a curve, which shows the average
precision of the retrieval strategy when 5, 10, ..., 100 documents are seen.

The recall-precision curves explained in this section are usually not computed over
a single query, but over the entire set of information requests. This provides a good
estimate of the overall performance of a retrieval strategy. In [12] it is pointed out that it
is equally important to investigate the behaviour of a retrieval strategy for the individual
queries.

Two reasons are brought up. First, the average precision might disguise important
anomalies of the retrieval strategy. Second, when two retrieval strategies are compared
it is interesting to see whether one of them outperforms the other for each query. In
literature evaluation measures that provide this kind of information are referred to as
single value summaries.
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Figure 4. R-precision histogram, comparing the retrieval strategies A and B

The average R-precision is an example of such a measure. A single value of the
ranking is computed by taking the precision at the R-th position in the ranking, where
R is the total number of relevant documents for the current query. These measures can
be plotted in R-precision histograms using the following rule to compare the retrieval
history of the retrieval strategies A and B. Let RP 4(i) and RP (i) be the R-precision
values of the corresponding retrieval strategies for the ¢-th query. The difference be-
tween these strategies is then simply calculated as:

RP 4/p(i) = RP (i) — RPp(i) 3)

An example R-precision histogram is given in figure B] A positive precision means
that strategy A outperformed strategy B and vice versa if the precision is negative.

Other measures which are used to emphasis certain aspects of the retrieval perfor-
mance evaluation are discussed in [215]].

3.2 Text REtrieval Conference

The Text REtrieval Conference, or shortly TREC, is an initiative of the National Insti-
tute of Standards and Technology (NIST) and the Information Technology Office of the
Defense Advanced Research Projects Agency (DARPA). The goal of the conference is
‘to encourage research in information retrieval from large text applications by provid-
ing a large test collection, uniform scoring procedures, and a forum for organisations
interested in comparing their results’.

The ad-hoc task of the TREC test reference collection uses the following four basic
types of evaluation measures: (1) summary table statistics, (2) recall-precision aver-
ages, (3) document level averages, and (4) average precision histogram

4 Experimental Setup

Evaluation of retrieval strategies for information retrieval used to be a difficult task,
since good benchmarks and large test collections were missing. But today, the TREC
collection among others, provides good experimental platforms for most IR systems.
Unfortunately, the techniques used for the Webspace Method cannot be applied on such
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test collections, due to the requirements of the conceptual model. To evaluate the re-
trieval performance of the Webspace Method a new test collection is built, which satis-
fies the conceptual constraints of the Webspace Method. For this purpose the document
collection originally used for the ‘Lonely Planet’ case-study is used.

4.1 ‘Lonely Planet’ Test Reference Collection

Like the test reference collections described in Section [l the Lonely Planet test ref-
erence collection consists of a collection of documents, a set of information requests
(topics), and a set of relevant documents for each information request, provided by spe-
cialists.

— Document collection. The Lonely Planet document collection consists of approx-
imately 6500 documents, which describe destinations all over the world. For each
destination, several documents exist, containing items like ‘history’, ’culture’, ‘ac-
tivities’, ‘facts’, and much more destination related information. A large subset of
the document collection is formed by the postcard collection. A postcard contains
some information about a destination, which is send in by a traveller, containing
personal experiences with respect to the destination. Furthermore, for nearly every
destination a slideshow is available, containing a series of pictures, which illustrate
the typical characteristics of that destination. To get an impression of the document
collection, please visit the original website, located at
http://www.lonelyplanet.com/.

— Topics. The test collection contains 20 topics (queries) related to the Lonely Planet
document collection. In Table [I]the description of such a topic is given.

Table 1. Description of Topic 5

TOPIC 5:
Search for cultural information about destinations, where the description contains terms
like:"skin colour racism politics church".

Query terms |Stemmed terms
culture skin colour racism politics church |skin colour racism polite church

— Relevance judgements. The relevance judgements, i.e. the set with relevant docu-
ments, for each information request (topic), is determined by a blind review pooling
method. For each topic, the set of documents found by the different search engines
were collected and mixed. Twenty experts were asked to evaluate the (combined)
retrieved document set for each topic.

4.2 Evaluation Measures

The primary evaluation of the experiment is based on the evaluation measures used for
TREC. As discussed in Section [3.2] four classes of evaluation measures are used: (1)
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the summary table statistics, (2) recall-precision averages, (3) document level averages,
and (4) the average precision histogram. In the next section a discussion of the results
of the experiments is given, based on this classification.

4.3 Runs

Last but not least, three runs were carried out on the ‘Lonely Planet’ test collection.
Below a short description of each run (search engine) is given. For each topic, only the
fifteen highest ranked documents were evaluated as the answer set of the search engine
for a given topic. As a result the experts have to examine a set of documents, with the
minimal size of 15 documents, if the three search engine produce the same answer set
for a topic, and a maximum of 45 documents, if the answer sets are completely disjoint.

— Standard search engine. The standard search engine (SSE) is based on the well-
known vector-space model. This model forms the basis for commonly used search
engines on the WWW, like Google and Alta-Vista. Its interface allows a sequence of
query terms to be formulated, which is used to find a ranking of relevant documents.
For each topic, a set of query terms is defined, which represents that topic. The
query terms for Topic 5 are given in Table [T]

— Webspace search engine. The webspace search engine (WSE), is of course based

on the Webspace Method, and uses the webspace schema for formulation of the
queries (topics) over the document collection. The text retrieval component of the
WSE is based on exactly the same vector-space model as used for the standard
search engine.
Instead of indexing the entire document, only the Hypertext-fragments are indexed
by the TextDaemon. The stemmed terms, given in Table [[] are the (stemmed) terms
used by the WSE, to evaluate the relevance of the given Hypertext-objects. To be
able to make a comparison between the search engines, the WSE only returns the
document URLSs containing the relevant information, instead of using the option of
composing user-defined views.

— Fragmented webspace search engine. The fragmented webspace search engine

(FWSE) is a variant of the webspace search engine, which uses a horizontally frag-
mented TextDaemon.
Instead of building one term index for all Hypertext-objects, a separate term index
is built for each conceptual attribute of type Hypertext. For instance, in case of the
webspace schema presented in Figure[l] three different term indexes are built using
the triggers: (1) Postcard.message.Hypertext, (2) Destination.introduction.
Hypertext, and (3) Infoltem.description.Hypertext. The motivation behind the
fragmentation is the following:

a) The Webspace Method introduces a conceptual index, which exploits the se-
mantical structure of a document. Thus the textual descriptions associated with
a concept, will probably also contain semantically different terms.

b) If no fragmentation is used, the less frequently occurring index terms related to
a specific conceptual class and attribute have a relatively low #fidf if the same
terms occur frequently in the Hypertext-objects associated with a different
class and attribute. The fragmentation causes a correction in the #fidf.
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c¢) This correction is only useful, if the query uses more than one query term when
searching Hypertext-fragments, because a difference in the final ranking of the
Hypertext-objects, can only occur if the difference between the idf-values of
the terms, with and without fragmentation is large enough. The more terms are
specified, the more likely it is that a difference in ranking will occur. In [|9]
some tests, also based on the ‘Lonely Planet’ case-study, are described, which
provide detailed information on the implementation issues, and show that there
is actually a change in ranking, when comparing the results of the FWSE with
the WSE.

5 Experimental Results

The evaluation method provides statistics, which to a certain degree, are comparable
with trends obtained from the statistical results from TREC. Below the four basic mea-
sures are discussed.

5.1 Summary table statistics

In Table 2l the summary table statistics for the three runs of the experiment are given.
They provide a first indication of the performance of the different search engines.

Table 2. Summary table statistics

Total number of documents over all queries
SSE WSE FWSE
Answer set (A) 300 287 287
Relevant document set (R) 222 222 222
Relevant doc. in answer set(R,,) 104 187 188

The first row of the table provides information about the size of the answer set
containing the retrieved documents for each of the search engines. The answer set of
the SSE contains the maximum of 300 documents over the 20 given topics, while both
the webspace search engines did not always return 15 relevant documents, due to the
conceptual constraints of the query. This has a positive influence on the precision but
reduces the recall, if the webspace search engines do not find all the relevant documents.

The total number of relevant documents (1), over the entire set of documents, for
all topics is 222. The third row shows the set R, which gives a first indication of
the performance of the search engines. The standard search engine found 104 relevant
documents, where the webspace search engines have found 187 and 188 documents.
This is almost twice the number of relevant documents found by the standard search
engine.
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Figure 5. Interpolated recall-precision curve

5.2 Recall-Precision Averages

The summary table statistics only supply average statistics of a run, due to their set-
based nature. More detailed information on the retrieval performance is normally ex-
pressed in precision versus recall. This also takes into account the evaluation of the
ranking. Figure ] shows the recall-precision curve. This curve computes the average
performance over a set of topics, interpolated over 11 standard recall levels (0.0 to 1.0,
with increments of 0.1). At standard recall level i, it shows the maximum precision of
any recall level greater than or equal to i. The optimal IR system, will have a curve,
equal to a horizontal line, at a precision of 1.

The recall-precision curve of the standard search engine starts at a precision of
0.69 and ends with a precision of 0.05 (see Table [B). Both webspace search engines
start at the optimal precision (1.00), and end with a precision of 0.27, and 0.23. The
resulting curves show that the performance of the search engines that use the Webspace
Method have a much higher performance, than the standard search engine, using the
same IR model. There is only a small increase in performance when the fragmented
IR model is used in combination with the Webspace Method. This small increase in
performance is caused by a better ranking of the relevant documents, rather than that
different documents were found.

The values for the non-interpolated average precision for the three search engines
show that the WSE and the FWSE, with their precisions of 0.7687 and 0.7806, respec-
tively, cause a large improvement in the precision by almost a factor 2. At the same
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Table 3. Precision measures

Recall versus precision

Run |Average Precision|Initial Precision|Precision @ 100|Recall
SSE 0.3389 0.6873 0.0500 0.4684
WSE 0.7687 1.0000 0.2740 0.8423
FWSE 0.7806 1.0000 0.2316 0.8468

time, the average recall of the webspace search engines is also increased by a factor
1.8, compared to the standard search engine. Note that the non-interpolated average
precision measure especially rewards systems, that rank relevant documents at a high
position.

From these measures it is clear that the schema-based approach for querying doc-
ument collections, in combination with the integration with information retrieval, as
introduced by the Webspace Method, is responsible for the increase in retrieval perfor-
mance.

5.3 Document Level Averages

The document level averages provide more insight in the quality of the ranking mech-
anism. Based on pre-determined document cut-off values, the average precision of the
search engine is given after seeing N documents. In Table [ document precision av-
erages are given for all three runs, after retrieving x documents. It reflects the actual
measured retrieval performance, from the user’s point of view. The document preci-
sion average is calculated by summing the precisions at the specified document cut-off
value, divided by the number of topics (20). Again the precision of the webspace search
engines is much better than for the standard search engine. The table also shows that
the ranking computed by the FWSE is better than for the WSE.

Table 4. Document level averages

Results of the standard evaluation method
SSE | WSE |[FWSE
At 5docs |0.4400{0.8200{0.8500
At 10 docs |0.3650{0.6950{0.7100
At 15 docs |0.3476|0.6233|0.6267
R-precision|0.3686|0.7363|0.7419

The R-precision is the precision after R documents have been retrieved. In this case
R equals the number of relevant documents. It de-emphasises the effect of the ranking
of a run. It shows that the R-precision for both webspace search engines is 0.74.

5.4 Average Precision Histogram

The average precision histogram of Figure |6 shows the average non-interpolated pre-
cision for each of the three runs per topic. This measure gives a good indication of
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Figure 6. Average precision histogram

the performance of a run on specific topics. The measured precisions for the topics 1,
3,5,7,8,9, 11, 12, 13, 15, 17, 19, and 20 show a huge increase in retrieval perfor-
mance, when the topic is evaluated using the Webspace Method. In some cases, where
the standard search engine performed really poorly, this was caused by the conceptual
constraints, as is the case for Topic 15: ‘Find postcards, send from destinations within
North East Asia containing information about ‘taxi shuttles airport or public trans-
portation’.’. The constraint ‘destinations within North East Asia’ cannot be handled by
normal search engines.

Only on Topic 16 the standard search engine performed better than the webspace
search engines. While the performance of the search engines was nearly the same for
topics 2, 4, 10, and 18.

When comparing both webspace search engines, it turns out that the performance
of the FWSE is the same, or slightly better for most queries than the WSE, with the
exception of topics 12, 14, 15, and 17. While for topics 2, 3, 6, 8, and 18 the ranking
produced by the FWSE is clearly better than the one produced by the WSE.

6 Conclusions

The results of the retrieval performance experiment show a huge increase in perfor-
mance, when searching for documents, using the Webspace Method. Although the setup
and results of the experiment are good and reliable, more experiments should be carried
out to validate the conclusions at this point.
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For instance, a relatively low document cut-off point (15 documents per topic) is
used, compared to the TREC-benchmark. This might lead to imprecise precisions, at
the high recall levels (>0.8). On the other hand, the size of the Lonely Planet test col-
lection is also a lot smaller, which eliminates the necessity of evaluating the relevance
of documents which are not highly ranked. Therefore, it is expected that the document
cut-off point is not chosen too low.

Both the recall and precision values, found for both webspace search engines are
approximately a factor of two higher than the values found for the standard search
engine. This typically illustrates the impact of the Webspace Method on the retrieval
performance. When comparing the results of the standard search engine with the recall-
precision curves of the search engines that participated in TREC, a similar trend is
found. Unusual are the (extremely) high precision values of the webspace search en-
gines at the lower recall-levels, caused by the conceptual model of the Webspace
Method. These values show the contribution of the Webspace Method to the retrieval
process.

From the average precision histogram it can be concluded that on average the frag-
mented webspace search engine produces a better ranking than the standard webspace
search engine. Furthermore, both webspace search engines are clearly capable of an-
swering queries that cannot by answered by the standard search engines which solely
have to rely on text retrieval techniques especially, if the information requested, is dis-
persed over more that one document.
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Abstract Information integration in the World Wide Web has evolved to a new
framework where the information is represented and manipulated using a wide
range of modeling languages. Current approaches to data integration use wrap-
pers to convert the different modeling languages into a common data model. In
this work we use a nested hypergraph based data model (called HDM) as a com-
mon data model for integrating different structured or semi-structured data. We
present a hypergraph query language (HQL) that allows the integration of the
wrapped data sources through the creation of views for mediators, and the query-
ing of the wrapped data sources and the mediator views by the end users. We also
show that HQL queries (views) can be constructed from other views and/or source
schemas using a set of primitive transformations. Our integration architecture is
flexible and allows some (or all) of the views in a mediator to be materialized.

1 Introduction

The advent of the World Wide Web, has evolved information integration from a tradi-
tional multidatabase architecture to a new framework where the information is available
in diverse formats and structures. The integration process involves data sources that
are heterogeneous and range from object-oriented and traditional relational database
management systems to semistructured data repositories. In this context, exploiting the
semantics of the data sources, greatly improves the integration process.

A typical approach for dealing with the heterogeneity of the data sources chooses
one model as a common data model [22] and converts the modeling languages of the
data sources into this model. An integration architecture is shown in Fig. [Il A wrapper
[2119] is software that translates between the source data models and local languages
and the common data model and language. It transforms subqueries sent to the data
sources and answers returned from the data sources. The mediators [128]] are components
that obtain information from wrapped data sources or other mediators. They provide in-
formation to other mediators above them or to the users of the system. The mediators
export a mediator schema which is an integrated representation of data sources. The
users can address their queries to the mediators or to the wrapped sources using the lan-
guage of the common data model or using their own local language though a wrapper. A

* Research supported by EPSRC under the project “Automatic Generation of Mediator Tools for
Heterogeneous Database Integration — AutoMed”.
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Figure 1. An integration architecture

mediator can be seen as a view of the data found in one or more data sources [ 25]. Tra-
ditionally data are not stored in a mediator. The users query the mediator schema, and
the views transform these queries between the mediator schema and the data sources
[5]. More recently, the data warehousing approach for data source integration [[26/27]
chooses to materialize the views in the mediators. In this case user queries are evalu-
ated locally without accessing the data sources. A framework for supporting integrated
views using a hybrid of these approaches is also possible [[11/10].

The common data model used in this paper for data source integration is based
on the Hypergraph Data Model (HDM) [120]. An advantage of the HDM is that it is
characterized by a conceptual simplicity. All conceptual objects are modeled using the
notions of nodes and hyperedges. Another advantage of the HDM is that the definition
of these constructs is separated by the definition of constraints on their values. In this
sense, the HDM is a low level model that underpins other data models. Higher level
models either structured (e.g. E/R, Relational, UML) or semi-structured (e.g. XML) can
be defined in terms of the HDM [[14]]15]. Thus, the HDM provides unifying semantics
for higher level modeling constructs.

Contribution. The main contributions of the paper are the following.

e We present a variation of the HDM for data source integration. The new model
distinguishes between two kinds of nodes that model entities and property values.
Database schemas are hypergraphs. Instances are associated only with the hyper-
edges of a schema. Hyperedge instances may be either n-ary, n > 2, relations as-
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sociating entities, or binary relations assigning property values to entities and to
associations of entities. Relation attributes are hypergraph nodes. Node renaming
functions are used to name the multiple occurrences of entity nodes in hyperedges.
Node extensions are captured through the introduction of manifest constraints.

e We provide a hypergraph based query language (HQL). HQL is homogeneous with
the HDM: queries in HQL are hypergraphs. In a query hypergraph, hyperedges are
associated with relational algebra expressions. A query answer is a relation. Outer-
join based semantics for queries are used to deal with missing data, a common
situation when integrating heterogeneous distributed data sources.

o We offer an integration environment through the definition of HQL views (media-
tors) over multiple database schemas. The concept of schema edge instance is ex-
tended to view edges in order to allow the definition of views using other views. Our
approach to data source integration is a hybrid one since views can be materialized
or virtual.

o We show that an HQL view defined over an integration environment can be con-
structed from another view using view transformations. These transformations al-
low us also to deal with view evolution issues. We present a set of two primitive
transformations based on which composite transformations can be defined. The
primitive transformations are shown to be complete and reversible.

Outline. The next section presents related work. Section 3 introduces the HDM: hy-
pergraphs, schemas, instances and databases. The Hypergraph query language HQL is
presented in Section 4. Syntax, semantics, views and data source integration issues are
discussed there. Section 5 deals with view transformations, primitive transformations,
and their properties. Conclusions and directions for further work are provided in Sec-
tion 6.

2 Related Work

Although the World Wide Web has brought new dimensions to the problem of data
source integration, this is an issue that has been addressed for many years and the bibli-
ography is very extensive. There are several research projects and a considerable num-
ber of mediated query systems that assume a mediator environment based on a common
data model. They adopt different modeling and querying languages [|5]. The Tsimmis
project [[17] focuses on the integration of structured and unstructured data sources, tech-
niques for the rapid prototyping of wrappers [9]] and techniques for implementing me-
diators. Its common data model is a simple object-based information exchange model,
while its query language uses a form of object-logic. The Garlic project implements a
dynamic source capability solution [I21]]. The Information Manifold project [[13] uses
views to map from the source local schemas to the mediator schema. Its query lan-
guage is a dialect of description logic. The evaluation of mediator queries is performed
by rewriting queries using views [[12]. The DISCO project [24] focuses on the prob-
lems encountered when the number of heterogeneous distributed data sources scales.
Its mediator query language is a subset of ODMG corresponding to the relational alge-
bra. Some data warehousing systems use the concept of mediation for the task of data
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integration. This is the case of the H20 project [29/11]. However, even though data
warehousing is also an approach for data source integration, the focus of the research in
this area is on the materialized view maintenance problem [I30], and the view selection
problem [23].

A number of visual graphical query languages have been proposed in the past
[218/191314]18]] some of them supporting also nesting [3l4]. They aim at providing a
uniform approach to representing, querying and, possibly, updating both schema and
data. In contrast to these approaches, our goal here is to use a hypergraph data model as
a low-level common data model for heterogeneous data sources and a hypergraph query
language for integrating these data sources through the definition of views (mediators).
[1]] presents a graph model and shows how schemas expressed in different data models
can be translated in terms of the graph model. It also provides a set of graphical prim-
itives in terms of which query operations may be visually expressed. However, it does
not provide a mechanism for defining and querying views.

3 The Hyper-Graph Data Model for Heterogeneous Data Source
Integration

The Hypergraph Data Model [20] is based on the notion of a nested hypergraph. For
the needs of this paper we present in this section a variation of the original Hypergraph
Data Model. In the presentation below, we borrow terms from the E/R model [16] in
order to provide some intuition to the reader.

We assume two infinite sets Names and Values whose elements are called names
and values respectively.

Database Schema. A node is an element of Names. With every node N a domain
dom(N) C Values is associated. We distinguish two kinds of nodes: attribute nodes
and entity nodes. Entity nodes have a common domain. The domain of an attribute
node is disjoint from the domain of the entity nodes. Intuitively, entity nodes represent
collections of entities with common properties, and attribute nodes represent collections
of property values.

A hyper-edge (henceforth simply edge) is a pair (E, M) where E is an element of
Names and M is a finite multiset. E is the name of edge (E, M). Edges can be of two
types: relationship edges and attribute edges. The multiset M of a relationship edge
(E, M) contains entity nodes. The multiset M of an attribute edge (£, M) is a set of
the form {C, A}, where C is an entity node or a relationship edge and A is an attribute
node. An attribute edge between an entity and an attribute node or a relationship edge
(E, M) is associated with a function that maps every occurrence of an entity node in
M to a distinct name. This function is called node renaming function. Let f be the node
renaming function of an edge (F, M). If f(N) is N, name f(N) is not mentioned
explicitly. If an entity node N occurs more than once in M, f(N) must be explicitly
specified for at least one occurrence of IV in M. Intuitively, relationship edges represent
collections of associations among entities, while attribute edges represent collections of
associations between entities and property values, or between associations of entities
and property values. We use the term construct to mean either a node or an edge.
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A hypergraph s a pair (N odes, Edges), where Nodes is a non-empty set of nodes,
and Edges is a non-empty set of edges such that:

(a) Every node in Nodes has an incident edge in Edges.

(b) Set Edges does not contain more than one attribute edge between an entity node
(or a relationship edge) and an attribute node. E'dges, however, can contain more
than one relationship edge involving the same multiset of entity nodes.

(c) If L /=N is a name assigned by the node renaming function of a relationship edge
to an entity node N in Nodes, there is a sequence of name pairs (Lg, L1),. ..,
(Lp—1,Ly), n>1,suchthat Lo = N, L, = L and Ly, Ly11, k € [0,n — 1], are
assigned to NV by the node renaming function of a relationship edge in Edges. One
consequence of this is that if an entity node IV in Nodes has at least one incident
relationship edge in Edges, N is assigned to at least one occurrence of N by the
node renaming function of a relationship edge.

(d) If L /=N is a name assigned by the node renaming function of an attribute edge
in Fdges to an entity node NV in Nodes, L is also assigned to an occurrence of N
by the node renaming function of a relationship edge in Fdges. That is, new names
for an entity node are created by the node renaming functions of relationship edges
and are used by the node renaming functions of the attribute edges.

Such a hypergraph is nested because an attribute node can be linked not only to
an entity node but also to a relationship edge (multiset of entity nodes). Note that a
hypergraph is not necessarily a connected graph. Name E uniquely determines M in a
hypergraph (E, M). Therefore, in the following, we identify an edge with its name.

Constraints are Boolean expressions involving constructs. Different kinds of con-
straints can be expressed in the generic hypergraph model as for instance cardinality
constraints, ISA constraints, disjointness constraints, and completeness constraints [6]].
Here we focus on a hypergraph query language and therefore we do not explicitly deal
with constraints. We only mention manifest constraints and uniqueness constraints. Let
E be the attribute edge between an entity node IV and an attribute node A. A manifest
constraint is denoted mani fest(F). Node A is called manifest attribute node of N.
Intuitively, a manifest constraint states that every entity of NV is associated in E with
a property value from the domain of the manifest attribute node A (and thus every en-
tity of N is manifested). The entities of node N are those entities of dom(N) that are
associated with an entity or a property value in an edge incident on V. Let now E be
the attribute edge between an entity node or a relationship edge C' and an attribute node
A. A uniqueness constraint is denoted unique(FE). Intuitively, a uniqueness constraint
states that an entity (if C is an entity node) or association of entities (if C' is a rela-
tionship edge) is associated in F with at most one property value from the domain of
attribute node A. Note that even though constraints are not involved in the definition of
a query, their presence affects both the formulation of queries by the user, and the query
optimization process.

A database schema is a triple (Nodes, Edges, Cons), where (Nodes, Edges) is
a hypergraph H and Cons is a set of constraints over constructs in H. In particular,
for every entity node IV in Nodes, C'ons contains a manifest constraint involving an
attribute edge incident on V.
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Example 1. Figure[2 shows two database schemas S7 and S5 that describe two differ-
ent sections of a company. Schema S; deals with employees, their supervisors — who
are also employees —, the department where they work and their dependent persons.
Schema S5 deals with departments, their manager — who is an employee —, and the
products the departments have created. Schema S'; describes mainly employees, while
schema S describes mainly departments. In Fig. P, a big black circle denotes an entity
node, while a smaller white one denotes an attribute node. The name of a construct
is depicted close to the respective construct. An attribute edge between a relationship
edge and an attribute node is distinguished by a black bullet in the intersection of the
attribute edge and the relationship edge, e.g. attribute edge F¢ in S7. The name of a
manifest attribute node of an entity node is shown in bold, e.g. attribute nodes ENO
and DEN AM E in schema S;. Unique constraints are denoted by underlying the name
of the involved attribute node, e.g. attribute nodes DNO and DN AM E in schema S ;.
An alternative name for an entity node provided by the renaming function of a rela-
tionship edge is shown in typewriter font by the node and the edge, e.g. name SEM P
(standing for supervisor employee) assigned to one occurrence of node EM P by the
renaming function of the edge SUPERVISES in schema S;. The other occurrence
of node EM P in SUPERVISES is assigned the name /M P but is not displayed in

the figure. O
HOURS
ECITY ESAL T DNO DNAME ENO DNAME
DNO
T A s
E
O\ED 5 By Er Es Ey Es  Es porry
= EM Es—°
ENO o—E1 MANAGES
DEPT DEPTpc g1
DENAME B CREATES /°
PNUM
a HAS Es
o PNAME
Es Eg
ENAME E;—0
DEPENDENT PRODUCT
Schema S; Schema S»

Figure2. Two database schemas

Database Instance. A database instance is defined using the notion of a relation. We
follow the approach to the relational model that uses relation attributes. The attributes
of the relations are node names.

We first define the schema of an edge. If E is an attribute edge between an entity
node NV and an attribute node A, and L is the name assigned to N by the node renaming
function of F, the schema of F is the set {L, A}. The schema of a relationship edge
is the range of the node renaming function associated with this edge (the set of node
names assigned by the renaming function to the occurrences of nodes in the edge). The
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schema of an attribute edge between a relationship edge having schema {L 1, ..., Ly},
and an attribute node A is the set {L1,..., Ly, A}.
An instance I(F) of an edge F is a relation such that:
1. The schema of I(FE) is the schema of E.
2. The content of I(F) is a finite set of tuples. If L is an attribute in the schema of
I(FE) and a name for a node N, and ¢ is a tuple in the content of I(F'), the value in
t for the attribute L belongs to the domain of N (¢[L] € dom(N)).

An instance I of a hypergraph H = (Nodes, Edges) is a function that maps each
edge in Edges to an edge instance such that if {L1,..., Ly, A}, k > 2, is the schema
of the interpretation I (E) of an attribute edge F between a relationship edge £/ and an
attribute node A then I7;,, . 1, (I(E)) C I(E’). (IIx denotes the relational projection
operation over an attribute set X.) In other words, a property value is associated with
an existing association of entities.

The association of the entities of an entity node with property values from the adja-
cent attribute nodes in a hypergraph instance need not be complete in the sense that an
entity may be associated with a property value of one adjacent attribute node but with
no property value of another adjacent attribute node.

Let E be the attribute edge in a hypergraph H between an entity node N and an
attribute node, and L be the name assigned to /N by the node renaming function of V.
An instance I of H satisfies the manifest constraint mani fest(E), if for every edge
E’ incident on node N and for every name L’ assigned to N by the renaming function
of E/, II1,(I(E")) C IL(I(F)). Let now E be the edge in H between an entity node
or a relationship edge and an attribute node A. Let also {L1,...,Lg, A}, k > 1, be
the schema of E. An instance I of H satisfies the uniqueness constraint unique(E), if
I(FE) satisfies the key constraint Ly, ..., Ly (in the sense of the relational model) on
the schema of I(E).

An instance of a database schema S = (N, E, C) is an instance of the hypergraph
(N, E) that satisfies all the constraints in C. In the following, edge names are used
to denote both: edges and edge instances. The name of a schema can precede an edge
name separated by a period to denote the schema the edge belongs to. O

Example 2. Figure Blshows the instances of some edges in the instances I; and I of
the respective schemas S; and Sy of Fig.[2l Here we do not deal with inconsistency
and conflict issues in heterogeneous distributed data sources. We assume that there
is a mapping that identifies the same entities in the two instances, and distinguishes
different entities. Thus, the same value in the instances of the two schemas correspond
to the same entity, and conversely, and the same holds for property values. Further, we
assume that /; has more information about employees than 5. In this sense any property
value assigned to an employee entity in S’y is also assigned to the same employee entity
in I7. O

Database. A database is a pair (S, I'), where S is a database schema and [ is an instance
of S.
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Figure 3. Edge instances

4 The Hypergraph Query Language HQL

We introduce in this section the hypergraph query language HQL.

Syntax. A query over a database schema S is a hypergraph H such that:
1. An attribute node in H has at most one incident edge.
2. The nodes in H are marked as hidden or shown. In particular, entity nodes are

marked as shown.

3. Every edge E in H is associated with a relational algebra expression that involves

edge names from S. Given an instance for S, this expression evaluates to a relation
R. The schema of R is the schema of E. If L is an attribute in the schema of R and

aname for a node N, and ¢ is a tuple in the content of R then t[L] € dom(N).

173

An edge expression is built using the usual relational algebra operators: selection (0 .,
where c is a Boolean combination of selection predicates), projection (I x, where X
is a set of attributes), join (>., where c is a conjunction of join predicates), union
(), intersection (N), difference (—), and attribute renaming (0 4— g, where A and B
are node names). In particular, the expression of an attribute edge does not involve
join operators, while the expression of a relationship edge does not involve selection

operators.

Semantics. Let ) be a query over a database schema S. The answer of () over an
instance I of S is a relation resulting by evaluating over I an expression e defined as

follows:

1. If @ contains only one edge E; associated with an expression eq, e is Px (e1),
where Py denotes the duplicate and null preserving projection operator, and X is
the set of names (attributes) in the schema of F'; that correspond to shown nodes. If
FE, is a relationship edge, all the names in the schema of E'; correspond to shown
nodes since the nodes of F/; are entity nodes. If F; is an attribute edge, one name in
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the schema of F/; corresponds to an attribute node that can be a shown or a hidden
node.

2. If @) contains only attribute edges E'1, ..., E, associated with the expressions e,
..., ey, respectively, that involve only attribute renaming operators (if any), e is
the expression Px (e; IXC ... IxC e,), where Z<C denotes the natural full outer
join operation, and X is the set of names in the schemas of 1, ..., E,, that corre-
spond to shown nodes.

3. If @ does not fall in any of the previous two cases, it contains edges F1, ..., Fy,
n > 2, associated with the expressions ey, ..., e,, respectively, such that F; is
a relationship edge, or e; involves operators other than attribute renaming opera-
tors. Then e is the expression Px(e; 61 ...60,_1 e,), where 6; is: (a) the natural
join operator, i<, if E;;; is a relationship edge or e;y; involves operators other
than attribute renaming operators, and (b) the natural left outer join operator, >,
otherwise (in this case E;4; is an attribute edge involving only attribute renaming
operators, if any). X is again the set of names in the schemas of F'y, ..., E,, that
correspond to shown nodes.

Notice that even though the instances of the edges of a schema are sets of tuples and do
not contain null values, the answer of a query is a multiset of tuples and can contain null
values. A null value can appear in a tuple in the answer of a query only for an attribute
corresponding to an attribute node. Null values may occur in the answer of a query only
as a result of the incompleteness of the association of the entities of an entity node with
property values from an adjacent attribute in a database instance. These semantics are
appropriate for queries because, in the framework of data source integration, we often
deal with missing data.

Views. A view is a named query. When the answer of a view is stored, the view is called
materialized. Otherwise, it is called virtual. In our approach, a mediator can contain a
virtual or a materialized view.

Example 3. Consider the database schema S of Fig.[2l

ESAL ECITY SENAME
ESAL o
ENO’iME f ENAJVCIJE E% cm. S ENAME ‘Pename—sename,(B2)
g, P -EO 3 B . g, EMP-SEMP

0 \2./ : : 0 psar>10,000(Ea) ~0 " Z2gEMP

EMP EMP EM PPSEMP

Eq: Eq
E:lpymp,semp(Ea>< SUPERVISES N\MEMP>SEMP
ENO EMP—»SEMP,ES{LJ—»ESAL’(E‘I))

View Vi View Vo View V3

Figure4. Views over schema S
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Figure 5. View answers

View V1 (Figured)) over S, retrieves the names of the employees and their salaries. The
expression of an edge is shown in the Figures by the corresponding edge preceded by a
colon. The name of an edge is often omitted in the Figures (e.g. the name of the edge
between nodes EM P and ESAL in view V7). When it is not omitted, it precedes the
colon (e.g. the name Fg of the edge between nodes EM P and EN AM FE in view V7).
The expression that computes the answer of V7 is Fo <C Ej. The answer of V; over
the instance I; of Sy, partially shown in Fig. Bl is displayed in Fig.[5la).

View V5 (Fig.[d) over S; retrieves the numbers and the names of the employees
and the cities where they live but only for the employees whose salary is greater than
or equal to 10, 000. Attribute node ES AL is a hidden node in V1. Hidden nodes in the
Figures are shown with dashed lines. The answer of V> is computed by the expression
Ppyp ENO ENAME,ECITY (0 ESAL>10,000(F4)
< E; X Ey X Ej3). The result of the computation over the instance I of Sp
is shown in Fig. Blb).

View V5 (Figure[d) over S retrieves the names of the employees whose salary is
greater than the salary of their supervisor and the names of their supervisors. The su-
pervisor’s name is provided under the attribute SEN AM E. Notice that the node name
SEM P can be assigned to the node £ M P by the node renaming function of the at-
tribute edge between ENM P and SEN AM E because SEM P has been assigned to
E M P by the node renaming function of the relationship loop edge on EM P. The an-
swer of Vs is computed by the expression
Ey ><C Hpympsemp(Es < SUPERVISES Npsar>esar Prsarn—psar (Fa))
N PrnamE—sENamE(E2). The result of the computation over the instance I; of
S is shown in Fig. Blc). a

Data Source Integration. New edges that are not restrictions of existing schema edges
can appear in a view. In other words, an edge among some nodes in a view may not be
associated with an expression that involves an edge among the corresponding schema
nodes in the schema. Views can also be defined over multiple database schemas. These



176 Dimitri Theodoratos

ENAME ENAME
ENO
1 S1.E2 O\ Es:S1.Es
EMP
EMP
DENAME
: Hpymp,pepr(S1-Es Mpcrry=pciry S2.Es) (K Eo:5,.HASE : S2. MANAGES
Ey4 : Sl.Ef/
DEPENDENT
View Vy View Vj

Figure 6. Views over schemas S; and S

views involve edge names from different schemas, and provide an integration of multi-
ple data sources.

Example 4. View V4 (Figure[6) retrieves the names of the employees who work for a de-
partment located in the city where they live. Schema names precede
edge names in the view. The answer is computed by the expression

S1.Ey <€ HEMP,DEPT (Sl B3 W¥gcrry=pcrry So E5) The result of the com-
putation over the instance I, of schema S; and the instance I3 of schema S (Fig.[) is
shown in Fig. Bld). View V5 (Fig. [@) retrieves the numbers and the names of the man-
agers who have at least one dependent and the names of their dependents. The answer
is computed by the expression S1.E5 <C S1.Fy <C S1.HAS <1 So. MANAGES 1
> S 1 .E2 . O

Queries and views can be defined using other views. A view can be seen as a schema.
Given database instances, instances for the view edges are defined as follows:
let Lq,..., L, be the schema of an edge F in a view V, and R be the answer of V.
The instance of E is the relation 11, . 1, (R). IT is the relational algebra projection
operator and it removes tuples that contain null values. As with schema edges, the name
of a view edge is used to name its instance. Note the difference between the instance
of a schema edge and the instance of a view edge. If F is a schema edge and also the
expression associated with a view edge E’, the instance of view edge E’ is a subset of
the instance of schema edge E. As with schemas, view names precede edge names sep-
arated by a period in a view to indicate the view they belong to. Conversely, a schema
edge can be seen as a “view”. The expression associated with this edge is a constant
relation (the instance of the edge). This relation is also the answer of the view.

Example 5. View Vj (Fig. [D) retrieves the cities where the employees having a salary
greater than or equal to 10, 000 live. It is defined using exclusively view V. The edge
between node EM P and node ENO (the latter being the manifest attribute node of
node EM P in the schema S;) has to be included in the view if null values need to
be retrieved. The answer of view Vi over the instances I; and I of schemas S; and
Ss, respectively, is provided in Fig. [3(e). View V7 (Fig. [I) retrieves the names of the
managers who have no dependents. This view is defined using schemas .S'; and S5 and
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Figure 7. Views defined using other views

view V;. Its answer is computed by the expression S1.Fy T (S1.E1 — Vs5.Eq)
So.M AN AGES. View Vg (Fig.[]) retrieves the names of the employees who are man-
agers and have dependents or whose salary is greater than the salary of their supervisor,
but only of employees whose salary is known. View Vg is defined using exclusively
views V3 and V5. The expression that computes the answer is the expression associated
with the single edge of the view. T in the selection condition stands for a valid formula

(that is, a formula that is true for any instance of the attributes that occur in it, e.g.
ENAME = ENAME). a

HQL and Relational Languages. The expressions associated with the edges of an
HQL query are relational algebra expressions, while those that compute the answer of
an HQL query are extended relational algebra expressions. There are two advantages
related to this feature: (a) HQL queries over HDM schemas can be easily translated to
queries in a popular relational query language (e.g. SQL) over relational schemas and
conversely, and (b) Well known query optimization techniques for centralized [[7] and
distributed [[16] database systems can be employed for evaluating HQL queries.

5 View Transformations

A view defined over database schemas and/or other views can also be constructed, in a
step-by-step way, using view transformations. The transformations formalize changes
to a view and thus, they allow us to deal with view evolution issues. A transformation is
applied to a source view and returns a target view. The application of a transformation
assumes, besides the source view, a set of database schemas and/or views over which the
source view is defined. This set is called integration environment. Here we concentrate
mainly on primitive (view) transformations.

Primitive Transformations. We define two primitive transformations:
InsertEdge and Delete Edge. The primitive transformation InsertEdge inserts an
edge in the source view. The source view can be absent. In this case a new view is
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created. If the source view is not absent, those of the new edge nodes that already ex-
ist in the source view are merged with the corresponding existing nodes of the source
view. The rest of the nodes of the new edge are inserted as new nodes in the source
view. Insert Edge has one of the following forms depending on whether the edge to be
inserted is a relationship edge or an attribute edge:

InsertEdge(R, View_name, Edge_name, Entity_node_1, Renamings_1, ... ,
Entity_node_n, Renamings_n, Edge_expression) or
InsertEdge(A, View_name, Edge_name, Construct, Renaming,

Attribute_node, Attribute_node_status, Edge_expression).

The first parameter in both forms of the transformation determines the type of edge to be
inserted. It is A, if the edge to be inserted is an attribute edge and R, if it is a relationship
edge. Edge_name is the name of the edge to be inserted. View_name is the name of a
view where Edge_name is to be inserted. If View_name is not specified, a new view is
to be created. Entity_node_1, ... , Entity_node_n are the nodes of the relationship
edge Edge_name, and Renamings_1, ..., Renamings_n are sets of names assigned
to these nodes, respectively, by the node renaming function of Edge_name. There are
as many distinct names in Renamings_i as are the occurrences of Entity_node_i in
Edge_name. Construct is the entity node or the relationship edge of the attribute
edge Edge_name. If Edge_name is an attribute edge between an entity node and
an attribute node, Renaming is a singleton containing the name assigned to node
Construct by the node renaming function of Fdge_name. If Edge_name is an at-
tribute edge between a relationship edge and an attribute node, Renaming is an empty
set. Attribute_node is the attribute node of FEdge_name. Parameter
Attribute_node_status takes values H or S depending on whether Attribute_node is
to be a hidden or a shown attribute node, respectively, in the target view.
FEdge_expression is the expression associated with Fdge_name, and involves edge
names from the integration environment.

The primitive transformation Delete Edge removes an edge from the source view.
Those of the nodes of the edge that do not have other incident edges besides this edge
are also removed from the source view. The target view can be absent. In this case the
source view is deleted. Delete Edge has the following form:

Delete Edge(View_name, Edge_name).

View_name is the name of the view from which the edge is to be deleted and
Edge_name is the name of the edge in view View_name to be deleted.

Example 6. Suppose that the integration environment comprises the database schemas

S1 and Sy of Fig.[2] and the view V7 of Fig. [l] A view identical to view V5 of Fig.
can be constructed by the following sequence of primitive transformation applications

to V7. We assume that when primitive transformations are applied in sequence to a view

V., the resulting views are named V1, Vo, . . ..

DeleteEdge(V7, Er)

InsertEdge(A, Vi1, Eo, EMP, {EMP}, ENAME, S, S1.E5)
DeleteEdge(Vqa, Ep)

InsertEdge(A, Vi3, E1, EMP, {EMP}, ENO, S, S1.E1)
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InsertEdge(R, Vau, Eo, EMP, {EMP}, DEPENDENT,
(DEPENDENT}, Si.HAS)

InsertEdge(A, Vzs, E4, DEPENDENT, {DEPENDENT}, DENAME,
S, Sl.E5). O

Application Constraints. The primitive transformations are not always applicable.
Application constraints result by the fact that edge_name cannot be inserted in or
deleted from the source view view_name if the graph resulting by this insertion or
removal is not a view.

Example 7. Consider the sequence of transformation applications of Example [6 In gen-
eral, the order of application of the transformations matters. For instance, the third and
the fourth transformation applications cannot precede the first two because an edge
named F; already exists in V7.

Transformation Delete Edge(Vs, E) cannot be applied to view V3 of Fig. M to
delete the loop edge on M P: if the loop edge on £ M P is removed from V'3, the name
assigned to the entity node M P by the node renaming function of the attribute edge
between nodes EM P and SEN AM E in the resulting graph has not been assigned to
E M P by the node renaming function of a relationship edge in this graph. a

Composite Transformations. A number of additional transformations are useful for
constructing a view from a source view. These transformations modify any of the fol-
lowing elements of the source view: the name of an edge, the nodes of an edge, the
names assigned to a node of an edge by the node renaming function of this edge, the
status (hidden or shown) of an attribute node in an attribute edge, the expression asso-
ciated with an edge. Other transformations combine multiple such modifications. For
instance, the modification of the expression associated with an edge may require the
modification of the nodes of the edge and the names assigned to them by the node
renaming function of the edge. All these transformations are called composite trans-
formations. A composite transformation application can be expressed as a sequence of
primitive transformation applications.

Example 8. In Example [6] the sequence of the first two transformation applications
deletes and inserts an attribute edge in order to modify its name (from F; to E5). The
sequence of the next two transformation applications inserts an attribute edge in order
to modify its name (from Eg to E1), its associated expression (from S1.E; — V5. F; to
S1.F1) and the status of its attribute node (from H to .S). O

Completeness of the Primitive Transformations. A set of transformations is called
complete if given any two views V7 and V5 defined over an integration environment, V'
can be transformed to V; by applying the transformations in this set. Clearly, the set of
the two primitive transformations presented in this section is complete.
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Database Schema Transformations. Schema transformations are a special case of
view transformations since, as mentioned above, a schema can be seen as a set of
views. The syntax of the primitive schema transformations is similar to that of the
primitive view transformations. By convention, View_name is the name of the schema.
FEdge_expression in the InsertEdge transformation is a constant relation. The
schema S of this relation depends on the type of the edge E'dge_name to be inserted in
the schema. If Fdge_name is a relationship edge, S is the set Renamings_1 U...U
Renamings_n. If Edge_name is an attribute edge between the entity node C'onstruct
and the attribute node Attribute_node, S is the set Renaming U { Attribute_node}.
If Edge_name is an attribute edge between the relationship edge C'onstruct and the
attribute node Attribute_node, S is the set Schema U {Attribute_node}, where
Schema is the schema of the relationship edge C'onstruct. The primitive schema trans-
formations are subject to a number of application constraints: a primitive schema trans-
formation is not applicable if the graph resulting by the insertion or deletion of an edge
violates the definition of a schema.

Example 9. The transformation InsertEdge(A, S, Es, WORKS, §, HOURS,
s,{EMP,DEPT, HOURS?}) cannot be applied to the database schema S of Fig.
because: (a) F's names an existing edge in .Sy, and (b) there is already an edge between
the relationship edge WORK S and the attribute node HOU RS in S;. O

Transformation Reversibility. A set of transformations is called reversible if when-
ever two views V) and V5 defined over an integration environment are such that V5 can
be obtained from V; by applying the transformations of the set in sequence, V; can also
be obtained from V> by a sequence of applications of transformations in this set. The
set of the two primitive transformations presented here is reversible even in a stronger
sense: each primitive transformation is the reverse of the other.

Example 10. Consider the sequence of transformation applications of Example [6] to
view V7 resulting in view V75 (which is identical to view V5). A view identical to view
V7 can be obtained by applying to V5 the inverted sequence of the reverse of each
transformation:

DeleteEdge(Vs, Ey)

DeleteEdge(Vs1, Ep)

DeleteEdge(Vsa, En)

InsertEdge(A, Vss, Ey, EMP, {EMP}, ENO, S, S1.Ey — V5.Ey)
DeleteEdge(Vsy, Eo)

InsertEdge(A, Vss, E1, EMP, {EMP}, ENAME, H, Si.E5). O

6 Conclusion

A typical approach for integrating heterogeneous data sources involves translating their
modeling languages into a common data model and defining mediators. Mediators can
be seen as views of the data stored in the data sources. We have presented HDM, a
hypergraph based data model, and HQL, a hypergraph based query language. HDM is
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used as a low-level common data model. HQL is used for integrating HDM schemas
through the definition of views, and for querying HDM schemas and views. The seman-
tics of HQL are provided by relational algebra expressions that allow us to deal with
missing information and permit the use of well known query optimization techniques
for evaluating queries. We have introduced a set of primitive transformations, which
are complete and reversible. These transformations can be used for constructing a view
from another view in an integration environment, and for dealing with view evolution
issues. In our approach some or all of the mediator views can be materialized (hybrid
data warehousing approach).

Our current research focuses on two issues: (a) Extending HQL with grouping/
aggregation queries. This type of query is extensively used in data warehousing appli-
cations. (b) Determining when a query defined using the source view of a primitive
transformation can be rewritten using the target view. Answering this question allows
us to avoid the expensive implementation of new mediators when the integration envi-
ronment evolves.
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Abstract Abstract. This work presents a natural language based technique to
build user interfaces to query document databases through the web. We call such
technique Bounded Natural Language (BNL). Interfaces based on BNL are useful
to query document databases containing only structured data, containing only
text or containing both of them. That is, the underlying formalism of BNL can
integrate restrictions over structured and non-structured data (as text).

Interfaces using BNL can be programmed ad hoc for any document database but
in this paper we present a system with an ontology based architecture in which
the user interface is automatically generated by a software module (User Interface
Generator) capable of reading and following the ontology. This ontology is a con-
ceptualization of the database model, which uses a label in natural language for
any concept in the ontology. Each label represents the usual name for a concept
in the real world.

The ontology includes general concepts useful when the user is interested in doc-
uments in any corpus in the database, and specific concepts useful when the user
is interested in a specific corpus. That is, databases can store one or more corpus
of documents and queries can be issued either over the whole database or over a
specific corpus.

The ontology guides the execution of the User Interface Generator and other soft-
ware modules in such a way that any change in the database does not imply mak-
ing changes in the program code, because the whole system runs following the
ontology. That is, if a modification in the database schema occurs, only the on-
tology must be changed and the User Interface Generator will produce a new and
different user interface adapted to the new database.

1 Introduction

We present in this paper a technique, that we call Bounded Natural Language (BNL),
to build user interfaces to query document databases. Interfaces generated using BNL
are useful to query document databases containing only structured data, containing only
text, or containing both of them. Moreover, these interfaces are suitable to query any
document database independently of the DBMS model and/or the text retrieval tech-
niques implemented in the underlying database.

The proposed interface is not codified ad hoc but automatically generated by a
User Interface Generator(UIG) software module. The User Interface Generator uses
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an ontology that represents the database conceptual model. Therefore, any change in a
database does not mean changes in the system.

Since the sixties, when Salton [21][22] defined the Vector Model, a great deal of
effort has been made in order to create new text retrieval techniques [23][19][28] and
improve the existing ones [6][16] (see [5] for further information). Works about de-
signing user interfaces to query document database and presenting the answers to the
users [2][12][25] have also been developed. On the other hand, other techniques to
improve the queries, for example to make Relevance Feedback easier [20][24], have
been studied. Some query languages have focused on performing queries simultane-
ously over structured data and texts [3][4][27]. Some examples of a design of interfaces
are [7][11][13][14][15][18].

Among the techniques used to perform queries, those that use natural language can
be highlighted (see [26] for a good review) because this is the most natural and intuitive
way for users to express queries.

The use of natural language is, undoubtedly, very easy for the user. However, it
has some inconveniences, due to its intrinsic nature. Natural language does not follow
a strict grammar (like programming languages). Natural language contains synonyms,
phrases or idioms, and their sentences can be ambiguous. Therefore, it is very difficult
to find a technique that accurately transforms a natural language sentence into a formal
query in any database query language.

An example of the problems that can be found when natural language is employed
is the one illustrated by the next example (in this case on the Web). Using the search
engine Askjeeves ((http://askjeeves.com|[1]) and asking: What is the distance
between Madrid and Barcelona? the server provides some answers or redirects us to
some questions pre-stored in the database with their answers. Some of them are correct
and lead us to the solution for the question. However, others are clearly not. One of
those was Where can I find a metric conversion table?, probably obtained because the
word "distance" was in the query.

It seems clear that the use of pure natural language to build queries presents many
problems with respect to its management. In our opinion, building a user interface that
fully exploits the natural language advantages but guides the user actions is an important
challenge. Our proposal is to use a different technique, which we call Bounded Natural
Language.

The Bounded Natural Language (BNL) technique [17] works by offering the user
a set of sentences in Natural Language with some gaps that the user must fill in order
to express the search conditions. Usually, several sentences about the same topic are
presented to the user at the same time. The user must choose which sentences will be
used, and fill their gaps. Finally, the set of selected sentences after their gaps have been
filled by the user will express, in natural language, the features of the documents the
user is looking for.

As we will show in the paper, the BNL technique can be used with any kind of
document database. That is, the BNL technique can take advantage of any text retrieval
technique and can be used to perform queries over structured data as well as over un-
structured data. In fact, restrictions over both kinds of data can be expressed in the same
BNL query.
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The advantage of BNL is that the user expresses herself in natural language but the
system avoids the main problems of dealing with understanding or translating natural
language sentences, because using the BNL technique the sentences that express the
query were not spontaneously generated by the user.

The rest of this paper is arranged as follows. Section 2 describes the system archi-
tecture. In Section 3 the Bounded Natural Language technique is fully described. Some
aspects of Query User Interface are described in Section 4. The last section contains
our conclusions and directions for future work.

2 System Architecture

In this paper we propose a technique to build user interfaces to query document data-
bases. Such a technique could be implemented ad hoc adapting it to a specific database.
However, that would be a rigid way to build a user interface. Our proposal avoids ad
hoc programming because we propose the use of different software modules that au-
tomatically perform some tasks. They automatically generate the user interface (the
User Interface Generator), understand user queries translating them to the DML of the
DBMS or calling the text retrieval algorithm (the Query Generator module) and they
manage the database answers for any query (the Answer Manager).

To make it possible, we propose the use of an architecture that gives physical and
logical independence to the user interface with respect to the DBMS, text retrieval tech-
nique and database schema, so that any change in the database schema does not make
necessary a recodification and a new compilation of the interface program. The archi-
tecture we propose has four layers, as it is shown in Fig. 4, and it is based on the use
of an ontology to represent the database conceptual model. In the next subsections, we
first describe our ontology and afterwards the whole system architecture.

2.1 Ontology

An ontology is a specification of a conceptualization [8][9][10], that is, a set of concepts
and the relationships among them. An ontology describes a domain of interest.

In our system the ontology is the conceptualization of the document database
schema. The Ontology describes concepts in the document database. Concepts in an
ontology are those used in the database domain in the real world. Thus, the ontology
provides a clear and understandable data model for users.

The concepts in an ontology are arranged in tree shapes. This structure is supported
by means of redundancy but this redundancy helps the user and the User Interface
Generator algorithm, as we will see in section 4.

There are two kinds of relationships among concepts in the ontology: Generaliza-
tion/Specialization and Description relationships.

1. Generalization/specialization relationships ("is a” relationship): for instance, a
work can be a book, a compilation book (a book edited for someone but with chap-
ters written by different authors), a journal, a thesis, etc.

2. Description relationships ("has" relationship): for instance: a person has a name,
one or more addresses, one or more telephone numbers, etc.
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In the ontology, two parts can be distinguished: General Part and Specific Part.

1.

The General Part includes the concepts that are common to every corpus in the
database. Moreover, they are concepts that any user, even if she is not an expert in
any corpus domain, can perfectly understand. TheGeneral Part of the ontology is
shown in Fig. 1.

. The Specific Part of the Ontology has a "Corpus" Specific Set for each corpus

existing in the database. Therefore, the ontology includes at least one "Corpus”
Specific Set. For each corpus included in the database, there is a set of concepts that
perfectly describes every relevant concept in that corpus domain. This set that we
arrange in a subtree shape, forms a "Corpus” Specific Set. The name of the corpus
is the concept in the root of the subtree. Probably only experts in the domain can
understand concepts in the corresponding "Corpus” Specific Set subtree.

In Fig. 1, the General Part of an ontology is shown. The root of the tree, Work, is
specialized in four "Corpus” Specific Sets. Fig. 2 and 3 show Journal Specific Set and
Thesis Specific Set. The remaining two subtrees are omitted. Every concept in the
Ontology has associated two kinds of information:
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The Ids of the sentence skeletons, needed to allow the user to express restrictions
about a concept. The syntax of these sentence skeletons is described in section 3.
The expression to access the database. That is, the expression necessary to ac-
cess the corresponding data in the associated database. This expression depends on
the database DBMS. For example, in a relational database, a concept can have the
relation and attribute names where the concept is stored. However it can be more
complex. The concept can be represented by an attribute resultant of an algebraic
operation between two columns in a table obtained through a Join over two differ-
ent tables. That is, a concept X in the ontology can have associated the following
expression:

[Lasp(re<s)

where A is an attribute in relation r and B is an attribute in relation s. These ex-
pressions, associated to the concepts in the Ontology, are used to build the query
to retrieve documents from the associated database. Besides, if the database has
some kind of text retrieval capabilities, the information associated to a concept like
Contents or Subject will be the directions to call the Text Retrieval algorithm im-
plemented in the database.

The ontology is defined using XML [29]. XML allows the definition of data and meta-
data formats and it is a universal language to give structure to documents and data.
Among the possibilities to represent the ontology [15], we have chosen XML because
this language allows us to define formats for data and metadata exchange that are easily
human readable and parseable.

2.2 Architecture

The proposed architecture is composed of four isolated layers, and we define three
exchange languages to communicate between them. This architecture is shown in Fig. 4.

1.

The architecture layers are:

Layer 1. User Interface: The User Interface is generated every time a user ac-
cesses the system.
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2. Layer 2. Query System: The Query Manager and the Answer Manager form the
Query System. In this paper we focus on the Query Manager. Only a brief descrip-
tion of the Answer Manager will be given.

3. Layer 3. DBMS and TR Modules: This layer includes the DBMS as well as any
other external software modules with text retrieval capabilities.

4. Layer 4. Database: The databases are pre-existing and autonomous. Notice that,
if a database has text retrieval capabilities, any needed pre-process must have al-
ready been performed and those text retrieval techniques must have already been
implemented. That is, managing the databases is not a task of our system.

The communication between User Interface and Query System layers is made by using
three exchange languages defined by us to accomplish that communication goal: Formal
Query Language (FQL), the Request Language (RL) and the Formal Answer Language
(FAL). Notice that there are no software modules in the User Interface layer (Layer 1)
and the database (Layer 4) and the DBMS and text retrieval techniques (Layer 3) are
not the responsibility of the system. For this reason, only the Query System (Layer 2) is
described below. A brief description of exchange data languages will also be given.

2.3 Query System

This layer includes the Skeleton Sentence Store and the Ontology that represents the
database conceptual model. The following modules form the Query System:



A Document Database Query Language 189

— User Interface Generator: It automatically generates the User Interface using
the Ontology and the skeleton sentences. The Query User Interface program code
is independent of the database system, implemented text retrieval techniques and
DBMS technology. That is possible because the User Interface Generator uses
the Ontology and theSentence Skeletons to build the Query User Interface. Since
describing how the user interface is generated is one of the main aims of this paper,
in the next section, the User Interface Generator module is fully described.

— The Query Generator builds the query that will be finally sent to the database,
that is, the query to select the Ids of the documents that fulfil the user conditions.
TheQuery Generator expresses that query in the underlying database language:
SQL, OQL, etc. or calls the text retrieval algorithm available in that database. To
accomplish this task, the Query Generator uses the information associated with the
concepts in the Ontology. That is, the Query Generator reads, from the Ontology,
for example, the relation, attribute names or a DML statement, which is associated
with each concept specified in the query. So the Query Generator can translate the
query to the specific query language of the underlying database.

— Answer Manager: Although describing the Answer Manager is not the aim of this
paper, we are going to indicate the main tasks of this module. The first answer the
database gives to a query is the set of identifiers of those documents that fulfill
the restrictions expressed by the user. These Ids, stored in the Answer Store by the
Answer Manager, can be sorted by any specific criteria stated in the query or by the
relevance of the document with respect to the query. It is also necessary to store, for
each document, an identifier of the session, to avoid conflicts when different users
are querying concurrently.

The Answer Manager generates the initial answer page including at least the num-
ber of retrieved documents and the title or any other characteristic of these doc-
uments that intuitively identifies them. The user can navigate through the set of
documents that has been retrieved.

Following the commands, codified in Request language (RL) format, issued by the
user in the initial and further pages, the Answer Manager will query the database
obtaining all the data associated to each document (i.e., images, texts and data).

To query the database, the Answer Manager uses the document and session identi-
fiers provided by the Answer Store. By using this technique, we avoid the transmis-
sion of all information about all documents at the same time, thus improving the
response time. This is a fundamental aspect of the system, because the transmis-
sion speed of the Internet is still low, and sending all the information at once would
make the system almost unusable.

2.4 Exchange Data Languages

As stated earlier, three formal languages have been defined to establish a communi-
cation between architecture layers. They are the Formal Query Language (FQL), the
Request Language (RL) and the Formal Answer Language (FAL). FQL formats the
queries, FAL formats answer documents and data, and RL formats the requests made
by the user. Like the ontology, these languages are developed using XML.
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— Formal Query Language (FQL). The user queries are expressed in the FQL for-
mat. The user builds a query by making restrictions about concepts in the Onfol-
ogy, thus the FQL DTD depends on the Onfology. The FQL allows building queries
about structured data and the document content (non-structured or semi-structured
data) at the same time. Therefore, FQL is integrated in a unique format query re-
strictions on both structured data and document content.

— Formal Answer Language (FAL). The FAL is a format language to represent any
document in the system.

— Request Language (RL). The RL format language is used to represent the request
for documents (or document data) made by the user in the Answer Interface. That
is, when a document is shown to the user, by means of Answer Interface, the RL
represents the user requests for the next document, or for a digitized image of this
document.

The FQL, FAL and RL exchange languages are defined by their own Document Type
Definition (DTD).

3 Bounded Natural Language

3.1 User Interface

The main aim of the Bounded Natural Language in our system is to guide the user’s
queries on the document database. As we have stated, a Bounded Natural Language
sentence is a sentence in natural language with some gaps that the user must fill. Af-
ter filling the gaps, the sentence in natural language represents the restrictions that a
document must match to be retrieved.

The inherent ambiguity of the natural language is overcome because the user only
needs to select the sentences that represent her query. She does not need to think how
to express this query and, obviously, does not have to study or understand the precise
syntax and semantics of the system query language.

The user can specify restrictions over different concepts, and usually several sen-
tences about the same topic are presented to the user at the same time. The user must
choose which sentences will be used, and fill their gaps. Finally, the set of selected sen-
tences with their filled gaps will express, in natural language, the whole query the user
is asking.

3.2 Sentence Skeletons

In this section, the set of sentence skeletons that we propose for the ontology in Fig. 1
will be discussed. As we stated in section 2.1, each concept in the ontology has asso-
ciated the id of the sentence skeleton designed to allow the user to express restrictions
over such a concept. Different concepts can have associated the same sentence skeleton,
because they can represent attributes with the same data type. In the following figures,
the word <CONCEPT> represents the gap that the system will fill before it presents
the sentence to the user. The system fills these gaps with the corresponding concept
in the ontology that the user must restrict in a specific moment of the query process.
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O be exactly
The <CONCEPT: must [

2 contain the following sting :

Figure 5. Sentence skeleton for Short String data type

be emactly | |
wantain the foll owing string:
contain some ofthe ®llowing Fagments of word : %

The < COMCEPT> muat

o000

contain all ofthe ©llowing fagments of words:

Figure 6. Sentence skeleton for Long String data type

That is, in each moment of the process, the system will choose a sentence skeleton (the
one associated to the concept being processed) and will fill the <CONCEPT > gap in
the sentence skeleton with the name of the concept. Therefore, the sentence skeleton
becomes a sentence in Bounded Natural Language to be presented to the user. At this
moment, the sentence still has gaps, those the user must fill, sometimes choosing one
or more possibilities (with radio buttons), sometimes typing in edit fields (represented
in figures as rectangles).

For concepts with a string type attribute the suitable sentence skeleton would be the
one shown in Fig. 5 or the one shown in Fig. 6. It depends on how long the string is.
Sentence skeleton in Fig. 5 is useful for concepts such as Name or Nationality in the
ontology in Fig. 1, whereas if the attribute is a long string, like Title, the appropriate
sentence skeleton is the shown in Fig. 6.

The sentence skeleton in Fig. 7 is useful for multivalued string type attributes. This
would be the sentence skeleton appropriate for concepts such as Keywords in our ontol-
ogy.

Notice that we ask for a "fragment of word" to avoid the use of wild cards (like *, %
or ?) and to make it easier to the user the possibility of looking for any word associated
with the same lexical root. The meaning of "fragment of word" as well as the meaning
of "string" will be completely explained to the user.

To express restrictions over concepts associated to Date type attributes, the sentence
skeleton in Fig. 8 can be used. Likewise, the skeleton in Fig. 9 permits the user to ex-
press restrictions over numeric type attributes. In the ontology in Fig. 1, concepts such
as Date of Ist Edition and Number of Pages will be associated with sentence skele-
tons like the ones shown in Figs. 8 and 9, respectively. Concepts associated with Text

2 al
The SCONCEPT: mustoontain < O atleast [ ] of the Rllowing Fagmerts of words: |

O zome of

Figure 7. Sentence skeleton for String data type with a cardinality greater than 1
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Figure 8. Sentence skeleton for Date data type
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b etw een: } | |and|

Figure 9. Sentence skeleton for Number data type

attributes can use the sentence skeleton in Fig. 10. Restrictions expressed using this
sentence can be used even if no text retrieval capabilities are available (using the LIKE
SQL statement). However any available text retrieval technique can also be used by the
Bounded Natural Language technique. We will show through different examples how
BNL sentences can be adapted to perform queries using different text retrieval capabil-
ities. For example, if the implemented text retrieval technique can use a thesaurus of
synonyms and related words, the system will present the user with the sentence in Fig.
11 following the sentence in Fig. 10. Filling the gaps in the sentence in Fig. 11, the
user can enable or disable the use of such thesaurus. Another example that shows how
a sentence in Bounded Natural Language can easily guide the user to take advantage
of different text retrieval techniques is the sentence skeleton in Fig. 12. This sentence
skeleton (presented by the system following the sentence in Fig. 10) allows the use of
fuzzy search (words with 1 or 2 different characters to the word written by the user will
be accepted).

If the implemented text retrieval technique allows different weights to the words in
the query, a suitable BNL sentence skeleton to guide the user in the process of giving
different weights to different words could be the one shown in Fig. 13 (such a system
will use this skeleton instead the one in Fig. 10).

It easy to see how the BNL technique is flexible enough to allow the design of sen-
tence skeletons for any kind of datatype attributes and for any text retrieval technique.

<ol
O atleast I:lof

The <CONCEPT> must contain % % the Bllowing fagmerts ofword s |

Figure 10. Sentence skeleton for Text data type
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2 syionyms of

O also wart: )
| to search all the ) words related with: the previous wards
2 dan'twant:

2 synonyms and words rdaed with:

Figure 11. Sentence skeleton for use of the database thesaurus

O acoept: [
I those words that differ Fomthe previows ones characters
2 don't accept: A ]

Figure 12. Sentence skeleton for approximate words

The BNL sentences always guide accurately the user in order for her to be able to ex-
press the restrictions that the documents she is looking for must satisfy in order to be
retrieved.

4 Query User Interface

4.1 Navigational Sentence Skeletons

In this section, we describe how the User Interface Generator builds the user interface
following the ontology. We have already said that any concept in the ontology has as-
sociated a sentence skeleton, but other sentences are also necessary to allow the user
the navigation through the ontology so that she can express her whole query. There are
two navigational sentence skeletons: Disjunction sentence skeleton and Choice sentence
skeleton.

Disjunction Sentence Skeletons. This sentence skeleton must be presented to the user
when the concept being processed has a specialization relationship (like the concept
work in the ontology in Fig. 1). The disjunction sentence skeleton is the one in Fig. 14.
In filling this sentence the user will say if she is interested in the general concept or in
one of its specializations. In the example, the user will say if she is looking for any kind
of work or if she is looking for one specific kind of work (as journals). At the beginning

o oall
the llowing fagments ofword =:
© sz [ o '

O lam VERY intere sted on {

o oall
O lam ALSO interested, but notzo much in % the llawing Fagments ofwomd =:

O atleast l:l of

O And Ido not warit documents containing the fllbwing fragmerits ofword s: | : : ; i |

Figure 13. Sentence skeleton for another text retrieval techniques
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<Concept under pmoces == in genaral
<Specialization 1 of concept under process

lam interastad in searching for any kind of < Specialization 2 of concept under process >

Qo000

< Specizlization nof concept under process >

Figure 14. Sentence skeleton for a Disjunction sentence

Miarksin general
Journals

Thesis

Books
Comoilation Books

laminterested in searching for

00000

Figure 15. Example of a Disjunction sentence

of the process of building a query with the ontology of our example, the disjunction
sentence skeleton will be created as shown in Fig. 15.

Choice Sentence Skeletons. The second navigational sentence skeleton is used to ask
the user which concepts describing the concept being processed she is interested in.
That is, the system will ask the user, each time a new concept is being processed, which
concepts, related with it by the "has"-relationship are relevant for her to express restric-
tions. This skeleton is represented in Fig 16. Notice that the concepts presented first in
the skeleton are those which are leafs (those which have no children through a "has"-
relationship path). Then the non-leaf concepts are listed. In this sentence, the user can
choose as many concepts as she wants because Choice sentences have check buttons
(not radio buttons). For example, for the concept Article in the ontology in Fig. 2, the
choice sentence is shown in Fig. 17.

4.2 Query Process

In order to build the right chain of sentences the User Interface Generator internally
uses the algorithm in Fig. 18, that we call User Interface Algorithm (UIA). Initially, the

“Lesf concept 1inthe ka5 relstiorship:

=Lleaf concept ninthe kas-relationship=

In relation to < COMCEPT:, 1am interasted n exprezing condtions owver its
% Hon-lesf concept 1inthe hz s-relatiorehips

Ooooooao

< MNon-lesf concept ninthe k2 s-relatiorships

Figure 16. Choice Sentence skeleton
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Title

Subject

Caontents
Mumberof Pages
Futhor

In relation to Article, | am interested in expressng conditions oerits

ooooo

Figure 17. Example of a Choice sentence

input parameter for the UIA is the concept at the root of the ontology. The algorithm
first checks if the concept being processed has a specialization ("is a"-relationship). In
this case, the algorithm instantiates the disjunction sentence skeleton with the concept
being processed and its specialization, takes the option the user chooses and recursively
calls the UIA algorithm using as input parameter the concept chosen by the user.

If the concept being processed has no specialization the algorithm uses the choice
sentence skeleton for that concept. With this sentence the user can choose as many
options as she wants and two lists of concepts are built. The first list, called LeafCon-
ceptsChosenSet will contain the chosen concepts that are leaves in the ontology tree.
The second list, called NonLeafConceptsChosenSet, will contain the list of children
concepts of the concept being processed which also have children and have been cho-
sen by the user. For example, if the concept being processed is Article in the ontology
in Fig. 2, the instantiated choice sentence will be the one in Fig. 17. Assuming the
user marks the check boxes corresponding to Subject, Number of Pages andAuthor then
LeafConceptsChosenSet will contain Subject and Number of Pages and NonLeafCon-
ceptsChosenSet will contain Author.

These two lists are used to run the process. The algorithm will use concepts in both
lists to continue its execution.

Notice that in this step the user says which features of the concept being processed
she is interested in. That means that she restricts the concept being processed using
those features. In the previous example, the user is saying that the Author, the Number
of Pages and the Subject of the Article are the three features she wants in the Articles
she is looking for.

For each concept in the LeafConceptsChosenSet the associated sentence skeleton
is instantiated and presented to the user. Her restrictions are translated into a Formal
Query Language (FQL) statement that will be part of the whole FQL document that
will represent the query. To perform the translation, the algorithm uses the expression
in DML associated to the concept in the ontology.

For each concept in the NonLeafConceptsChosenSet, the algorithm recursively calls
itself using that concept as input parameter.

It is clear that using the algorithm the User Interface Generator guides the user
through the ontology, expressing the necessary restrictions to build her query. The User
Interface will present the ontological subtree corresponding to the general part of the
ontology or to the specific corpus the user is interested in. In that tree concepts se-
lected by the user will be highlighted. In different windows all the sentences already
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User Interface Algorithm

Input: concept-under-process Ouipui:  query restrictions in FGIL

Begin
If concept-under-proce sz hasa /s-3 relationship

Then
disiunction sentence instance for concept-under-process
(recursively call) Userfnterface Algorithun with the concept chosen by the user
as initial concept

Else
choice sentence instance for concept-under-process
LeafConcepitsChosenSet < leaf concepts chosen by the user
Nonl eafConceptsChosenSet < non-leaf concepts chosen by the user

Show associated sentencesto each leaf concept in LeafConceptsChosenSat
Get user restrictions and write t in FQL

For each concept-under-process in NonleafConceptsChosenSet
(recurswrely) ser Interface Algorithm with the concept under process
as initial concept

EndFor

Endif
End

Figure 18. User Interface Algorithm

customized by the user are presented in order for the user to easily see the query she is
building.

5 Conclusions and Future Work

We have described, in this paper, the basic algorithm for a User Interface Genera-
tor module that allows the user to express queries in Bounded Natural Language. The
Bounded Natural Language technique allows queries over structured and non-structured
data, taking advantage of any text retrieval technique implemented in the database. Al-
though the entire user interface can be programmed ad hoc, we think that the proposed
architecture is more useful because it provides the User Interface with logical and phys-
ical independence with respect to the underlying database, so any change in the database
schema only implies little modifications in the ontology and maybe in the Sentence
Skeletons Store. We are developing a first prototype of this system that we think can be
adapted to integrate different document databases in a federated architecture.



A Document Database Query Language 197

References

91

10.

11.

12.

13.

14.

15.

19.

. Askjeeves http://www.askjeeves. com 2001
. Alonso, O. and Baeza-Yates, R. "A model and software architecture for search results visu-

alization on the WWW", Proceedings of the International Symposium on String Processing
and Information Retrieval SPIRE 2000, IEEE Computer Society Press, A Corufia Spain,
September 27-29, 2000, pp:8-15.

. Baeza-Yates, R.; Navarro, G. Integrating contents and structure in text retrieval. ACM SIG-

MOD Record, 25(1):67-79, Marzo 1996.

. Baeza-Yates, R.; Navarro, G.; Vegas, J.; Fuente, P. A model and a visual query language

for structured text. En Berthier Ribeiro-Neto (Eds.) Proc. of the 5th Symposium on String
Processing and Information Retrieval, pp:7-13, Santa Cruz, Bolivia, Sept 1998. IEEE CS
Press.

. Baeza-Yates, R.; Ribeiro-Neto, B. Modern Information Retrieval, Addison-Wesley, 1999.
. Berry, M. W.; Dumais, S. T.; O’Brien, W. Using Linear Algebra for Intelligent Information

Retrieval. SIAM Review 37:573-595, 1995.

. Cousins, Steve B., Paepcke, Andreas, Winograd, Terry, Eric A. Bier and Ken Pier; The digital

library integrated task environment (DLITE); Proceedings of the 2nd ACM international
conference on Digital libraries, 1997, Pages 142 - 151

. Gruber, T. Toward Principles for the Design of Ontologies Used for Knowledge Sharing.

ITHCS, 43 (5/6): 907-928. 1994.

. Gruber, T.

http://www-ksl.stanford.edu/kst/what-is-an-ontology.html
Guarino, N. (ed.), Formal Ontology in Information Systems. Proceedings of FOIS’98. Ams-
terdam, 10S Press, pp. 3-15. , Trento, Italy, 6-8 June 1998.

Hearst, Marti A. and Chandu Karadi; Cat-a-Cone: An interactive interface for specifying
searches and viewing retrieval results using a large category hierarchy; Proceedings of the
20th annual international ACM SIGIR. Conference on Research and development in infor-
mation retrieval, 1997, Pages 246 - 255.

Hearst, M. "User interfaces and visualization" in Modern Information Retrieval, Addison-
Wesley, London, 1999

Koenemann, Juergen and Belkin, Nicholas (1996). A case for interaction: A study of in-
teractive information retrieval behavior and effectiveness. Proc. CHI’96 Human Factors in
Computing Systems, ACM Press, New York, NY, pp. 205-212.

Landauer, T., Egan, D., Remde, J., Lesk, M., Lochbaum, C., and Ketchum, D. Enhancing
the usability of text through computer delivery and formative evaluation: The SuperBook
project. Hypertext — A Psychological Perspective. Ellis Horwood, 1993.

Mena, E., lllarramendi, A., Kashyap, V., Sheth, A. OBSERVER: An Approach for Query
Processing in Global Information Systems based on Interoperation across Pre-existing On-
tologies. Journal Distributed And Parallel Databases (DAPD). 1998.

. Ogawa, Y.; Morita, T.; Kobayashi, K. A fuzzy document retrieval system using the keyword

connection matrix and a learning method. Fuzzy Sets and Systems, 39:163-179, 1991.

. Penabad, M., Durdn, M.J., Lalin, C., L6pez, J.R., Param4, J, Places, A. S. y Brisaboa, N.R.

Using Bounded Natural Language to Query Databases on the Web. Proceeding of the Infor-
mation Systems, Analysis and Synthesis ISAS’99. Orlando (Florida), Julio - Agosto 1999.

. Rao, Ramana, Card, Stuart K., Jellinek, Herbert D., Mackinlay, Jock D. and Robertson,

George G. The information grid: A framework for information retrieval and retrieval-
centered applications. Proceedings of the fifth annual ACM symposium on User interface
software and technology, 1992, Pages 23 - 32

Rijsbergen, C.J. van. Information Retrieval. Butterworths, 1979.



198

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

Nieves R. Brisaboa et al.

Robertson, G. C.; Sparck Jones, K. Relevance weighting of search terms. Journal of the
American Society for Information Sciences, 27(3):129-146, 1976.

Salton, G. Automatic information Organization and Retrieval. McGraw-hill, 1968.

Salton, G. The SMART Retrieval System - Experiments in Automatic Document Processing.
Prentice Hall Inc., Englewood Cliffs, NJ, 1971.

Salton, G.; Fox, E. A.; Wu, H. Extended Boolean information retrieval. Communications of
the ACM, 26(11):1022-1036, November 1983.

Salton, G., and Buckley, C. 1990. Improving retrieval performance by relevance feedback.
Journal of the American Society for Information Science 41:288-297.

Shneiderman. B. "Designing the User Interface: Strategies for Effective Human-Computer
Interaction”, 3ed, Massachusetts Addison-Wesley, 1998.

Strzalkowski, Tomek, editor. Natural Language Information Retrieval. Kluwer Academic
Publishers, Dordrecht, April 1999

Vegas, J. "Un sistema de recuperaciéon de informacion sobre estructura y contenido", Tesis
doctoral. Universidad de Valladolid, Valladolid, Spain, 1999.

Wong, S. K. M.; Ziarko, W.; Wong, P. C. N. Generalized vector space model in information
retrieval. Proc. 8th ACM SIGIR Conference on Research and Development in information
Retrieval, pp:18-25, New Yok, USA, 1985.

World Wide Web Consortium. Standard X



Apers, Peter M.G., 150

Boyd, Michael, 42
Brisaboa, Nieves R., 183
Burgess, Mikhaila, 103

Carvalho, Marcio de, 77
Chakravarthy, Sharma, 90
Couchot, Alain, 114

Dalkilic, Mehmet M., 26

Embury, Suzanne M., 134
Engstrom, Henrik, 90

Fan, Hao, 50

Fernandes, Alvaro A.A., 11
Fiddian, Nick, 103

Fu, Gaihua, 134

Giannella, Chris M., 26
Gounaris, Anastasios, 11
Gray, W. Alex, 103, 134
Groth, Dennis P., 26
Gupta, Amarnath, 54

Hull, Richard, 1
Hwang, Yousub, 58

Jasper, Edgar, 46

Lepinioti, Konstantina, 70
Lings, Brian, 90

Lodi, Stefano, 73
Ludischer, Bertram, 54
Lujan-Mora, Sergio, 66

Kumar, Bharat, 1

Author Index

Martone, Maryann E., 54
McBrien, Peter, 42
McKearney, Stephen, 70
Medina, Enrique, 66
Meira Jr., Wagner, 77

North, Siobhdn, 62

Park, Jinsoo, 58

Paton, Norman W., 11
Penabad, Miguel R., 183
Places, Angeles S., 183

Qian, Xufei, 54

Ram, Sudha, 58

Robertson, Edward L., 26
Rocha, Bruno, 77
Rodriguez, Francisco J., 183
Ross, Edward, 54

Sahuguet, Arnaud, 1
Sakellariou, Rizos, 11
Shao, Jianhua, 134
Shou, Xiao Mang, 62

Theodoratos, Dimitri, 166
Tong, Nerissa, 42

Tran, Joshua, 54

Trujillo, Juan, 66

Veloso, Adriano, 77
Xiong, Ming, 1

Zaslavsky, Ilya, 54
Zwol, Roelof van, 150



	Front matter
	Advances in Databases Advances in Databases 
	Foreword
	Table of Contents

	Chapter 1
	Introduction: The Challenge of too Many Services
	Managing User Profile Information
	Managing Preferences and Policies
	Conclusions

	Chapter 2
	Introduction
	The Scope of the Survey
	Modifications in the Query Plan
	Characteristics of Adaptive Query Processing Techniques

	Adaptive Query Operators
	Memory Adaptive Sorting and Hash Join
	Operators for Producing Partial Results Quickly

	Algorithms and Systems for Adaptive Query Processing
	Extensions to Adaptive Operators
	Algorithms that Adapt to Data Arrival Rates
	Algorithms that Defer Some Optimisation Decisions until Runtime
	The Telegraph Project
	Adaptive Query Processing in High-Performance Systems

	Discussion
	Conclusions

	Chapter 3
	Introduction
	Previous Work: SQO and Dependencies
	Definitions and Theoretical Results
	Basic Notation
	Horizontal-Vertical Decompositions
	Query Rewriting: Technique I
	Query Rewriting: Technique II
	Hypotheses

	Experimental Results
	Testing Hypotheses
	Discussion

	Conclusion and Future Work

	Chapter 4
	Introduction
	Describing a Data Modelling Language in the MDR
	Describing Schemas and Transformations in the STR
	Conclusions

	Chapter 5
	Introduction
	Architecture of the AutoMed Global Query Processor
	Conclusions and Future Work

	Chapter 6
	Introduction
	Data Lineage Tracing Using Transformation Pathways
	Conclusions and Future Work

	Chapter 7
	Introduction
	The Demonstration System
	Data and Knowledge Sources
	The KIND2 Mediator


	Chapter 8
	Introduction
	Conflict Resolution Environment for Autonomous Mediation
	Metadata Layer
	 Semantic Mediation Layer
	Data Access Layer
	Data Exchange Layer

	Demonstration

	Chapter 9
	Introduction
	Editing, Saving, and Searching Diagrams on the Web
	Version Control for the Web Diagram Databases
	Discussion and Future Work

	Chapter 10
	Introduction
	Object-Oriented Multidimensional Modeling
	Representing Multidimensional Models with XML
	Conclusions and Future Works

	Chapter 11
	Introduction
	Data Structure and Algorithm
	Clustering Large Databases
	Application
	Conclusions

	Chapter 12
	Chapter 13
	Introduction
	Research Contributions of this Paper

	Problem Description and Related Works
	Related Work

	Algorithms for Mining Frequent Itemsets
	The {sc Apriori} Algorithm
	The {sc EClaT} Algorithm
	The {sc GenMax} Algorithm
	The {sc ChARM} Algorithm

	Real World Association Rule Mining
	Dataset Characteristics
	The {sc AdARM} Algorithm

	Experimental Evaluation
	Summary

	Chapter 14
	Introduction
	Background
	Our Approach

	Test-Bed Implementation and Its Features
	System Design
	Support for Source Capabilities
	Summary

	Experiments and their Analyses
	Description of Experiments
	Results for a Relational Source
	Result for XML Source
	Desiderata

	Conclusions and Future Work

	Chapter 15
	Introduction
	Potential Users
	Project Aim

	 Defining Quality
	Taxonomy of Quality
	Quality Attributes
	Representing Quality Ratings
	Quantitative and Qualitative Characteristics of Quality
	Rating Scales
	 Obtaining Information about Quality

	 Using the Taxonomy of Quality
	 User Defined Quality Ratings
	 Setting and Relaxing Quality Ratings
	User Profiling

	Future Work
	Conclusion

	Chapter 16
	Introduction
	Related Work
	The Refined Triggering Graph Method
	 Abstract Architecture of an Active Object Oriented Database
	 Triggering Formula and Generalised Triggering Formula

	Motivating Example
	Example
	Termination Analysis of the Example
	Discussion

	Triggering Formula of a Complex Path
	Elementary Path and Complex Path
	Rules-Independent Triggering Formula of a Path 

	Descendant of a Triggering Formula
	Total Triggering Formula
	Descendant of a Rules-Dependent Selector 
	Descendant of a Total Triggering Formula

	 Complex Condition of a Rule 
	Complex Order 2 Condition of a Rule
	 Complex Order 2 Postcondition of a Rule 
	 Elaborate Triggering Formula 

	Termination Algorithm
	Conclusion

	Chapter 17
	Introduction
	Representation and Analysis of Constraints
	Related Constraints
	An Algorithm for Determining Related Constraints
	Normalising S-C Graph
	Identifying Related Constraints
	Deducing Implicit Constraints
	Time Complexity of the Algorithm

	An Example
	Conclusion and Future Work

	Chapter 18
	Introduction
	Ideas behind the Webspace Method
	Modelling a Webspace
	Indexing a Webspace
	Querying a Webspace

	Retrieval Performance Evaluation
	Retrieval Performance Measures
	Text REtrieval Conference

	Experimental Setup
	`Lonely Planet' Test Reference Collection
	Evaluation Measures
	Runs

	Experimental Results
	Summary table statistics
	Recall-Precision Averages
	Document Level Averages
	Average Precision Histogram

	Conclusions

	Chapter 19
	Introduction
	Related Work
	The Hyper-Graph Data Model for Heterogeneous Data Source Integration
	The Hypergraph Query Language HQL
	View Transformations
	Conclusion

	Chapter 20
	Introduction
	System Architecture
	Ontology
	Architecture
	Query System
	Exchange Data Languages

	Bounded Natural Language
	User Interface
	Sentence Skeletons

	Query User Interface
	Navigational Sentence Skeletons
	Query Process

	Conclusions and Future Work

	Back matter
	Author Index


