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Preface

The East European Conference on Advances in Databases and Information Sy-
stems (ADBIS) is the successor of the annual International Workshops with
the same title that during 1993-1996 were organized in Russia by the Moscow
ACM SIGMOD Chapter. Initiated in St. Petersburg, Russia, in 1997, it conti-
nued in Poznan, Poland, in 1998 and in Maribor, Slovenia, in 1999. The ADBIS
Conference became the premier database and information systems conference
in Eastern Europe. It intended to increase interaction and collaboration bet-
ween researchers from the East and the West, and to provide an internationally
recognized tribune for the presentation of research results.

The International Conference on Database Systems for Advanced Applica-
tions (DASFAA) was first held in Seoul, Korea, in 1989 to promote database
research and development activities in Asian and Australasian countries. The
Special Interest Group of Database Systems (SIGDBS) of the Information Pro-
cessing Society of Japan (IPSJ) and the Special Interest Group of Data Base
(SIGDB) of Korea Information Science Society (KISS) had important roles in
the organization of DASFAA. Since that time the DASFAA has been held eve-
ry two years: Tokyo in 1991, Daejon in 1993, Singapore in 1995, Melbourne
in 1997, and Taiwan in 1999. The DASFAA became one of the most prestigious
international conferences ever held in Asia or Australasia.

The decision to organize the 2000 ADBIS-DASFAA Symposium was made
just before the ADBIS’98. The organizers of the DASFAA Conference nominated
Professor Yoshifumi Masunaga as the co-chair from DASFAA for this joint event
in 2000. The goal of the symposium was to promote interaction and collabora-
tion between researchers from Eastern Europe and Asia and Australasia, and
to provide an international forum for the presentation of research on database
theory, the development of advanced data base management systems technolo-
gies, and their advanced applications. It is planned that this symposium will be
held bi-annually in the years when DASFAA conferences are not organized. In
addition, the 2000 ADBIS-DASFAA Symposium is considered to be the regular,
Fourth ADBIS annual Conference.

The 2000 ADBIS-DASFAA Symposium took place on 5-8 September 2000,
in Prague, Czech Republic. In addition to the usual program, a special session on
mobile database technology was organized in collaboration with Sanjay Kumar
Madria. Its main objective was to bring together researchers and developers
interested in this topic and to enrich classical database themes.

This year the 42 members of the 2000 ADBIS-DASFAA Symposium Pro-
gram Committee, from 22 countries, evaluated 115 submissions. After a careful
review process, followed by a very long discussion at the PC meeting held on
4-5 May 2000 in Cottbus, Germany, 51 papers were selected for presentation at
the 2000 ADBIS-DASFAA Symposium: 18 regular papers (14 pages long) and
9 short papers (8 pages) were accepted to be published by Springer-Verlag and
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24 papers (10 pages) to be published in the “Proceedings of Challenges”. The
paper selection for the mobile database technology session was done by its own
program committee which accepted 6 papers (3 regular and 3 short) for this
volume and 1 paper for the local proceedings.

We obtained 17 submissions from Asia and Australasia from which 12 were
either accepted for this volume (6) or for the “Proceedings of Challenges” (6).
Thus, we consider the merge of the ADBIS and DASFAA conferences this year
a good beginning.

The selected contributions are completed by 3 invited lectures. They are
on spatio-temporal databases, database systems as middleware, and advanced
processing environment for managing the continuous and semistructured features
of multimedia content.

The staging of the 2000 ADBIS-DASFAA Symposium was made possible
by the cooperation of many different organizations and people. We would like
to express our thanks to all the institutions who actively supported this event,
namely:

— Charles University, Faculty of Mathematics and Physics

— Institute of Computer Science (ICS), Academy of Sciences of the Czech
Republic

— Brandenburg University of Technology at Cottbus, Computer Science
Institute (CSI BUT)

We would also like to thank all members of the Program Committee and
the Organizing Committee as well as the Action M Agency for their professional
work. Special thanks go to Alfred Hofmann of Springer-Verlag for accepting these
proceedings to the LNCS series, to Hana Bilkova from ICS who did an excellent
job in the completion of the proceedings, to the staff of Bernard Thalheim at
CSI BUT for realizing a submission and review system that worked perfectly
and for organizing a smooth PC session at Cottbus, and, particularly, to Leonid
Kalinichenko for his kind help and advice during the symposium preparation.

July 2000 Yoshifumi Masunaga
Bernhard Thalheim

Jaroslav Pokorny

Julius Stuller
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Abstract. The remarkable advances made in computer and communi-
cation hardware/software system technologies have made it possible for
us to use multimedia data for many purposes in various service areas.
Considering the importance of developing an advanced processing envi-
ronment for the acquisition, management, retrieval, creation, and utiliza-
tion of large amounts of multimedia content, the “Advanced Multimedia
Content Processing (AMCP)” research project has been started in Ja-
pan, focussing on the management of the continuous and semistructured
features of multimedia content. In this paper, we will present a part of
research results achieved by this project, along with the process from
the first time the multimedia content is acquired/organized until it is
delivered to and presented at the client side.

1 Introduction

With the remarkable advances made in computer and communication hard-
ware/software system technologies, we can now easily obtain large volume of
multimedia data through advanced computer networks, store and handle them
in our own personal disk devices. Sophisticated and integrated multimedia con-
tent processing technologies, which are essential to building a highly advanced
information-based society, are attracting ever-increasing attention in various ser-
vice areas, including broadcasting, publishing, medical treatment, entertainment,
and communications. The prime concerns of these technologies are how to ac-
quire multimedia data from the real world, how to automatically organize and

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 1-E0, 2000.
© Springer-Verlag Berlin Heidelberg 2000



2 Shojiro Nishio et al.

store these obtained data in databases for sharing and reuse, and how to generate
and create new, attractive multimedia content using the stored data.

Considering the importance of developing an advanced processing environ-
ment for the acquisition, management, retrieval, creation, and utilization of large
amounts of multimedia content, we started in 1997 the five years research project
titled “Advanced Multimedia Content Processing (AMCP)” under the support
of a new farsighted program entitled “Research for the Future (RFTF).” This
RFTF program, launched in 1996, is funded through a capital investment made
by the Japanese government to promote and expand the frontiers of scientific
research. Currently, our AMCP project is composed of fourteen members who
are from four different universities.

The AMCP project aims at covering the following particular areas:

(1) Dynamic multimedia data modeling and intelligent structuring of content
based on active, bottom-up, and self-organized strategies.

(2) Access architecture, querying facilities, and distribution mechanisms for
multimedia content.

(3) Synthesis of virtual and augmented real environments using large amounts of
multimedia data for the creation of multimedia content and the applications
of such technology to mobile computing environments.

Artistic and innovative applications through the active use of multimedia content
are also subjects of the project. In this paper, we will present some major results
of research obtained by this project.

The rest of this paper will be organized as follows. In section 2, important
properties of multimedia content are discussed, where its continuous and se-
mistructured features are taken up, and then we briefly explain how research
in this project manages these features. In section 3, we discuss the multimedia
data organization by means of media integration. After that, in section 4, we
discuss our approach in the organization and retrieval of Web data in WWW
(World Wide Web) systems. Discussion on the algebraic filtering framework for
continuous media will be given in section 5 followed by the discussion on access
control for inline objects in Web data in section 6. After discussing our spatial
querying and browsing environment in section 7, we give the conclusion of this
paper in section 8.

2 Important Properties of Multimedia Content

When we think about storing, sharing, and retrieving multimedia content, “con-
tinuous” and “semistructured” are two key features that should get more se-
rious consideration. This is because, without appropriate handling, these features
could prohibit us from getting valuable information from the content. However,
if we could manage them in an appropriate way, it is possible for us to per-
form more advanced operations including query and search on the multimedia
content.
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2.1 Continuity Feature

James Monaco (19811 said that “There are no basic units of meaning in film”.
Although the above quote is describing his view as a film and media critic, the
quote is exactly pointing at the continuity feature of film, and thus fit into our
discussion here. For examples, in (digitized) video data, any video interval could
become a result of searching. Therefore, any interval could become an informa-
tion unit, thus it could be considered as one-dimensional (1-D) continuous media.
Similar case also applies to audio data. However, the principle of continuity in
multimedia is broader and not limited only to this obvious fact. In general, the
continuity feature of multimedia data could be found at least in three aspects,
i.e., spatial continuity, time continuity and quality continuity.

In spatial data like two-dimensional (2-D) map or three-dimensional (3-D)
virtual space, any space could become a result of searching. Any space, therefore,
could become an information unit, thus it could be considered as 2-D or 3-D
continuous media. Including that of video and audio data, we call this continuity
as spatial continuity. Later in this paper, we will introduce the algebraic retrieval
method of fragmentarily indexed video which can handle efficiently the spatial
continuity feature in providing answers to queries on video data. Furthermore,
we will also introduce our spatial querying and browsing environment proposed
for presenting multimedia data, including video data, in 3-D context.

Time continuity is closely related to the timeliness needed in presenting the
content to the user. Timeliness and synchronization are imposed in order to
ensure smooth and meaningful flow of contents to the user. In this paper, we
will discuss WebQoS that exploits the feature of composite objects in Web data
in the Quality of Service (QoS) control in order to ensure the time continuity
(timeliness requirement) of Web data presented to the user.

Quality continuity is related to the access management regarding the pre-
sentation quality of multimedia content. So far, research in access management
assumes that users have knowledge about the schema of database, and the types
of data involved are of simple text or numerical data. Since handling such data
types costs almost nothing and it could be done both in the client and server, the
access performance and security have been the main problems. Accordingly, the
approaches of existing access management methods are based on all-or-nothing
principle.

However, the case is different when we are dealing with multimedia content.
Besides the high cost of processing multimedia data, in general, users will deter-
mine if they want to access the multimedia data after viewing it at least once
in any quality. When we are considering the commercialization of multimedia
content, it is necessary to provide price based Level of Detail (LoD) manage-
ment. Furthermore, when we are dealing with multimedia object in 3-D context,

1 James Monaco is author or editor of more than a dozen books on film and media,
published in more than 35 editions, including American Film Now, The New Wawve,
and The Film Encyclopedia. He is the founder of Baseline, the worldwide information
source for the entertainment business. He is also well-known as a pioneer of the
electronic publishing industry.
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it is important to provide a smooth change in LoD according to the distance
from the object, especially, if we want to support walk-through in virtual space.
Accordingly, in handling multimedia content, quality continuity is among the
important aspects to consider. Later, we will discuss our approach in controlling
LoD in our spatial querying and browsing environment.

2.2 Semistructured Feature

In this paper, we mean the semistructured feature of data as the fact that the
data do not have a unified schema like tables in a database, but elements that
can be used in realizing schema-like organization exist in the data. By exploiting
such an organization, to some degree, we can perform operations such as query
and search which originally depend on the existence of schema. Below, we will
explain this feature in more detail by using video and Web data as examples of
semistructured data.

Video is composed of frames or shots. For the purpose of editing or autho-
ring, frames or wvideo intervals (an interval is composed of one or more conse-
cutive frames or shots) are assigned with keywords. In this point, each frame
or interval already has a kind of structure (for example, grouping is possible by
using keywords). Though any frame or interval could be assigned with multiple
keywords, in general there is no particular rule in assigning keywords. Conside-
ring this fact, we could classify video as semistructured data.

On the other hand, with some elaboration, it is possible to use these keywords
in organizing frames and intervals in video data, and later use this organization
in the structure (schema) dependent processing such as query and search. Con-
sidering this fact, we can see the video data with keywords as semistructured
data.

The case is also similar with Web pages. Web pages usually consist of text and
graphics. In general, each page is written following a structure determined by the
author. However, it is a rare case that all pages are designed following a specific
structure (this is because the original goal of providing information in Web pages
is generally to disseminate information on the Internet. Therefore, the clarity of
information and the artistic aspect are the most important motivation behind
the author work, and for that goal the structure of pages is not the necessary
condition). Considering this fact, we could classify Web pages as semistructured
data.

On the other hand, Web pages generally contain also links to other pages for
navigating the viewer to the related pages. Considering the existence of links in
Web pages, we thus can see the Web data as a huge graph containing Web pages
connected by links. By traversing nodes in this graph, we could perform search
or query to find the information of our interest. According to this fact, we can
see Web pages also as semistructured data.

As we can see in the above mentioned examples, data which are involved in
the multimedia content presentation are generally semistructured and we need to
do some operations on these data before they can be used in processing queries
or search requests. Related to the semistructured aspect of multimedia content,
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in this paper, we will discuss our approaches in indexing multimedia content by
using speech recognition technique, the organization and retrieval of Web and
video data, and the visualization of multimedia data in 3-D context.

3 Multimedia Data Organization by Media Integration

3.1 Organization of Continuous Media

Contents stored in digital libraries or museums can be accessed quickly using
their manually constructed table of contents or indices. On the other hand,
broadcast news, animation, drama and movies usually have no table of contents
or indices, so that data have to be accessed sequentially. To deal with such a
problem in handling continuous media, a content based access architecture is
required.

In video images, an index corresponds to an event that occurs in the vi-
deo image. On the other hand, a table of contents corresponds to a hierarchical
structure of topics, like chapters and sections of books. In order to access the
continuous media, these indices and tables of contents have to be produced
via automatic analysis on video and audio data. This is called organization of
continuous media which mainly includes functions of indexing and topic segmen-
tation.

A typical example of such organization of continuous media is a news on
demand (NOD) system. Since TV news programs are broadcast to all over the
world through the digitization, TV viewers are required to select and watch
the most interesting news in a short time. In order to satisfy this requirement,
we are now developing an NOD system with functions such as automatic topic
segmentation, retrieval of related topics and summarization. These functions can
be realized based on the organization of continuous media.

3.2 Approach to the Organization

In order to realize the indexing and topic segmentation in an NOD system,
indices such as words, objects and shots have to be extracted automatically
from audio and video data at first. Then they will be meaningfully integrated
into topics. By these indexing and topic segmentation, new functions, such as
cross media retrieval which can retrieve the content across the different media,
could be prepared.

Fig. M shows the organization process of continuous media. Signal data are
organized into contents through the processes of “Segmentation & classifica-
tion”, “Recognition & indexing”, “Association in time and space”, and finally
“Construction of topic thesaurus” as shown in the left hand side. According to
these organization processes, the signal data are converted into concept through
pattern, symbol and topic as shown in the right hand side.

At each level of data presentation, the corresponding retrieval is available.
For example, at the signal level, specific images, music or noises can be retrieved
based on signal processing. At the pattern level, human faces and speech are



6 Shojiro Nishio et al.

retrieved using pattern extraction techniques. An example at the symbol level
is a retrieval of the president’s face and speech based on pattern recognition
techniques. At the topic level, the president’s speech concerning his/her economic
policy or highlight scenes in TV sports program can be retrieved.

Finally at the concept level, the upper or lower topics as well as similar or
opposite topics will be retrieved. Here the upper topics mean not only the sum-
maries but also the topics at abstract level such as “economy” to “bankruptcy”.
In the same way, the lower topics mean not only the details but also the topics at
concrete level. These retrieval of opposite, upper and lower topics based on auto-
matic construction of topic thesaurus rather than summaries or detail is unique
approach as compared to Informedia-II being developed at CMU. Informedia-
IT focuses on the distillation of information across multiple video paragraphs
and visualization over time and space to understand how events evolve and are
correlated over time and geographically [23].

Contents Concept
. = retrieval

| Construction of topic thesaurus T
retrieval

<

| Association in time and space | "
| e
| Recognition & indexing | -
Pattern
Pattern retrieval
|.‘ia-gz1m-nt-.|tim| & classification -

Sional Signal
Data s retrieval

Fig. 1. Organization process of continuous media.

3.3 Media Integration

(a) Integration of Speaker Indexing and Speech Transcription

We have developed a system which can automatically index and classify TV
news stories into 10 topics based on a speech transcribing technique [3]. After
transcribing the spoken news stories, pre-defined keywords are searched and the
news stories are classified based on the keywords.

In general, news speech includes reporter speech as well as announcer speech.
The announcer speech is clear but the reporter speech is sometimes noisy due to
wind or environmental noises so that the transcription accuracy for the reporter
speech is lower than that for the announcer speech. Therefore, if the speech
transcribing process is limited only to the announcer speech, the processing time
can be reduced without decreasing the news classification accuracy.
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From this point of view, our system can automatically divide the TV news
speech into speaker sections at first and then perform indexing in real time who
is speaking. This can be realized by using a technique of speaker verification.
However, the speaker verification technique is sensitive to the time lapse. To solve
this problem, speaker models are not prepared in advance but are constructed
in a course of indexing in self-organization mode.

We verified the effectiveness of our proposed methods by carrying out an
experiment of extracting and transcribing only the announcer speech and then
classifying the news stories into 10 topics. At present, 75% accuracy of news
story classification is obtained. This system is applicable to meeting documents
as shown in Fig. Pl

Speaker indexing

Speaker 1

Speaker 2 / =

Speaker 3

Speech transcription

Fig. 2. Integration of speaker indexing and speech transcribing.

(b) Integration of Video OCR and Speech Transcription

We have also developed a system of cross media retrieval for TV news as
shown in Fig. [3 At first, the video caption is recognized through video OCR
(Optical Character Recognition). Then a vector is constructed for a video caption
using the recognized nouns. Next, speech transcription of a news story (called
spoken document hereafter) is converted into a vector using extracted important
words.

The widely used wvector space model counts only the number of common
words between documents, but it does not take into consideration the similarity
between non-common words. This causes a decrease of the retrieval performance
in a case where the number of words included in video captions is small. To solve
this problem, word distance has to be computed based on similarity between
words.

Though mutual information and co-occurrence are usually used as the simi-
larity measure, they show the similarity between words in only 1-D space. On
the other hand, word distance is defined as the distance between words in a 3-D
space of mutual information, TF (Term Frequency) and IDF (Inverse Document
Frequency). We call such a 3-D space as a word space.
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The method to compute the inner product of two vectors, a vector for video
caption and a vector for spoken document, is formalized by incorporating this
word distance into vector space model. Our experiments to retrieve the spoken
documents by the video caption demonstrated 80% recall and 80% precision.
This is extremely higher than the original vector space model.

Speech recognition

= INHBE KB, R kR0
ERICHLT, SIEHEEEEC
Bh¥HoeERBALELE.

1 Story retrieval

=) Retrieved

results

Story retrieval

Fig. 3. Integration of video OCR and speech transcribing.

4 Web Data Organization and Retrieval

One of the most popular and the most important example of multimedia content
is Web data. Currently, a huge amount of information resources are stored as
Web data, and in some sense, Web is the largest database that we have ever
had. The Web data, however, have a property which makes them very different
from data in traditional databases. In traditional databases, data are created in
a well-organized form in the first place so that they can easily be retrieved by
using queries. On the other hand, the Web data are usually organized mainly
for good presentation in the browsers, and the creators of the Web data are not
necessarily very conscious of the retrieval by queries. As a result, the structure
of the Web data does not necessarily reflect the intended logical structure, and
sometimes the necessary information for queries is not described as explicitly as
in the traditional databases.

The lack of explicit logical structure causes difficulty in retrieving Web data
by using queries. We first need to extract the necessary logical structures from
the given structures in the Web data, such as HTML (HyperText Markup Langu-
age) tags or link structures. Those structures are, however, very heterogeneous,
and thus, Web data are semistructured data. This heterogeneity also causes diffi-
culty in extracting necessary information. We need techniques to extract logical
structure which is described only implicitly and heterogeneously.

In this section, we discuss the techniques of extracting three kinds of logical
structures: (1) hierarchical standard routes in Web sites, (2) logical data units
in Web graphs, and (3) components correspondence within Web pages.
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4.1 Hierarchical Standard Routes in Web Sites

Web data consist of pages and only one kind of links connecting them. Links are,
however, used in various meanings. Some links jump to pages including related
information (jump links) and some are meant to be the standard routes going
through pages in a Web site (route links). Links go from a page back to some
previous pages on the route to the page (the links are often assigned with anchor
strings such as “back” or “top”) are also often used (back links).

If we extract only route links, the graph structure of most Web sites are
reduced to one or multiple hierarchies. We designed an algorithm that identi-
fies hierarchical route links within a Web site [9]. Identifying such a hierarchical
structure is useful for helping users when browsing, and furthermore for iden-
tifying logical data units as will be discussed later.

Here, we explain only the outline of the algorithm. For each page, the algo-
rithm selects, based on heuristics, one incoming link that is the most likely to be
the route link to the page (or it selects no link if the page is recognized as one of
the roots of the hierarchies). The concatenation of all selected links corresponds
to the hierarchical structure of the Web site. We determine, incoming links in a
page are likely to be the route link in the following priority order:

1. downward links (links from pages in ancestor directories),
2. intradirectory links (links from pages in the same directory), and
3. sibling links (links from pages in incomparable directories).

We determine, neither upward links (links from pages in subdirectories) nor
intersite links (links from pages on different Web sites) can be route links.

Fig. 4. Finding Route Links

When there are multiple candidates of the same priority, we select one of
them so that there would be the largest number of links going back from the
children pages to the ancestor pages of the selected link. For example, if the links
denoted by bold arrows in Fig. @ are candidates for the route link of the page c,
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we select the link from the page b. This decision is taken based on the fact that
the existence of many back links over a link, in many cases, suggests that the
link is certainly a route link.

4.2 Logical Data Units in Web

In most existing search engines for Web data, the data units for retrieval are
individual pages. As mentioned before, however, Web pages are often organized
not for expressing logical structure. As a result, one logical document discussing
one topic is often organized into a hierarchy of pages connected via route links.
In this way, a logical data unit in Web data is not a page but is a connected
subgraph corresponding to one logical document. When we use individual pages
as the data units, conjunctive queries with multiple keywords sometimes fail to
retrieve an appropriate document if those keywords happen to appear in different
pages of that document.

To solve this problem, we developed a method to identify connected sub-
graphs corresponding to logical data units in Web data [I617]. By using those
subgraphs as the querying data units, we can avoid the problem of conjunctive
queries above. Our method identifies such subgraphs in two steps. First, we ex-
tract hierarchical structure of Web sites by using the method explained above.
After that, we divide those hierarchies into connected subgraphs based on the
similarity of appearing words in neighboring pages. In the partitioning, our al-
gorithm allows overlapping among subgraphs because logical data units in real
Web data are often not disjoint.

The approach mentioned above statically divides Web graph into logical data
units. Another approach is to dynamically find minimal subgraphs that include
all query keywords [5I8[18]. The advantage of this approach is that we can always
get “best N results” []]. Some of minimal subgraphs, however, may not be part
of one logical data unit. To give priority to subgraphs that are more likely to be
part of a single document, we proposed ranking methods based on the localities
of query keywords [5IT8]. If the localities of query keywords in a subgraph greatly
overlap, this subgraph is estimated to have a higher rank. We examine both the
locality of words across the pages and the locality of words within each page.

4.3 Components Correspondence within Web Pages

The Web browsing operation is easy for experienced computer users, but it is
still difficult for inexperienced users and ordinary TV audience. Current Web
browsers enforce users to have activeness and knowledge about computers. In
order to acquire necessary information from Web data, users must read pages
and navigate themselves through hyperlinks by clicking anchors. We call such
a browsing interface a read and click interface. On the other hand, TV audi-
ence just need to watch and listen to the TV programs, and acquire necessary
information in a passive manner. Our idea is to introduce a new passive Web
browsing interface called a watch and listen interface.
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We have implemented a prototype system of such an interface for Web pages
[19]. Given an URL, this system analyzes the tag structures of the Web page of
the URL, and transforms the page into a TVML (TV Program Making Langu-
age) script describing a TV-program, which is then executed by a TVML player
[6]22]. In that TV program, CG (Computer Graphics) characters in 3-D space
spell out the text portion of the page, and images appearing in that page are
shown one by one on the panel in the same space. The appearance of images is
synchronized with the characters’ speech, and CG characters explain the images
by playing several performances (e.g., pointing out to the panel).

In order to transform the data of ordinary HTML pages into T'V-programs
in TVML, we need the following techniques:

— text summarization,

— text conversion into speech with behaviors of animation characters,

— discovery of components correspondence between images and text explaining
them,

— synchronized presentation of images and characters’ speech/behaviors, and

several presentation techniques such as camera movements.

Even if the technologies mentioned above have been developed, the auto-
matic transformation of HIML pages into T'V-like programs could not be done
completely. This is due to the fact that HTML and its successor XML (eXten-
sible Markup Language) are not invented to describe data that will be shown
to the users in TV-program-like presentation. Therefore, in addition to the full-
automatic translation approach, we also consider a semi-automatic approach,
where the page authors are provided with an authoring mechanism where the
authors can partially use automatic translation, and can also explicitly specify
necessary information [IT]. We also proposed a new markup language called
Scripting-XML (S-XML) which extends the XML to facilitate the description of
Web data which are appropriate for passive browsing.

5 Algebraic Filtering Framework for Continuous Media

In this section, an algebraic framework for filtering fragmentarily indexed video
data is discussed. We have been focussing on how to compute semantically mea-
ningful video intervals dynamically from the fragmentarily indexed shots, when
queries are issued. Our goal is to develop a new framework for logical query
optimizations of video queries, which retrieve meaningful intervals from such
fragmentarily indexed video data. We proposed algebraic operations, what we
call glue join operations, to compose longer intervals from short indexed shots
[13/14]. These operations compose as many answer intervals (i.e., the intervals
that become the query results) as possible. However, answer intervals may be of
very long ones, thus they may contain too many irrelevant shots as well. There-
fore, we propose selection operations with several filter functions which can be
applied to discard irrelevant intervals from the answer set. Both glue join and se-
lection operations possess certain algebraic properties that are useful for logical
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query oprimization. Especially, we obtained a necessary and sufficient condition
under which a class of selection operations can be pushed down in a given query.

For I, a set of subintervals of a given video data, and for F', a predicate which
maps a video interval into true or false, a selection from I by the predicate F' is
defined as a subset I’ of I such that I’ includes all and only intervals satisfying
F. That is, the selection from I by F', denoted by o (I), is defined below:

op(I) ={ili € I, F(i) = true}

Hereafter, the predicate F' is also called a filter of the selection op. There are
several kinds of practically useful filters. Among them, we show some basic filters
in Table [l By using the interval logic filters shown below, it is possible to
represent Allen’s interval logic [1].

Table 1. Primitive Filters

name notation meaning
keyword keyword = k the interval has
selection a keyword k
maximum |length < ¢ the interval
length length < ¢
maximum |maxnoise(K) < c¢ [|the length of
noise length|for a set K the longest
of keywords noise < ¢
interval S(ka) < S(ksb) each interval
logic for keywords kg, ky|with ko
etc. start earlier
than all intervals
with ks

The interval glue join is an operation to connect two intervals (together with
an interval exists in between). Let = and y be subintervals of a given video v.
Intuitively, the interval glue join of x and y, denoted by x X ¥, is a minimum
subinterval of v that contains x and y.

Given two sets X and Y of subintervals of a video v, pairwise glue join of
X and Y, denoted by X X Y, is defined as a set of video intervals yielded by
taking glue joins of every combination of an element of X and an element of Y
in a pairwise manner. That is,

XXNY={aXylzre X,yeY}

Given two sets X and Y of subintervals of a video v, powerset glue join of X
and Y, denoted by X X* Y| is defined as a set of video intervals that are yielded
by applying glue join operation to an arbitrary number (but not 0) of elements
in X and Y. More formally, it is defined as follows:
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XXY={XXUY)X CX, Y CY,
X' ¢ and V' ¢}

where M {i1,49,...,i,} =41 X ... X i,. Fig. Blillustrates an example of powerset
glue join operation.

Video Stream

[
X X — X, —
Ty e

11_ §
12—
§ 13_ :
o i —
15_ f
16_

XXY

Fig. 5. Powerset Glue Join between X and Y

For arbitrary interval sets X,Y, Z, the powerset glue join satisfies the follo-
wing algebraic properties [20]:

— Commutativity: X X*Y =Y X* X

— Associativity: (X X*Y) X* Z = X X* (Y X* Z)

— XXX =XNMXX

Pairwise glue reduction: X X* Y = (X XY) X (X XY)

If a filter F' satisfies the following condition for any intervals sets X and Y,
then we call F an optimizable filter:

JF(X X Y) = UF(O'F(X) X UF(Y))

Then if F' is optimizable, by the pairwise glue reduction property, we can process
the following selection and powerset glue join expression more efficiently by using
the following transformation:

op(XX'Y)=0p(op(op(X)Xop(X))
Xop(op(Y)Xop(Y)))

=op(op(op(X) Xop(Y))
Xop(op(X)Xorp(Y)))

Since optimizable filter we defined can be incorporated with the glue join
operations as the expression above, at the initial stage of query processing, we
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can discard intervals that will eventually become useless for computing relevant
answer intervals. As for the optimizable filters. We have the following: A filter
F is an optimizable filter if and only if the following holds:

(Vi,i's.t. F(i) = true and i’ C 4)(F (i) = true)

The three filters — mazimum length, maximum noise length, and interval
logic filters are easily shown to be optimizable filters. Furthermore, the class
of optimizable filters is closed under conjunction and disjunction. On the other
hand, the class of optimizable filters is not closed under negation.

6 Controlling QoS of Web Pages

For managing the multimedia content, the content delivering system is one of the
important system components. Since the volume of multimedia content is usually
very large and the network bandwidth is limited, a QoS control mechanism is
required to meet the users’ requests under the available network resource. In this
section, we discuss such a control mechanism for Web pages.

In the WWW, impressive information can be provided by embedding a large
number of inline objects such as still images, animated images, and background
sounds in a Web page. However, if the available network bandwidth between the
client and the Web server is insufficient, it takes a long time for a client to get
all inline objects in a Web page. Users often terminate the downloading of the
Web page before it is completed.

To solve this problem, total page transmission time should be controlled so
that users are not irritated. Controlling transmission order of inline objects is
also important because inline objects in a Web page generally appear on Web
browsers in the order of transmission. Therefore, we define a language to specify
the total transmission time and transmission order of inline objects, and pro-
pose a new transfer protocol, HTSP (Hypertext Streaming Protocol), which is
an extension of HTTP (Hypertext Transfer Protocol). In the proposed langu-
age, content providers can describe the total transmission time threshold and the
transmission order of inline objects in the head section of the HTML document.
More detailed specifications on how the quality of inline objects should be con-
trolled can be described within the inline objects themselves [4]. HTSP is used
to realize the transmission order control of inline objects [12]. The new method,
MGET, is introduced in HT'SP to retrieve multiple objects with specified order
by a single request.

Fig. [0l presents an example of the proposed specification. We show how the
inline objects are transmitted based on the description. This WWW page con-
tains one important image and one picture consisting of three interlaced images
and one animated image. Moreover, a background sound and many other images
are embedded. Based on the description, the important image is transferred first.
Next, four partial images are transferred in parallel so that it gives the users a
quick preview of the full picture. After that, the background sound, the rest of
the frames of the animated image and other images whose transmission order is
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<html>
<meta name="TransmissionTime" content="30">
<meta name="AllowAll" content="ToJpeglfLowQuality">
<dto rest="par" cache="ordered">
<seqg>
<xfer object="B"/>
<par slice="10">
<xfer object="C" volume="1f"/>
<xfer object="D"/>
<xfer object="E"/>
<xfer object="F"/>
</par>
<xfer object="A"/>
<xfer object="C" volume="rest"/>
</seq>
</dto>
<bgsound src="bgm.midi" id="A">
</head>
<body>
<img src="important.jpg" id="B" priority="High">
<img src="animation.gif" id="C">
<img src="interlacel.gif" id="D">
<img src="interlace2.gif" id="E">
<img src="interlace3.gif" id="F">
</body>
</html>

Fig. 6. Example of the specification of transmission time and order.

not specified are transferred sequentially. Note that the quality of these inline
objects may be reduced if they cannot be delivered in the specified transmission
time threshold, i.e., within 30 seconds. In such a case, however, the quality of the
important image tend to be preserved or slightly reduced, regardless of quality
of other objects.

7 Spatial Querying and Browsing Environment

In this section, we discuss querying and browsing environments for multimedia
data by using spatial data representations.

7.1 Problems in Media Fusion

As mentioned earlier, multimedia data consist of various kinds of data such as
texts, images, videos, and 3-D polygons. As a result, it is difficult to represent
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such data in a uniform manner while keeping the support for users to easily
recognize their continuous and semistructured features. We consider that spatial
representation is a solution for such a problem because of the following reasons:

— Human vision is the most dominant sense organ of human beings. Spatial
visualization of multimedia data can improve users’ capability in recognizing
the data in a vision-based manner.

— It is easy for human beings to remember something by associating it with a
location of the space in the real world.

— 3-D space provides three dimensions of continuous axes which are suitable
for representing continuous features of multimedia data.

In the viewpoint of retrieval and browsing, the main problems that should
be solved in our project are the following two points:

— How to display multimedia data in a compact manner. It is not appropriate
for users to see huge amount of data at a time in a single space. It causes a
lot of burden to users to explore the space and choose the meaningful data.

— How to display multimedia data in 3-D context. For example, video data are
constructed from 2-D images and the time dimension is generally incompa-
tible with 3-D space.

The first problem could be solved by the scale change. Virtual space can be dis-
played in any scale and, according to the scale, any object in the virtual space
can change its LoD, i.e., how precisely it is described. For the second problem,
there are several possible answers. One is the use of geographical information.
That is, each video frame is pasted on the virtual space which models the real
space at the corresponding place where it is taken. The problem is more diffi-
cult in the case where data are fragmentary and fine-grained. In the following
subsections, we show our approaches in dealing with these two problems.

7.2 Approaches to Spatial Level of Detail Control

The notion of LoD is the basic form of information. It is applied not only to
image data such as photographs and computer graphics but also to text. The
attribute data for spatial object may be a set of text, keywords with varying
importance, or a feature vector composed of weighted numerical values derived
from tf-idf method [15] corresponding to keywords characteristic of the object.
Some objects may have detailed data and some may have only coarse data. The
data are visualized in a 3-D space with the extent determined by an algorithm
we developed in the InfoLOD system. While spatial glue operation, i.e., an ex-
tended glue operation, specifies the regions where the objects which the user
wishes to view could be found, the algorithm controls the visualization of the
attribute information of individual objects existing in the retrieved regions. In
this algorithm, we mainly use two parameters, the orientation of a view and the
distance to the object. By combining these parameters, users can change the
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LoD of the objects according to their movement in the virtual space as shown
in Fig. 7.

We also applied a similar mechanism to a real-time video. The system is
called Name-at. The video camera parameters, such as pan and tilt values, are
controlled by remote users through the network. Semistructured information,
such as text, is associated with the objects shown in the video (camera para-
meters in a practical sense). The video whose LoD is controlled according to
the zoom parameter of the camera is overlaid with the associated information.
Fig. 8 is an example of this system. The method can also be applied to a stored
video. In that case, it is impossible to directly control camera parameters by
users’ requests, and therefore, it should be simulated based on the analysis and
the calculation of the stored video data.

Hama-at Video window

i ., ik rl'ﬁhml:u'_l
Fig. 7. InfoLOD System Fig. 8. Name-at System

7.3 Approaches to Fine-Grained Spatial Data

A virtual space becomes scalable when it is divided into fine-grained scenes, i.e.,
it can be represented by a set of small descriptions of spaces that are tractable
by a computer. In this case, the following three points should be considered:

— How to express data in a simple manner.
— How to simplify the topological association of each scene.
— How to make the management of each scene independent.

A typical approach to the first problem is using the box shape of a subspace. If
the users’ activities in the space are essentially of 2-D actions only, a rectangular
or square shape of the floor can be used. Since we can easily put such boxes
(or rectangles) side by side to construct larger regions of space, this approach
can provide answer also to the second problem. In this case, the topological
association will be defined by side-sharing. Many associated regions may form
a grid topology, which means each region can be identified by the row and the
column numbers. Although the grid topology is easy to manage, it does not
solve the last problem. The global coordinate of the region arrangement should
be defined beforehand. The division and merging of regions cannot be done
locally. Furthermore, two different spaces cannot be easily combined.
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Fig. 9. IBNR System

A possible solution to the last problem is the scene-based approach. That
is, each region can be independently constructed without assuming any global
view, and multiple regions are linked together to construct the local association,
or topology. We call such a unit of region a scene. If the scene shape is rectangle,
four links are typically defined where each link corresponds to each edge of a
rectangle. Note that this is different from the grid approach because it does not
have any global constraints.

When we visualize a scene in the scene-based approach, we may take several
other scenes into consideration since we can see distant places if there is no
obstacle. Unfortunately, this fact worsens the scene independence. In order to
maintain independence, we should put restriction in the visualization. In our
method, called Image-Based Non-Rendering (IBNR), we apply a fixed viewpoint
constraint into scene visualization. In IBNR, we first prepare a scenic image and
eight human images. FEach human image represents a person with a specific
movement direction, i.e., to the front, back, right, left, and the intermediate of
all those directions. Next, we give the trapezoid of the scenic image to specify
the floor region where a user can move on by using an avatar. Based on this
configuration, we can construct the scenic and an avatar image as shown in
Fig. [ (a). A persons’ picture could be enlarged and shrunk by the users’ input
to give an effect of the depth in the pseudo 3-D space. In a scene, if a user repeats
the act of forwarding and the avatar comes out from a predefined floor region,
i.e., one of the sides of the trapezoid, the scene automatically changes to another
one, as shown in Fig.[d (b). The scene is constructed in a similar manner to the
previous one, but with different background image, trapezoid region, and linkage
information. In this way, from pictures taken in the real space, the IBNR system
could construct a virtual space with high reality. The use of pictures makes it
easy for a creator to construct a virtual space that contains many objects in the
real world without any modeling.
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8 Conclusion

We have presented the activities and the motivation behind our AMCP project.
The main challenge in our project is the realization of efficient management of
two important features of multimedia content, i.e., continuous and semistructu-
red features.

We have presented a part of important research results achieved by our pro-
ject and how they are contributing in the management of continuity and semi-
structured features in the processing of multimedia content. We have shown that
both features appears in every aspect, spanning from the first time when the con-
tent is acquired /organized until it is delivered to and presented at the client side.
Appropriate methods of managing these features are needed in order to achieve
a meaningful and satisfactory multimedia content service. We believe that the
research results presented here could give suggestions about the processing of
multimedia content.

This project will be completed in March 2002, and now we are developing
attractive application systems based on the technologies we have developed so
far, such as TEKIJUKUB Digital Museum.
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Database Systems as Middleware —
Events, Notifications, Messages
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Database systems have been traditionally used as integration tools. Data integration
was the primary goal of first generation systems. After relational technology had
become a mature base for application development, new architectures where
developed for the tight integration of data, procedures and all kinds of processing.
This phase of DBS research and development was dominated by object-oriented
database management and specific architectures like Starburst [HaCH 1990], which
had a strong impact on current object-relational technology. The ubiquitous computer
network has added another facet to the usage of DBS as an integration tool.

In distributed environment, middleware aims at making distribution transparent.
Corba or RMI are well-known examples. The call-oriented style of communication
has been complemented by message-oriented, event-driven interaction of
independent programs. System processes use this type of communication for decades.
However, it is not well known as a mechanism on the application level — despite the
fact that it has been employed for quite some time, e.g. in workflow systems [LeRo
2000]. The event-driven message passing paradigm becomes more and more
important for highly distributed applications. Many kinds of interactions between
applications follow a common pattern: n inde-pendent providers submit their output
as messages, which in turn will be consumed asynchronously by m consumer
applications. As opposed to call-level interaction, providers and consumers may or
may not know each others identity. In a stock ticker application for example, there is
no reason why providers should know the identity of consumers. In most cases,
consumers need to know only a subset of the messages produced by the providers.
This is one reason why database systems play an important role in message based
systems: filtering is one of the primary strength of DBS. They furthermore guarantee
failsafe execution environments, and at least more advanced DBS allow to define
triggers. This last point seems to be an excellent mechanism for event-based
interaction of loosely coupled systems. Triggers allow to define conditions and
actions in a declarative way. In an information publish / subscribe application
database systems provide an excellent technological basis: Publishing will activate the
system by means of triggers, messages which announce the advent of new
information will be filtered according to profiles specified by the individual clients,
and the delivery will be guaranteed with transactional support.

Unfortunately, the situation is not as easy: DBS are too slow at least for high traffic
applications. The persistence mechanism of DBS is time consuming, the trigger
mechanism does not scale. We discuss different technologies for event-based
messaging, among them core database technology, discuss functional requirements of
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different applications and report on performance studies and compare the base
technologies.

Database systems play a twofold role in application oriented message
communication. As mentioned they provide the technology for lightweight and
reliable communication between independent and even heterogeneous systems. On
the other hand, DBS technology and DBS applications may benefit from event-based
message passing themselves. We will discuss how to employ this technology in order
to keep widely replicated data coherent. Furthermore, we will investigate the message
passing technology for dissemination of information in large scale distributed systems
[YaGr 1999].

Finally, we will argue that DBS can be successfully used as a reliable middleware
for the integration of distributed, independent applications using event-based
messaging.
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Abstract. Managing semistructured data requires more flexibility than
traditional database systems provide. Recently we proposed a query lan-
guage for semistructured data represented as labeled directed graphs.
This language is based on matching a partial schema into the database.
In this paper we describe how we achieve this matching using constraints.
We show how to match a schema into a database without using any ad-
ditional information. In order to match schemata more efficiently, we
are able to incorporate results of previously matched schemata. To this
end, we formulate a sufficient condition for schema containment and
describe how to test this condition, again, using constraints. We show
how the knowledge of schema containment can be used for optimization.
As a theoretical contribution we prove that, under some circumstances,
schema matches can be found without any backtracking and in polyno-
mial time.

1 Introduction

Semistructured data is one of the recent challanges in database research. In
contrast to traditional database management, where design ensures declarativity,
a more flexible approach is needed. Typically, semistructured data, “data that
is neither raw data nor strictly typed” [Abi97], lacks a fixed and rigid schema.
Often their structure is irregular and implicit. Examples for semistructured data
include HTML files, BibTgX files or genome data stored in ASCII files.

We propose a query language for semistructured data [BF99]. We interpret
the three layers in databases as the operation layer, the description layer and
the instance layer. In semistructured data the descriptions have to be handled
in a more flexible manner. To this extent, we define a semantically rich notion
of (partial) schemata and use the matching of these schemata as a base for
querying. Thus, we get the benefit that descriptions do not rely on the presence
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of a database designer. They can also be defined gradually or even be extracted
from user queries instead. Of course, such generated (partial) schemata may not
always be “meaningful” for a user but they can be useful for query optimization.
Additionally they can at least give users a hint about the database content. In
summary, our approach shall be guided by the principle that answering a query
works without, benefits from and induces new schema information.

This paper is organized as follows. Section Rl gives an overview of our propo-
sed query language. Section[3] demonstrates how a schema can be matched into a
database directly, i. e., without any additional information, by transforming the
problem into a Constraint Satisfaction Problem. Section [4 proves that matches
of a tree-shaped schema without variables can be found without backtracking
and in polynomial time if the requirement of injectivity of the match function
is ignored. In Section Bl we present a sufficient condition for schema contain-
ment and show how to test it again using constraints. In Section [0l we describe
how the knowledge of schema containment in either direction can be used for
optimization. We conclude with related work and a discussion.

2 The Query Language

We briefly revisit our query language as presented in [BF99]. We use labeled
graphs, “the unifying idea in semi-structured data” [Bun97], as the underlying
syntax. Let £ be an arbitrary set of labels. A tuple G = (V, A, s,t,1) is a (L-)
labeled directed graph if (V, A, s,t) is a total directed graph with a set of vertices
V', aset of arcs A and two total functions s and t assigning each arc its source and
target vertex, respectively. Furthermore, [ : VU A — L is a total label function
assigning a label from £ to each vertex and arc. We talk about elements of a
graph when we do not distinguish between the vertices and arcs. We also use
the term node as a synonym for vertex, but stick to the term arc to emphasize
that we use directed graphs. An object is simply a labeled directed graph. We
use the term database referring to “large” objects that we want to query.

In Figure [l we present an example that we use throughout the paper. The
example shows a semistructured database of persons having names, surnames,
a year of birth, a profession etc. Furthermore, we include a sibling relationship
between persons.

As outlined in the introduction, we distinguish the description layer and the
operation layer. On the description layer we introduce the notion of (partial)
schemata. These schemata are linked to objects by the notion of conformity. We
describe these schemata in some detail and then move on to the operation layer,
i. e., the queries, towards the end of the section.

The schemata. We start with a simple notion of schema. Informally, a schema
is an object that describes a set of objects. This concept exists in many areas.
For example, when looking at the world of labels one label can describe a set
of other labels. Examples are data types, predicates and regular expressions. In
our first step we use these label world schemata and assign them to the elements
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Root
person 1 erson
al azlperson a3
#1 brother  #2 sister #3
a4 3 a5 4

name/s ag profession nameA1o a1l a13 yearOfBirth
surngme aglname surngme
7 9 v1l
Carpenter § Carpenter Smith !vm 1942
Harry Carpenter Suzy

Fig. 1. A labeled directed graph

of a graph. We choose predicates to be the label world schemata and define a
predicate schema to be an object labeled with unary predicates.

In order to establish a relationship between the schema and the objects de-
scribed by it we have to establish the notion of conformity between schemata
and objects. In the simple case of predicate schemata we say that an object o
conforms to a schema s if there is an isomorphic embedding from s into o res-
pecting the predicates. In Figure[2 we show a predicate schema together with its
minimal matches (the minimal conforming objects) from the database shown in
Figure[ll They are minimal in the sense that any of their supergraphs but none
of their subgraphs is a match of the schema.

true() #1 #1 #2

Itrue() 9 Iname lprofession Iname

"Carpenter’ Carpenter Carpenter Carpenter

(1) 2 &)

Fig. 2. The predicate schema and its minimal matches

We now add a little more semantics to the schemata in order to use them as
a base for querying. We add the notions of variables and quantifiers to describe
paths. Adding variables is in the flavor of the join operation in the relational
world. The example schema in Figure [3 matches every object with the name
being the same as the profession.

Paths are an important concept in semistructured data. This is due to the
observation that sometimes information is represented at different levels of gra-
nularity. We demonstrate the idea by presenting an example in Figure @l The
schema matches every object that has a path of arbitrary positive length (indi-
cated by the + in the label of the first arc) emanating from the root node and
ending with an arc labeled ‘name’. Without the path notion we are not able to
get all the five results so easily.
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true() #1

’name \profession’ _> name profession

X:true() X:true() Carpenter Carpenter
1

Fig. 3. Adding variables

’Root’ Root Root Root Root Root
true() + person person person person person
true() _> #1 #1 #2 #3 #3
’name’ name brother name sister name

#2 #2
true() Carpenter name Carpenter name Smith
Carpenter Carpenter

(1 () @) 4) ®)

Fig. 4. Adding paths

The queries. We move on to the operation layer and discuss the queries that
we introduce. A schema in itself already forms the most simple kind of query:
It queries all subobjects (i. e., subgraphs) of a database that conform to it. A
schema query is a tuple ¢ = (s) where s is a schema. The answer to ¢ with
respect to a database o is the set of minimal matches of s in 0. As an example
you can imagine any of the schemata from the previous sections.

With a schema we are able to formulate conditions. This ability roughly
corresponds to the selection operator in the relational world. Additionally we
present an operation that corresponds to the projection operator in the relational
world. A focus query is a tuple ¢ = (s1, s2) where s1 is a schema and s9 is a
subobject of s1. The answer to ¢ with respect to a database o is the union of
the minimal matches of so over all minimal matches of s; in 0. As an example
you can imagine a query that asks for the surnames of all persons with the name
’Carpenter’.

Our approach also allows to restructure the answer to a query completely. We
introduce the transformation query, which allows us to give a graph structure
and compute new labels by using terms over the old ones. A transformation
query is a tuple ¢ = (s,t) with s being a schema and ¢ being an object labeled
with terms over the elements in s. The answer to g is built by creating for every
match of s in 0 a new object isomorphic to t. The elements are labeled with the
evaluated terms of ¢ instantiating them by using the match of s. The example in
Figure Blqueries for the age of Suzy Smith. The age is computed from the year of
birth. Note, that schema and focus queries can be expressed as transformation
queries.
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true() x1 #3
’name} ’GyearOfBirth’ &age’ :> Iage
x3
'Smith’ ,.§ integer() 2000-x7 58
Suzy’
s t 1)

Fig. 5. A transformation query

Our query language is rich in that it allows to give the structure of the answer
in advance, but limited in that we always produce one answer per schema match.
That is, we cannot express aggregation queries with our current formalism.

3 Matching Schemata Using Constraints

In this and the following sections we present how query processing is performed
using constraints. We focus on finding the matches for a given schema since
this is the computationally challenging part. In this section we describe how to
match schemata without any additional schema information given. We achieve
this by transforming our problem into a Constraint Satisfaction Problem. How
we make use of previously matched schemata will be discussed in the following
two sections.

We base our query processing on constraint satisfaction techniques because
there are many techniques and heuristics for solving Constraint Satisfaction
Problems (CSPs) available. Furthermore, CSPs form a reasonably general class
of search problems. Thus, we get a good framework for specifying our needs, for
adapting our algorithms for richer kinds of schemata and most importantly for
formulating our query processing based on previously matched schemata.

Constraint satisfaction deals with solving problems by stating properties or
constraints that any solution must fulfill. A Constraint Satisfaction Problem
(CSP) is a tuple (X, D,C) where X is a set of variables {z1,...,z,}, D is a
set of finite domains D; for each variable x; € X and C is a set of constraints
{Cs,,...,Csg, } restricting the values that the variables can simultaneously take.
Here each S; = (zs,,,- - ,:1:5%) is an arbitrary tuple of variables from X and
each Cyg, is a relation over the cross product of the domains of these variables
(Cs; € Dg,, x ---x Dg, ). Solving a CSP is finding assignments of values from
the respective domains to the variables so that all constraints are satisfied. In
database applications we are usually interested in finding all solutions of a CSP.

General idea. Our problem is related to the SUBGRAPH-ISOMORPHISM pro-
blem, which is known to be NP-complete [Coo7l]. However, our problem gets
exponentially harder in the size of the schema, but only linearly harder in the
size of the database. Furthermore, the labels in the graphs greatly reduce the
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average complexity. The basic idea of the transformation into a CSP as shown in
Figure [6 works as follows. The database graph is transformed into suitable do-
mains, and variables are introduced for the elements in the schema. Furthermore,
constraints reflecting the match semantics are introduced. They can be catego-
rized into the ones that represent the label part and the ones that represent the
structure part of the match semantics.

Schema Database
m ?
L} 1 1 1
1 1 1 1
1 1 4 1
| N 1: Domains a K
‘.. B> 2:variables .
e P

3: Constraints

Fig. 6. Schema matching by Constraint Satisfaction

First, we derive the domains of vertices and arcs from the database graph in
Figure [Tl
DV = {’U17’027U3, v 7v11}
Da = {a1,az,a3,...,a12}

Second, we derive the variables and the domain assignments from the example
schema in Figure[d (same as Figure[2)). Finally, we derive two kinds of constraints.

true()
x1
x2[true() X = {x1, 22,23}
D1 = Ds = Dy
'x3
’Carpenter’ Dy = Dy

Fig. 7. A simple predicate schema

The first kind is derived from the predicates in the schema. For each variable
we define a constraint that consists of all nodes or arcs whose label satisfies
the predicate associated with the variable, i. e., a constraint C’l“b = {(d,) €

D1 (z;)(1°)(d;)) = true} where I®) and 1(°) indicate the label functions of
the schema s and the object 0. In our example this leads to:

CEety = {(v1), (v2), (v3), - ., (v11)}
E;S) = {(a1), (a2), (a3), ..., (a12)}
Cly = {(vs), (vr), (vs)}
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The second kind of constraints is derived from the graph structure of the schema.
We have to respect the properties of graph morphisms: The mapping between
arcs implies the mapping between their source and target nodes. Thus, we in-
troduce constraints C7¢ = {(d;,dy) € D; x Dg|s®)(d;) = d,} and C(t‘"

(zi,xs xTi,xe)
{(dj,d,) € D; x Dy|t(9)(d;) = d,}. In the example we get:

Clre 2y = {(a1,v1), (az,v1), (az,v1), ..., (a11,v4), (a12,04) }

Cfg;zs) == {(ala '02), (a27 U3)7 ((Zg, 7}4)3 R (a117 Ul()), (QIQ; vll)}

Our sample CSP has the solutions (v, ag,vs), (ve,as,v7) and (vs,ag,vs)
for the variables (z1,x2,x3). They correspond to the matches of the schema
as shown in Figure 2l Please note that if you want to ensure injectivity of the
match, additional constraints must be introduced.

Variables and paths. If a schema contains variables, we must introduce additional
constraints. The example in Figure Bl (same as Figure [3]) has the variable X
defined at z3 and x5. We link both nodes by introducing a constraint CE’;;%). In
the general case, we must link all variables pairwise to each other by introducing

constraints C(;'" = {(du,dy) € D; X D;[19)(d,) = 1°)(d,)}.

(3,2

true()
x1
‘name’/x2 x4\’profession’ CE);;IE)) = {(v1,v1), (v2,v2), ..., (vs,vs5),
%3 %5 (v5,v7),(v5,v8),...,(v11,v11)}
X:true() X:true()

Fig. 8. Adding variables

Paths are represented by introducing an additional domain. We ensure that
this domain is always finite by requiring all arcs of a path to be distinct. (This
concept is called a trail in graph theory.) For the database in Figure [[] we get:

Dp = {¢,(a1), (a2), ..., (a12), (a1,a4), (a1, a6), . . ., (a3, as,a9)}

where € denotes the empty path. Of course, the constraints have to be adapted.
The label constraints must represent the fact that a path is in the constraint if
and only if the predicate associated with the respective variable is true for the
labels of all arcs in the path. Source and target of nonempty paths can naturally
be defined as the source of the first and the target of the last arc. For the empty
path we only require that the source and the target node are the same. Thus,
we represent the structural requirements in one ternary constraint rather than
in two binary ones. In addition, we introduce constraints on the length of the
path if this is indicated in the schema.
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4 A Theoretical Observation on Our Approach

This section proves an important property of our approach. We give a condi-
tion under which a CSP in our approach can be solved without search and in
polynomial time. Our theorem is based on the following well-known theorem by
Freuder [Fre82|.

Theorem 1. If a constraint graph is strongly k-consistent, and k > w where
w 1s the width of the constraint graph, then there exists a search order that is
backtrack-free.

In the constraint graph of a CSP nodes represent variables and arcs represent
constraints. An ordered constraint graph is a constraint graph whose vertices are
ordered linearly. The width of an ordered constraint graph is defined as the ma-
ximum number of arcs leading from an arbitrary vertex to previous vertices. The
width of a constraint graph is the minimum width over all its ordered constraint
graphs. A constraint graph is k-consistent if the following is true: Choose values
of any k — 1 variables that satisfy all the constraints among these variables.
Then choose any kth variable. There exists a value in the current domain of this
variable that satisfies all the constraints among all the K variables. A constraint
graph is strongly k-consistent if it is j-consistent for all j < k.

We are ready to formulate our theorem.

Theorem 2. Let s be a tree-structured schema with an empty variable mapping.
Using the previously described transformation into a CSP and ignoring the re-
quirement of injectivity, the matches of s in an arbitrary database can be found
without any search and in polynomial time.

Proof. The key to the proof is that if the schema is a tree the resulting constraint
graph for the constructed CSP is a tree as well. We see that the CSP has only la-
bel and structure constraints but no variable or injectivity constraints. The label
constraints are unary so they can be incorporated into the domains and ignored
for this proof. Hence, we only must care about the structure constraints. When
constructing the constraint graph we simply replace every arc in the schema by a
vertex that represents the variable introduced for the arc. The only constraints
that are introduced, are the source and the target constraints for these arcs.
In the constraint graph two edges are added between every newly introduced
vertex and the vertices representing the source and target of the respective arc.
Figure [ illustrates this construction by showing a tree-structured schema on
the left side and the resulting constraint graph on the right side. During the
construction of the constraint graph the properties connectivity and acyclicity
remain untouched. Hence, if the schema is a tree the constraint graph is a tree
as well.

A tree-structured constraint graph always has width one [Fre82]. Because of
the above theorem it is clear that after making our CSP node and arc consistent
(i. e., strongly 2-consistent), there exists a search order that is backtrack-free.
This search order can be found by using breath-first traversal of the constraint
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true() x1
xT
’name//x2 x4\’profession’ x2 x4

%3 x5

true() true() x3 x5

Fig. 9. A tree-structured schema and the corresponding constraint graph

graph [Fre82]. Making a CSP node and arc consistent can be achieved in poly-
nomial time [Mac77].

It is important to notice that the injectivity constraints heavily blow up
the constraint graph. Since every pair of vertices and every pair of arcs in the
schema is linked by an injectivity constraint the constraint graph then contains
two cliques of sizes |V (*)| and | A(*)|. This immediatley implies that the constraint
graph then has a width of at least max({|V®)| — 1,]A®)| — 1}). Hence, no
polynomial algorithm can ensure the necessary level of consistency. Thus, it
might be preferable to postpone the injectivity check and reduce a possibly
larger set of CSP solutions in a seperate postprocessing step.

5 Schema Containment

In this section we formulate a sufficient condition for schema containment and
show how this condition can be formulated as a CSP. The techniques used are
somewhat similar to those in the previous section.

First, we define the meaning of schema containment. A schema s; contains
a schema sy if for all databases o all matches of sy are also matches of sj.
This definition is related to the more traditional notion of query containment as
defined in [ASUT79]. How to make use of a detected schema containment is the
subject of the next section.

A sufficient condition for schema containment. The following condition assu-
mes the notion of predicate containment. py contains po if for all labels = the
implication pa(2) — p1(x) holds. A schema s; contains another schema sq if

1. the graph of s; is a subgraph of the graph of s, and

2. for all nodes and arcs in s; the predicate of the node or arc contains the
predicate of the respective node or arc in sy, and

3. for all arcs in s; the path descriptions, if present, indicate that paths in s;
are at least as long as the respective ones in ss.

The reverse direction of this implication does not hold.

Testing schema containment. We describe the testing of this condition again
as a CSP. This problem is, like the one in the previous section, related to the
SUBGRAPH-ISOMORPHISM problem. Similar to the principles shown in Fi-
gure Bl we transform schema ss, into domains, and schema s; into variables. We
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again derive constraints representing the label part and constraints representing
the structure part of the containment. Let us call the mapping that we are sear-
ching a containment embedding from s; into so. We must keep in mind that it
is s that is contained in s; once we find this mapping.

The simple example in Figure [[0] shows two schemata s; and s where s5 is
contained in s;. Thus, we are looking for a containment embedding of s; into s,
to verify this schema containment. Variables, domains, and structure constraint
are introduced as in the previous section.

true() "uvel() X = {z1,22, 23}
x2’name’ ’name’/a1 a2\'profession’ D1 =D3= Dy = {1}17 V2, 1}3}
x3 2 3 D2 =Da = {al,a&}
true() true() true() C(S;;zl) = {(a1,v1), (az,v1)}

S1 S2

Clan 2sy = {(a1,v2), (az,v3)}

Fig. 10. Schema containment

For the label part we ensure that the predicates in s; contain the respective
ones in sy using the definition of predicate containment. In the example, this
condition is rather easy to achieve. The predicate true() contains every predicate
and a constant predicate X = ¢ is contained by a predicate p if p(c) holds.

et = (1), (v2), (v3))
st = {(a)}

(22

et = {(v1), (v2), (vs)}

In the general case, we assume that information on predicate containment is
given. We are currently working on a prototype and support predicates such
as lessthan(num) with the obvious meaning and sgrep(str) which is true iff
str is a substring of the label in question. For those predicates we explicitly
give sufficient conditions for predicate containment. lessthan(num;) contains
lessthan(numsg) if numy > nums. sgrep(stry) contains sgrep(strq) if stry is a
substring of strs.

The CSP for the example has the solution (v1,a1,v2) which corresponds
to the containment embedding that we already were aware of. We rewrite this
embedding as {(x1,v1), (x2,a1), (z3,v2)}, store it, and see how we can make use
of it in the next section.

Variables and paths are also treated in a similar manner as before. If s;
contains elements that are linked via a variable, we must make sure that the
respective elements in sy are also linked via a variable or have the same constant
predicate as their label. Constraints on the path length ensure that paths in s;
are not shorter than the respective ones in ss.
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6 Using Schema Containment for Optimization

This section describes how we make use of schema containment once we detect it
using the methods described in the previous section. We show that we can make
use of the containment information in both directions. If a schema s; contains
another schema s9 then

1. matches of so can only be found among the matches of s;. If we want to find
the matches of so and have the ones for s; we can reduce the search space.

2. all matches of s, are also matches of sq1. If we want to find the matches of s;
and have the ones for so we can present the first few matches immediately.

We show how to reduce the search space if we have a schema s; together
with its matches in a database and another schema so that is contained in s;
and whose matches we are looking for. Consider the example in Figure[I1] The
schema sy on top is contained in the schema s; on the left. The containment is
the same as in Figure [lin the previous section. We have renamed the elements
a little, the containment embedding is now {(y1, 1), (y2,x2), (ys3,23)}. We are

true()
x’/‘;r/{al"p'e’ > \profession’
,// -~ x3 x5
S true() true()
’ s2
true() | | #1 #2 #3
1/ ; 2 3 4
yzll:}ame/',/ _> asEame asEame al{lfame
3 5 8 9
true() Carpenter Carpenter Smith
$1 (1) 2 3)

Fig. 11. Reducing the search space

interested in the matches of s; in the database shown in Figure[l in Section
The variables x1, x5 and x3 can only be matched to the matches of their partners
in the containment embedding. Thus, we get the following variables and domains:

Dy = {vs,v3,v4}

Dy = {ag, ag,aio}

D3 = {vs,vs,v9}

D, and Dj cannot be reduced, they are equal to D4 and Dy, respectively. In

order to fully exploit the containment information we introduce an additional
constraint.

X = {x1,22,23, 24,75}

C(S;f,mm) = {(v2,a6,v5), (vs, a9, vs), (va, @10, v9) }
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Vice versa, consider the case that we have a schema so together with its
matches and an sp containing schema s;, whose matches should be computed.
We are able to derive some matches of s; immediately. Consider the example in
Figure The schemata are the same as in the previous example, but we are
now interested in the matches of s; and have the ones for s;. The containment
embedding of sy into sz is {(y1, z1), (Y2, z2), (y3,x3)}, just as before.

true()
R 1
/42| 'name’

R 3
n ;r'ue()

true() #1
’name} »»-/"’"/l’;g;"pzl:c,J’fession’ _> nammm‘ession
x3 x5 7 5 v
true() true() Carpenter Carpenter
s2 ™

Fig. 12. First few matches

The matches of z1, x5 and x3 are immediately also matches of y;, y2 and y3.
Thus, (ve, ag, vs) is one solution to the CSP constructed for s;. There may exist
more solutions though (see Figure [[]).

7 Related Work

Core issues and basic characterizations concerning semistructured data are di-
scussed in [Abi97] and [Bun97]. Query languages for semistructured data (and
XML) include Lorel [AQM™97], StruQL [FFKT98] and UnQL [BDHS96]. The
whole area has been influenced by query languages for the World Wide Web,
such as the languages of the ARANEUS project [AMMO97].

Graph pattern matching plays an important role in the area of graph transfor-
mations. [Rud98] discusses graph pattern matching based on constraints whereas
[Z1ue93] uses an approach that is more in the flavor of traditional database opti-
mization. Techniques and heuristics for solving constraint satisfaction problems
are discussed in a variety of papers, see for instance [Bar99].

Query containment in the context semistructured data is discussed in [FLS98].
They show that query containment for a union-free, negation-free subset of their
StruQL language is decidable. For a further subset of this language restricting
the allowed kinds of path expressions query containment is even NP-complete.
The usefulness of the “first few” answers to a query has been observed in [CK97].
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8 Conclusion

This paper describes the query processing in our query language for semistruc-
tured data. The query language seperates the “what”-part of a query (a partial
schema) and the “how”-part (additional operations). We have introduced sche-
mata covering predicates, variables and paths and used them from schema, focus
and transformation queries. The matching of the schemata forms the foundation
for query processing. In this work we have described how the matches for such a
schema can be found in a database either directly or by making use of previously
matched schemata. Both of these algorithms are based on constraints. For the
latter, the notion of schema containment plays an important role. We have for-
mulated a sufficient condition for schema containment and described how to test
this condition. Schema containment can be used to reduce the search space or
to produce the first few matches of a schema immediately.

On the theoretical side we have shown that schema matches for a tree-shaped
schema without variables can be found in polynomial time and without back-
tracking when the requirement of injectivity of a match is ignored.

We have implemented our ideas in a Prolog-based system and are currently
working on an implementation using the Constraint Logic Programming system
ECLiPSe [Ecl]. ECLiPSe provides a Finite Domain Library that is well-suited
for our purposes. We have implemented a chronological backtracking algorithm
and choose the variable to be instantiated dynamically. The choice criterion is
the current size of the domain. ECLiPSe uses so called delayed goals to perform
a full look-ahead in order to reduce domain sizes. First results indicate that
schema matches can indeed be found without backtracking. We believe that
this uniform constraint framework can be an alternative to the many different
database traversal strategies discussed e. g. in [MW99]. On the other hand,
constraint systems need to be improved with respect to physical aspects of query
optimization. Additional future work for us lies in assessing schemata in order
to determine “good” schemata for optimization.
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Tamra Carpenter, Robert Carter, Munir Cochinwala, and Martin Eiger

Telcordia Technologies, 445 South Street, Morristown, NJ 07960 USA

Abstract. We study caching as a means to reduce the message traffic
and database accesses required for locating called subscribers in a Per-
sonal Communication Services (PCS) network. The challenge of caching
routing information for mobile clients lies in the uncertainty of the length
of time that the information remains valid. We use expiration timestamps
to safeguard against using stale cached data. We study a variety of ca-
ching algorithms and a variety of methods for setting timestamps based
on client mobility. We report results from simulation studies.

1 Introduction

The growing popularity of wireless communication systems is well-known. Recent
measurements show that wireless accounts for 10.7% of global telecommunicati-
ons traffic. This figure is predicted to rise to 17.7% by 2002 [16]. Meanwhile, the
market for wireless handsets is expected to grow from the current 24 million to
32 million in the next 2 years [17].

One of the critical elements of wireless systems is the call delivery problem:
how are the locations of mobile devices identified so that calls can be routed to
them? Each mobile device has a logical address which must be translated to a
physical routing address every time it is called. However, the physical routing
address of a mobile endpoint changes as the device moves. In a typical PCS
system, this translation is determined for each call by a 2-level lookup utilizing
both the Home Location Register (HLR) and the Visiting Location Register
(VLR). As the number of subscribers increases so does the rate of queries to the
HLR. In this paper we study caching as a means of alleviating this increasing
load on the HLR and VLR while also reducing the traffic load on the signalling
network. In particular, we study how expiration timestamps on translations,
which model the mobility patterns of the subscribers, can be used to support
consistency of the cached data.

Caching data together with an expiration timestamp or a time-to-live is a
mechanism for promoting, but not necessarily guaranteeing, the consistency of
cached data. A timestamp provides an estimate of how long a cached item is
likely to remain valid. Prior to the expiration time the cached copy is used, but
after the expiration time the database is consulted for fresh data. In practice, an
item may change before its expiration time or may remain unchanged beyond it.
In the former case stale data is returned to the user; in the latter the client makes
an unnecessary query for fresh information. In a client-server setting, expiration
timestamps are attractive at least partly because of their simplicity: there are

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 37-[50, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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no complicated consistency protocols that require centralized control, so caches
can be managed independently by the clients. Thus, there is distributed control
at the possible price of occasional data inconsistency.

There are several well-known examples where expiration timestamps are used
in Internet applications. Expiration timestamps are used by the Domain Name
System (DNS) to promote consistency of name resolution [13l14], and they
have been successful in this application because the name-to-address transla-
tions change infrequently and consistency is defined as “eventual” consistency.
Expiration timestamps are also a current topic of research in web caching [4//9].

In previous work [5], we studied caching with expiration timestamps for tra-
ditional telephony applications like 800-number service. In this paper we focus
on caching with expiration timestamps for mobile telephony applications. The
challenge of caching data associated with mobile clients lies in the uncertainty
associated with the time a client remains within a given area and thus the dura-
tion for which a translation remains valid. To study the impact of client mobility
on system performance, we classify mobile users into two categories: tortoises
and hares. The tortoises move slowly so their routing addresses change infre-
quently, while the hares move quickly so their routing addresses change often.
Ideally, these differences can be captured by expiration timestamps associated
with routing addresses. In turn, the caching scheme should adapt and adjust the
timestamp duration appropriately, as the rate at which a user moves between
cells changes.

We follow the traditional HLR and VLR model to translate and route ad-
dresses. (For an introduction to PCS architectures see [2/12].) We propose the
addition of caches at the originating endpoint and/or HLR to reduce signalling
network traffic and database query load. We explain a protocol to access the
cache and we describe how the caches are updated. To study system perfor-
mance we simulate the system with caches at the HLR and/or at the originating
endpoints. The timestamp duration in the caches adapts to the changing beha-
vior of the destinations. We measure the improvement in system performance in
terms of the hit rates achieved at the caches, since each request satisfied by a
cache reduces signalling network traffic, database query load and user-perceived
response time.

2 Model

In our model for a Personal Communication System (PCS), illustrated in Fi-
gure [Il mobile users roam about in a network of cells. In a particular cell, an
endpoint device (e.g. wireless handset) communicates with the base station for
that cell. At all times, the endpoint is associated with a routing address that
is used as the destination for incoming calls. The mobile user (and any ongoing
call) is handed from one base station to the next as it moves among the cells.
Groups of cells are organized into Registration Areas (RAs). Each RA is ser-
ved by one end-office switch, or Service Switching Point (SSP), which handles
call set-up between local endpoints and other endpoints or wireline devices. Co-



Caching for Mobile Communication 39

located with each SSP is a Visiting Location Register (VLR) that keeps track of
which mobile units are currently resident in the RA and their routing addresses
within the RA. The Home Location Register (HLR) is a database with an entry
for each mobile user containing the address of the VLR currently handling calls
on that user’s behalf. Thus, the HLR is used as the starting point in any attempt
to locate a particular mobile endpoint.

As a user moves between RAs, its routing address and its VLR will change,
so its HLR record must be updated to reflect the change in VLR. When a mobile
endpoint moves between cells, its local routing address changes, and the VLR is
notified, but there is no notification to the HLR. Our proposal is to track these
local routing address changes in caches at the HLR and/or at the originating
endpoints.

2; Mobile Endpoint (with cache)
HLR

Dby

Fig. 1. Reference PCS network architecture.

Given this architecture, how are incoming calls routed to mobile endpoints?
The basic location algorithm involves following a series of pointers from the HLR
to a VLR and then to the endpoint itself. Specifically, call set-up involves these
steps:

1. The call to a PCS user is directed to the switch (SSP) nearest the originating
endpoint.

2. Assuming the destination is not in the local RA, the switch queries the HLR,
for routing information.

3. The HLR looks up the VLR associated with the destination endpoint and
queries that VLR.

4. The VLR determines if the endpoint is available (i.e. not busy) and, if so,
returns a routing address to the HLR.

5. The HLR relays the routing address back to the originating switch.

At this point the originating switch can route the call to the destination endpoint.
The basic algorithm takes four messages: (VLRyrig - HLR, HLR — VLR jest,
VLRgest — HLR and HLR — VLROM-Q) to complete the routing address trans-
lation.

This two-level lookup algorithm always involves the HLR. Clearly, if a parti-
cular endpoint tends to move slowly, its routing address will remain unchanged
for extended periods of time. If that endpoint is also called frequently, many
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VLR lookups can be avoided through caching. In other words, we propose to
exploit the spatial and temporal locality in the system by introducing caches.
Previous work [10] has suggested the idea of caching for mobile PCS users. This
work extends those ideas by introducing expiration timestamps to model fast-
and slow-moving users and by studying cache placement at the endpoints, the
HLR and the combination of both locations.

Firstly, we propose that the originating endpoints each maintain a small cache
mapping numbers dialed from that endpoint into routing addresses. Secondly,
we add a cache at the HLR. The HLR cache could serve to enhance the effect
of small endpoint caches by simply providing more cache space and would also
be beneficial when a common destination is called by several endpoints. In this
preliminary study we limit ourselves to this two-level hierarchy, leaving more
complex topologies for future work.

With the introduction of endpoint caches, the location algorithm changes to
allow the initial request to the SSP to include a cached routing address. If a
cached routing address is present in the request, the SSP can forgo the initial
query to the HLR and contact the destination endpoint directly. This will save
the four-message query through the HLR that is required in the absence of
caching thus increasing system throughput and reducing call setup times.

In the new caching architecture, when a routing address is supplied with the
request the new location algorithm becomes:

1. The call to a PCS user is directed to the switch nearest the originating
endpoint. Included in the call-request message is the cached routing address
information, if available.

2. The originating switch connects the call to the destination endpoint.

However, there are now two new penalties that we may incur. Firstly, there
may be no routing address in the originating endpoint cache for a particular
destination. In this case, the SSP queries the HLR as before, incurring the usual
four-message overhead in addition to a small latency penalty for the cache query.
Secondly, the cache may return stale data. That is, the destination endpoint may
no longer be associated with the routing address returned from the cache—it
may have moved since we last communicated with it. As previously stated the
most profitably cached translations are those for destination endpoints that are
relatively motionless. But, in our model, endpoints can and will move at times.
As in the first case, this second case must be recognized (the attempt to route
to the cached address will fail) and handled. A fresh query to the HLR will be
necessary at the cost of 4 messages. There is an additional latency penalty in
this case due to the failed initial connection attempt.

The proposed caching scheme avoids unnecessary messages between the ori-
ginating switch and the HLR and between the HLR and the VLR for relatively
stationary destinations. However, as with any caching application, the efficacy
depends on the hit rate that can be achieved. Intuition suggests that routing
addresses for tortoises can be effectively cached, while caching for hares will be
less beneficial.
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So far we have concentrated on classifying the destination points of calls, all
of which are mobile. While some of the callers will be mobile, there will also be
a class of stationary callers. Stationary users are assumed to have bigger caches
and should therefore see greater hit rates. In addition to the endpoint caches, a
cache at the HLR can exploit the shared popularity of destination endpoints by
providing extra cache space to augment the small caches at the endpoints.

Regardless of the location of the cache (endpoint, HLR, or both) consistency
of the cache is addressed using expiration timestamps. Each cache entry has an
associated timestamp after which the data is no longer used. These timestamps
are an attempt to capture the speed of movement of the destination endpoints:
fast-moving endpoints have smaller timestamps and slower-moving endpoints
have larger timestamps.

3 Caching Details

We now describe our proposed caching algorithms.

3.1 Query Sequence

Since all routing information is obtained through the HLR, we can assume that
the callers interact directly with the HLR, and that when the HLR maintains its
own cache, client requests are filtered through that cache. Figure ] provides a
basic illustration. Here, we have a set of customers that independently query the
HLR to obtain routing addresses[] Each customer has its own personal request
profile and a private cache. The HLR has a database associating dialed numbers
with their current VLR locations, and may also have a cache containing routing
addresses for a subset of the numbers.

At each query, the HLR consults the called VLR for the current routing
address and a new estimate of the time-to-live of the queried number translation.
The time-to-live or expiration timestamp is computed from past expirations
known to the VLR. This history of prior expirations is passed from one VLR to
another as mobile users move.

Since this timestamp is a prediction of expiration, a cached address may
in fact remain valid after its timestamp expires, or it may become stale before
the prescribed time. Table [ illustrates the four possible outcomes for a cache
lookup (assuming the item is in the cache). If the expiration timestamp correctly
identifies a valid cache entry then we have a cache hit. If the expiration timestamp
correctly identifies an expired cache entry then we have a cache miss. In the case
where the timestamp optimistically indicates an expired entry is still valid we
have a stale hit. Finally, in the case when the timestamp pessimistically indicates
that a valid entry has expired, we have a false miss.

Whenever a client initiates a request, that client’s local cache is consulted.
If the requested item is found and its expiration timestamp is valid, the query

! In fact, the queries are made by switches on behalf of customers during call set-up.
To simplify the discussion we assume that customers query the HLR directly.
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Client Caches
Fig. 2. A schematic view of caching at the endpoints and the HLR.

Table 1. Definition of query outcomes.

actual expiration

Valid Expired
predicted Valid |Cache Hit| Stale Hit
expiration Expired|False Miss|Cache Miss

results in an endpoint hit. In this case, the cached translation is used to place
the call and no HLR query is immediately required. If the cache lookup is un-
successful, either because the requested item is not in the cache or because the
timestamp has expired, a miss occurs. On a miss, the client queries the HLR
and caches the routing address provided by the HLR.

When the HLR receives a request, it checks its own cache, with outcomes
that are analogous to those at the endpoint cache. When a miss occurs, the HLR
reverts to the usual protocol wherein it looks up the VLR for the called number
and then queries the VLR for the routing address.

3.2 Online Algorithms

Upon any miss—either at an endpoint cache or the HLR cache—the item causing
the miss is inserted into the cache once the correct data is obtained. If the cache
is full, some item must be evicted in order to accommodate the new address. The
algorithm used to determine which item to evict is called a caching algorithm.
Examples of well-known caching algorithms are:

LRU : Evict the item in the cache that was least recently used,

LRU-K : If all items have been accessed at least K times since insertion into the
cache, evict the item that was least recently used. Otherwise evict the item
accessed fewer than K times that was least recently used. (See [15].)
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The problem of determining which items to keep in cache, when data has
no associated expiration time, is a classic problem in online computation. An
excellent discussion of important theoretical results is provided in [3]. We focus
on LRU and LRU-2 in this paper because they are known to perform well in
practice [15].

If we operate under the assumption that expired data should be removed from
the cache at the first opportunity, then 2-tiered variants of the basic algorithms
emerge [5]. The idea is to partition the cache into expired and fresh data at the
time that an eviction is to occur. If there are expired data, we select an expired
item to evict (and are indifferent as to which one). If there are no expired data,
we apply the standard algorithm. We call this a 2-tiered algorithm because we
consider the expired items separately from the fresh items in the cache. In the
simulations that follow, we observe the relative benefit of 2-tiered caching when
expiration timestamps are predictions that may be somewhat inaccurate. As
before, the first tier contains items whose timestamp has expired, but now this
may not accurately characterize the validity of the associated data.

3.3 Offline Algorithms

All of the caching algorithms we have described so far are called online algorithms
because they process each request in sequence without knowledge of future re-
quests. In assessing caching algorithms, it is sometimes useful to compare the
performance of online algorithms to the performance of an offline algorithm that
optimizes its eviction decisions using complete knowledge of future requests. The
optimal offline algorithm provides the best-possible performance by a caching al-
gorithm for any given request sequence. If we had caches only at one level in the
hierarchy—either at the endpoints or at the HLR, but not both—and the ex-
piration timestamps were accurate, then the following algorithm is the optimal
offline algorithm (see [5], for a proof):

oPT: If there are items in the cache that are expired at their next use, choose
one of them to evict from the cache. Otherwise, evict the item whose next
use is farthest in the future. (See also [3].)

Unlike the previous caching algorithms, OPT uses knowledge of the entire future
sequence of requests to make its eviction selection. This makes OPT an imprac-
tical algorithm, but it serves as a useful benchmark against which to measure
more practical algorithms.

4 Simulation Setup

We simulate the distributed caching schemes described in the previous sections.
This provides an empirical gauge of system performance and allows us to vary
key parameters to understand the impact of both subscriber behavior and system
design variables.
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For each of the studies presented in Section [}, we vary some parameters and
hold others fixed. The variable parameters and their default settings (those used
when the parameter itself is not being studied) include:

— The percentage breakdown of tortoises and hares: We study cases ranging
from all tortoises to all hares. As a default, we assume that half of the
subscribers are tortoises and half are hares.

— The definitions of tortoises and hares: Each category is defined by the fre-
quency with which their routing address changes. As defaults, we assume
that tortoises move once per hour and hares move 10 times per hour. In all
cases, the precise movement times are random and independent.

— The cached expiration formula: The expiration timestamp of a cached item
is an estimate of its next expiration. We study several approaches. In the
“last” approach, a data item has a remaining life equal to the amount of time
elapsed since its last expiration, multiplied by a scale factor. The “average”
approach is similar, using a running average based on all previous expirati-
ons. For both approaches, we study scale factors of 1/8,1/4,1/2, 1, 2, 4, and
8. As a benchmark, we study an omniscient approach in which predicted and
actual times are the same. The default is the “last” approach with a scale
factor of 1.

— The percentage breakdown of stationary and mobile callers: We study all
stationary callers, all mobile callers, and several cases in between. The default
is half stationary and half mobile.

— The definitions of stationary and mobile callers and cache sizes: Stationary
callers are defined as having large endpoint caches (default size is 20), while
mobile callers have small caches (default size is 5). We study cases where the
size of callers’ caches are halved, and where endpoint caches do not exist.
We also study cases where the HLR’s cache (default size is 100) is doubled,
and where the HLR’s cache does not exist.

— Eviction algorithm: We study LRU and LRU-2 in both the 1-tiered and 2-
tiered versions. With no HLR cache, we also study the optimal offline algo-
rithm.

In addition to these parameters which vary, several parameter values are
fixed.

— The number of callers is 100, and the number of mobile destinations is 10,000.

— The inter-request time at each endpoint is exponentially distributed with a
mean of 2 minutes.

— The requested items from each endpoint follow a Zipf probability distribu-
tion [11]@. The Zipf distributions at the various endpoints are independent.
A value of 1.0 is used for «.

2 The Zipf distribution is a skewed distribution characterized by a parameter o >
0. Higher values of « indicate more skewed distributions, or a stronger locality of
reference. Recent studies [8/7] have shown that the Zipf distribution provides a good
fit of observed web access data. Based on our limited observation of proprietary data,
we believe that the same is probably true for telephone calling patterns.
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— Cache lookups take 20 microseconds, and disk accesses take 7 milliseconds.
Caches can process 1 request at a time, and the HLR can process up to
10 requests concurrently; messages requiring resources that are occupied are
queued. All messages between endpoints and the HLR take 1 ms in transit,
and 100 ms (in addition to any appropriate network transit delays) elapse
between a stale hit and the time the request continues through the system.

— Each run of the simulation takes two hours (of simulation time), and 10 trials
for each testcase are run, using different random number seeds. Requests
generated in the first hour of the simulation are ignored, to eliminate start-
up effects. The simulation runs until all pending requests are completed, but
no new requests are generated after two hours.

5 Simulation Results

In this section we discuss the results of several simulations. We use cache hit
rate as the measure of system performance. Each valid translation in our pro-
posed endpoint cache eliminates signalling network messages and HLR database
accesses. Each translation satisfied by the HLR cache eliminates an HLR data-
base access. Cache hits also reduce call setup time. Thus, cache hit rate serves
as a measure of improved system performance compared to the typical PCS
architecture which does not employ caches.

Table 2] examines the impact of cache size and cache placement . The rows of
the table give the HLR cache size . In the first column no endpoints have caches.
In the second column the mobile callers have caches of size 3 and the stationary
callers have caches of size 10. In the last column mobile callers have caches of
5 entries while stationary callers can store up to 20 cache entries. In this table
50% of the destinations are hares and 50% are tortoises.

Table 2. Cache hit rates for LRU 2-tiered experiments.

Endpoint cache size (mobile/stationary)
0/0 3/10 5/20
HLR 0 15%/0.0%]5.2%/0.0%
cache 100(0.0%/2.5%4.5%/0.9%15.2%/0.8%
size 200[0.0%/4.5%|4.5%,/1.7%|5.2%/1.5%

(Endpoint Cache Hit Rate / HLR Cache Hit Rate)

We find that system performance is better with caches at both locations,
followed by caches at the endpoints alone. The presence or size of the HLR cache
has no effect on endpoint cache hit rates because the endpoint query precedes
the HLR query. Total cache hits drop off precipitously when there is a single
shared cache at the HLR and no caches at the endpoints. This underscores the
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value of endpoint caching, which not only allows cached data to be customized
to each endpoint, but also reduces query-related traffic in the network.

HLR cache hit rate is impacted by several factors. Larger endpoint caches
imply fewer HLR cache hits, because more frequently requested data will be
found in the endpoint caches. As expected, larger HLR caches imply more HLR
cache hits.

Table [B] examines the impact of 1-tiered vs 2-tiered caching and compares
caching algorithms (LRU, LRU-2 and offline). For the offline algorithm we show
the endpoint cache hit rate of 10.2%. For the LRU and LRU-2 algorithms we show
both the endpoint cache hit rate and the number of false misses. Recall that a
false miss occurs when the timestamp associated with the cache entry indicates
that the entry has expired when in fact it is still valid.

Table 3. Cache Placement Experiments

1-tiered 2-tiered
offline 10.2% cache hits
LRU (4.7% cache hits |5.1% cache hits
2.4% false misses|2.1% false misses
LRU-2{4.9% cache hits [5.2% cache hits
2.7% false misses|2.2% false misses

We see that 2-tiered is slightly better than 1-tiered for both LRU and LRU-2.
This suggests that cache eviction schemes should preferentially evict expired data
before unexpired data even though the expiration timestamps are just estimates.
Second, a comparison of the LRU and LRU-2 approaches shows a very slight
advantage (more cache hits) for LRU-2, suggesting that it may be worthwhile for
caching architectures to track cache hits and incorporate them in their eviction
policies. Third, the 2-tiered strategies yield fewer false misses because these
strategies preferentially evict data with expired timestamps. Thus, there is less
expired data to yield false misses.

Figure Bl and Figure Bl show the endpoint cache hit rate and the number of
stale hits for out alternative timestamp estimation techniques.

Figure Bl plots endpoint cache hit rates for two estimation methods as the
scale factor is varied as well as an optimal method when predicted and actual
times are the same. Figure Bl plots the number of stale hits at both the endpoint
and database caches for both the average and last methods of estimation as the
scale factor is varied. The omniscient approach does not generate stale hits since
it knows precisely when caches entries will become invalid. At low scale factors
the number of cache hits is significantly diminished, but the number of times that
caches return stale data is relatively modest. At high scale factors, the number of
cache hits comes closer to the theoretical maximum, but only with a significant
number of instances of caches returning stale data. At intermediate scale factors,
the two trade off. These results suggest that there may be a significant system
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Cache hits (%) vs Expiration Estimates.
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Fig. 3. Cache hits as scale factor on expiration estimation is varied.

performance penalty resulting from the uncertainty of future data expirations.
However, if mobile users exhibit regular patterns, more efficient methods to
predict data expirations may be possible. Further study of mobility patterns is
suggested.

Stale hits vs Expiration Estimates.
2400 T T T
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Fig. 4. Stale hits as scale factor on expiration estimation is varied.

Figure Bl shows system performance as the speed of movement varies among
the tortoises and hares. By move we mean that a destination user’s movement
causes a routing address change. In this graph, each bar shows the cache hit rate
at the endpoint cache and the HLR cache. The bars are grouped by frequency
of hare movement: starting from the left we have the slowest hares who move 5
times per hour, then hares that move 10 times per hour and finally those that
move 20 times per hour. Within each group of bars the left-most bar represents
tortoises moving once in two hours, the middle bar those tortoises moving once
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an hour and the rightmost bar those tortoises that move twice per hour. In
all cases the HLR cache handled about 0.8% of the requests and the rest were
handled by the HLR itself. As one would expect, the faster either category of
user moves, the more frequently their data expires, and the more times the HLR
must be consulted. It is interesting to note, however, that doubling the expiration
rate of tortoises has a greater impact than doubling the expiration rate of hares.
Since the tortoises tend to have longer timestamps than hares, they remain in
the cache longer and therefore, subsequent requests are more likely to be satisfied
by the cache.

Cache Hits (%) vs Hare and Tortoise Definitions
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8- HLR Cache
Endpoint Cache
AN
g °r
o
s 51
<
=
<
o ar
<
8
o 3
2 |-
1
0
05 1.0 2.0 05 1.0 2.0 05 1.0 2.0
Tortoise expirati Tortoise expirati Tortoise expirati
per hour per hour per hour

HARE =5 x per hour  HARE = 10 x per hour HARE = 20 x per hour

Fig. 5. Cache Hits as Frequency of hare and tortoise expiration is varied.

Figure[@ measures a similar effect, this time varying the proportions of tortoi-
ses and hares. This has a more profound impact on system performance, because
the number of times that destinations’ translations change in this study spans a
greater range than in Figure Bl We see that the cache hit rate at the endpoint
caches increases with the proportion of tortoises in the population while the hit
rate at the HLR cache is almost constant at approximately 0.8%.

Our last experiment reveals the impact of callers’ mobility on system per-
formance. This is similar to varying the cache size, since stationary callers have
caches of size 20 and mobile callers have caches of size 5. We found that with
smaller caches at the endpoints, cache hits can diminish significantly, although
the decreased cache performance (about 20% in this case) is significantly less
than the decreased cache size (75%). See [BJ6] for a more thorough treatment of
the tradeoffs between cache size and system performance.
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Cache hits (%) vs Tortoises.
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Fig. 6. Cache hits as proportion of hares and tortoises is varied.

6 Conclusion and Future Work

Uncertainty in the expiration timestamps yields two types of caching errors. In
the first type, overestimating the lifetime of a cached item results in attempting
to use a stale routing address to place a call. The second stems from underesti-
mating lifetimes and results in unnecessary queries to the HLR and the VLR.
Both errors incur relatively well-defined costs: overestimation may cost us the
time associated with a failed call attempt and underestimation may cost us the
time to ask for and receive a routing address from the VLR. Intuitively, the
timestamp should weigh the tradeoff between these two costs. When the cost
of a failed call is relatively high (as in this study), timestamps should be set
conservatively, sacrificing true cache hits to avoid stale hits. Alternatively, when
the cost of communicating with the HLR and VLR is relatively high (as during
overload events) timestamp estimates should be more optimistic, allowing stale
cache hits to avoid queries to the HLR and VLR.

The cases studied here explored the tradeoff between these two types of
caching errors, but absent knowledge of the future, they could not reduce errors
of one type without increasing errors of the other type. An area for future study
is to see if it might be possible to reduce both types of error simultaneously. A
caching algorithm that integrates recency and/or frequency of use with time-to-
live may improve system performance.

The problem of stale hits might also be addressed using an invalidation proto-
col. As mobile endpoints move between RAs (and hence VLRs) their translations
become invalid. When an invalid translation is used for call routing, a stale hit
occurs. In our simulations we have imposed a stiff penalty for stale hits of 100ms.
In an invalidation scheme, as an endpoint moves between RAs the HLR would be
notified and would invalidate cached translations for the endpoint. The overhead
of storage and signalling would depend on the exact architecture of the system
but could be relatively small compared to the large stale hit penalty.
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Other areas for future work include the issue of the real-time constraints

of call setup, fault-tolerance of HLR and VLRs and a cost-benefit analysis of
network traffic and database load.
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Abstract. In mobile client-server database systems, caching of frequent-
ly accessed data is an important technique that will reduce the contention
on the narrow bandwidth wireless channel. As the server in mobile en-
vironments may not have any information about the state of its clients’
cache(stateless server), using broadcasting approach to transmit the list
of updated data to numerous concurrent mobile clients is an attractive
approach. In this paper, a new caching method is proposed to support
transaction semantics at mobile clients. The proposed protocol adopts
adaptive broadcasting as the way of sending invalidation reports, in order
to dynamically adapt to system workload(update pattern, data locality).
We study the performance of the proposed protocol by means of simu-
lation experiments.

1 Introduction

Data caching is an important technique for improving data availability and ac-
cess latency[10]. It is especially important for mobile computing environments
which are characterized by narrow bandwidth wireless links and frequent dis-
connection from the server[2]. Those features of a mobile environment coupled
with the need to support seamless mobility of clients distinguish its cache inva-
lidation strategy unique and different from those used for wired network, since
the strategy must try to optimize conflicting requirements under the constraints
of limited bandwidth and frequent disconnection from the server[3].

Several proposals have appeared in the literature regarding the support of
transactions in mobile systems[1]. And broadcasting approach is widely accep-
ted to maintain cache consistency, and to control the concurrent transactions
in mobile environments. With the broadcasting approach, a mobile client sends
the commit request of a transaction after executing all operations, to install the
updates in the central database. Then the server decides commit or abort of the
requested transaction, and notifies this information to all clients in its cell with
broadcasting invalidation reports. The broadcasting strategy does not require
high communication costs, nor require the server to maintain additional infor-
mation about mobile clients in its cell, thus is attractive in mobile databases[5,6].

Most approaches using broadcasting strategy adopt synchronous(periodic)
manner as the way of broadcasting invalidation reports[3,4]. In these approaches,

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 51-[64], 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Fig. 1. The mobile database system architecture

server broadcasts the list of updated data items and the list of transactions that
will be committed among those which have requested commit during the last
period. These approaches present some problems due to the synchronous manner
of broadcasting approach.

Considering these problems, we previously proposed and studied asynchro-
nous broadcasting protocol. With asynchronous broadcasting approach, invalida-
tion reports are broadcasted immediately after a commit request arrives. Thus,
this protocol can reduce broadcasting occurrence and abort rate, at the expense
of frequent broadcasting costs. However, for data items which show high degree
of locality, this frequent broadcasting can be an unnecessary communication
overhead.

In this paper, considering the tradeoffs of such existing protocols, we present
an adaptive protocol which is a hybrid of the synchronous and asynchronous
algorithm. With this approach, the proposed protocol can dynamically adjust
the broadcasting method according to the system workload.

Figure 1 presents a general mobile database system model. Users of the mo-
bile computers may frequently query databases by invoking a series of operati-
ons, generally referred to as a transaction. Serializability is widely accepted as
a correctness criterion for execution of transactions[12]. This correctness crite-
rion is also adopted in this paper. Database server is intended to support basic
transaction operations such as resource allocation, commit, and abort[9].

The remainder of the paper is organized as follows. In section 2, we dis-
cuss synchronous and asynchronous broadcasting protocols, and in section 3,
we describe and discuss the proposed protocol, adaptive broadcasting protocol.
Section 4 presents experiments and results, and finally we state our concluding
remarks in section 5.
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2 Related Works

Some proposals have appeared in the literature regarding the use of the broadca-
sting for the control of the concurrent transactions, and all of these approaches
adopted synchronous(periodic) manner as the way of sending broadcasting in-
validation reports[4,6,8]. In these schemes, the server broadcasts the list of data
items that should be invalidated and the list of transactions that will be commit-
ted among those which have requested commit during the last period[4]. These
schemes present some problems due to the synchronous manner of broadcasting
approach.

— if two or more conflicting transactions have requested commit during the
same period, only one of them can commit and others have to abort.

— the mobile client is blocked on the average for the half of the broadcasting
period until it decides commit or abort of the transaction.

Thus, existing proposals which adopted synchronous broadcasting cannot
dynamically adapt to system workload(e.g. update pattern and data locality),
since they broadcast invalidation reports by fixed period.

In previous work, we proposed and studied asynchronous broadcasting pro-
tocol[7]. It may resolve those problems of synchronous broadcasting by sending
invalidation reports immediately after receiving commit requests. Thus, asyn-
chronous broadcasting protocol can dynamically adjust the frequency of the
broadcasting occurrence according to the update pattern of transactions. Howe-
ver, for data items that are used by a specific mobile client exclusively, applying
asynchronous approach is quite wasteful. In this case, it is sufficient to send the
updated data items periodically, along with the list of data items updated during
the last period.

Thus the synchronous protocol can be advantageous, when high degree of
locality is shown on accessed data by mobile clients. When a data item is upda-
ted by a transaction, and if there is no other mobile clients caching this data,
synchronous broadcasting strategy is advantageous, because delayed invalidation
report of data items does not cause aborts of other transactions, and it dose not
degrades the throughput of transaction processing seriously. So, it is unnecessary
to send invalidation reports separately, wasting the broadcasting bandwidth of
wireless channel.

On the other hand, when mobile clients do not show such locality pattern on
data items that are accessed, asynchronous broadcasting approach is more at-
tractive, since the immediate invalidation of the updated data items can prevent
large portion of aborts of other transactions which access local copies of these
data items.

3 Proposed Protocol

In order to dynamically adjust the broadcasting method according to the system
workload, we present a new cache management protocol, which can adapt to
locality of data items.
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3.1 Adaptive Broadcasting

Considering the tradeoffs discussed in section 2, integrating two broadcasting
strategies (synchronous and asynchronous broadcasting) yields an adaptive al-
gorithm, which we call adaptive broadcasting protocol. In this protocol, the ser-
ver dynamically adopts appropriate broadcasting strategy between synchronous
broadcasting and asynchronous broadcasting according to the locality pattern
of data items which have been updated. With adaptive broadcasting, when the
server receives commit request from a mobile client, it checks if any data item
which has been updated by the transaction is widely shared by many clients’
cache or not.

If all updated data items are cached by few mobile clients, the server just
put these items to the invalidating list. Immediate broadcasting of data items
which are cached by few clients or no other client except the updating one is
quite wasteful. Thus, in this case, the protocol just adds those data items to the
invalidating list that will be broadcast periodically. On the other hand, when
the server receives a commit request of a transaction which has updated widely
shared data items, the protocol applies asynchronous approach as the way of
sending the invalidation reports. So, in this case, the server immediately sends
data items which have been updated, along with the invalidating list produ-
ced after the last broadcasting. Thus, with adaptive broadcasting, invalidation
reports are broadcasted in one of the following two situations.

— when a commit request contains widely shared data items in its write_set.

— when it is time to send periodic invalidation reports.(unless the invalidating
list is empty)

3.2 The Protocol

Now, we need to explain how to apply appropriate broadcasting approach ac-
cording to data items which have been updated by transactions. Because asyn-
chronous broadcasting itself is adaptive to the change of update frequency, the
proposed protocol should control the broadcasting mechanism based on the lo-
cality pattern of cached copies that should be invalidated. For this, we define the
sharing state for each data item, in order to classify them. Checking this sharing
state, the server adopts appropriate broadcasting approach for each updated
data item.

Based on this criteria, all data items are assigned one of the following two
classes by the server. The sharing state should be managed dynamically as the
access pattern or locality of data changes.

— shared : data items that are cached by many clients
— exclusive : data items that are cached by no or few clients

Now, we need to summarize algorithms of the proposed protocol, which uti-
lizes the sharing state of data items. Our protocol uses a modified version of



Efficient Cache Management Protocol Based on Data Locality 55

optimistic control, in order to reduce the communication costs on the wireless
network. With optimistic approach, all operations of a transaction can be proces-
sed locally using cached data, and at the end of the transaction, the mobile client
sends the commit request message to the server[11]. Receiving invalidation re-
port, the invalidating action preempts the ongoing transaction, thus transactions
which are concurrently processed locally and show conflicts with the committing
transaction, should be aborted. With this approach, the mobile client can early
detect the conflicts of a transaction without interaction with the server[4].

All data items in the system are tagged with a sequence number which uni-
quely identifies the state of the data. The sequence number of data item is
increased by the server, when the data item is updated. The mobile client in-
cludes the sequence number of its cached copy of data(if the data item is cache
resident) along with the commit request message.

We now summarize our protocol for both the mobile client and the server.

Mobile Client Protocol:

— Whenever a transaction becomes active, the mobile client opens two sets,
read_set and write_set. Initially, the state of a transaction is marked as rea-
ding. Data item is added to these sets with the sequence numbers, when the
transaction requests read or write operation on that data item. The state of
the transaction is changed into updating state, when the transaction requests
write operation.

— Whenever the mobile client receives an invalidation report, it removes copies
of the data items that are found in the invalidating list. And, if any of the
following equations becomes true, the transaction of reading state is changed
into read-only state, and the transaction of updating state is aborted.

read_set N invalidatinglist /A 0
write_set N invalidatinglist /A )

— When a transaction of read-only state requests any write operation, the
mobile client aborts the transaction.

— When a transaction is ready to commit, the mobile client commits the tran-
saction locally, if the state of the transaction is reading or read-only. If the
state of the transaction is updating, the mobile client sends a commit request
message along with the read_set, write_set and the identification number of
the transaction.

— After that, the mobile client listens to the broadcasting invalidation report
which satisfies any of the following equation.

read_set N invalidatinglist /A 0
write_set N invalidatinglist A~ ()

If the invalidation report, satisfying above equations, is attached with the
identification number of its own transaction, the mobile client commits the
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transaction. Otherwise, the mobile client aborts the transaction, and removes
copies of the data items that are found in invalidating list.

When T; requests no write operation, the decision of commit or abort of T;
is done locally by the mobile client, using the invalidation reports broadcasted
asynchronously by the server. In this case, the state of T; is changed into read-
only, if the mobile client is informed about the commit of a conflicting transaction
T; by a invalidation report, and T; follows T} in serialization order. The mobile
client aborts the Tj;, if T; requests any write operation during read-only state,
because such write operations can produce conflict relation T; to T}, which is
unacceptable for serializable execution.

These remarks can be made more formally as follows.

Lemma 1 Let T; be a transaction of reading or read-only state executed in mo-
bile client i (MC;), and let T; be a transaction of updating state in MC;, which
conflicts with T;. If M C; receives the invalidation report which includes T} before
it starts T;, then T; follows Tj in serialization order.

Proof : Since T; conflicts with T}, for some data item z there exist conflicting
operations r;(z) and w; (). r;(z) reads the value of z which has been updated by
the committed transaction 7}, since M C}; receives the invalidation reports which
notifies commit of 7); before it starts 7;. Thus, for all p;(z) which conflicts with
q;(2), gj(z) < pi(x), therefore T} — T;. O

Lemma 2 Let T; be a transaction of reading or read-only state executed in mo-
bile client i (MC;), and let T; be a transaction of updating state in MC;, which
conflicts with T;. If M C; receives the invalidation report which includes T; after
it starts Ty, then T; precedes T; in serialization order.

Proof : Since T; conflicts with T}, for some data item z there exist conflicting
operations r;(z) and w;(z). With OCC-ASB, if MC; receives the invalidation
report which invalidates z after it starts T;, M C; does nothing as the state of T;
is reading or read-only, and delays the invalidation of z until 7; commits. Thus,
for all p;(z) which conflicts with ¢;(z), p;(z) < ¢;(z), therefore T; — T;. O

Lemma 3 LetT; and T; be transactions of reading or read-only state which are
executed in MC; and MC; respectively. Then, there exists no serialization order
between T; and T.

Proof : Since T; and T; request no write operation, there exists no conflicting
operations p;(z) and g;(z). O

Theorem 1 FEvery transaction T; that is committed autonomously by MC;, does
not produce a cycle with any other transaction in serialization graph.

Proof : Suppose that the serialization graph contains T; — T; — T}. By
Lemma 1, 2 and 3, the state of T; and T}, are updating, and MC; received the
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invalidation report of T; before T; started, and the invalidation report of T}, after
T; started. As we assumed that invalidation reports are received as the order that
they are broadcasted, T; has committed earlier than T}, in the server, therefore
Ty, — T} is impossible. O

Unlike transactions of reading or read-only state, the decision of committing
a transaction of updating state is done by the server, as the mobile client cannot
determine the serialization order of the transaction autonomously, if the tran-
saction has executed any write operation. Thus, when an wupdating transaction
is ready to commit, the mobile client sends a commit request message to the
server, as shown in mobile client protocol.

Now, we summarize the protocol which is performed continuously by the
server.

Server Protocol:

— Whenever the server receives a commit request from a mobile client, it checks
the sequence numbers of all data items in read_set and write_set.

— If they are identical with the server’s, and if all data items in write_set
are marked as exclusive state, the server just adds these data items to
invalidating list. The identification of the transaction is also attached to
the invalidation report.

— If they are identical with the server’s, and if there is any data item in
write_set which is marked as shared state, the server adds the updated
data items to the invalidating list, and attaches the identification of the
transaction. Then the server sends the invalidation report containing
invalidating list and transaction identifiers immediately.

— If sequence numbers have fallen behind the server’s number, the server
just ignores the commit request.

— When it is time to broadcast periodic invalidation report, the server checks
if the invalidating list is empty. If the list is not empty, the server broadcasts
invalidation report.

Lemma 4 Let T; be a transaction of updating state which requests commit to the
server. When a server receives a commit request of T; (CR; ), T; will be checked
against every conflicting transaction whose CR has arrived earlier in the server.

Proof : The server checks the sequence numbers in C'R; with those in the
server, which have been updated by transactions whose CR have been arrived
earlier. 0

Lemma 5 Let T; and T} be conflicting transactions of updating state in MCj;
and MC; respectively. If the server receives CR; earlier than CR;, T; cannot
precede T} in serialization order.
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Proof : There are three cases.

— MC; gets the invalidation report of 7T while T; executes. In this case, MCj
aborts 7; autonomously.

— MC; gets the invalidation report of T} after sending C'R; to the server.
Suppose T; and T} conflict on data item z. In this case, MC; aborts T,
when it receives the invalidation report of T} which invalidates z.

— MC; gets the invalidation report of T; before starting 7;. In this case, T; —
T;, by Lemma 1.

O

Theorem 2 Fvery updating transaction T; that is committed in the server, does
not produce a cycle with any other updating transaction in serialization graph.

Proof : Suppose that the serialization graph contains T; — T; — Tj. By
Lemma 4, the server receives C'R; earlier than C'Rj,. Thus, T}, cannot precede
TR; in serialization order, by Lemma 5. U

Theorem 3 The OCC-ASB produces serializable hostories.

Proof : By Theorem 1 and 2. O

3.3 Examples

Example execution under the protocol is shown in Figure 2. This example uses
two mobile clients and a server. In this example, a, b and z denote data items that
are cached by each mobile client, and we assume that data item z is classified as
shared state, and data item a and b are classified as exclusive state. And, r(z)
and w(z) denote a read and write operation performed by a transaction on data
item z.

In (a), both mobile client 1 and mobile client 2 should send commit request
message to the server, as the state of both transactions are updating when they
are ready to commit. Receiving these commit requests, the server find that se-
quence numbers of data items in read_set and write_set are identical with the
server’s. Since data items in write_sets, a and b in this example, are maintained
as exclusive state, the server just appends these items to invalidating list. When
it is time to broadcast invalidation report, the server checks if the invalidating
list is empty or not. Since there exist data items, a and b, in invalidating list,
the server sends invalidation reports which notifies commit of both transactions,
and update of data items.

In (b), when the server receives commit request of the second transaction from
mobile client 1, it broadcasts invalidation reports immediately, as the write_set
includes data item of shared state. The transaction initiated in mobile client 2
can be committed by the server, as it has read the current value of data item z
which has been updated by the transaction in mobile client 1. Unless the server
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—» Commit Request P Data Request _ Synchronous L. > Asynchronous

Invalidation Report Invalidation Report

Fig. 2. Example execution of the proposed protocol

applies asynchronous approach to data item z, the transaction in mobile client
2 cannot read the up-to-date value of data item z, and it has to abort.

In (c), the transaction in mobile client 2 cannot commit in spite of immediate
broadcasting, since mobile client 2 sends commit request message slightly before
it receives invalidation report which indicates updates of data item z. In this case,
the server does not have to notify mobile client 2 that the transaction cannot
be committed, as mobile client 2 can abort the transaction when it receives
invalidation report including data item z with identification of other transaction.

4 Performance

In this section, we present results from several performance experiments invol-
ving the proposed protocol, and the protocols with synchronous[4] and asynchro-
nous[7] broadcasting scheme. While the main performance metric presented is
system throughput, we also present other performance measures, the number of
aborts and the number of broadcasting occurrences, to provide additional insights
into the fundamental tradeoff between protocols. Table 1 shows the values of the
simulation parameters used for these experiments.

We performed experiments under the following conditions: (1)when low por-
tion of entire data items are shared by mobile clients, (2)when high portion of
them are shared. In order to provide such experimental environments, we set the
system parameter SharedDegree as 10% and 40%, as shown in Table 1. It implies
that 10% or 40% of entire data items are classified as shared state, and the rest
of them is classified as exclusive state.

We ran a number of simulations to compare the behavior of the proposed
protocol and the protocols with synchronous and asynchronous broadcasting
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Table 1. Simulation parameter settings

l Parameter [ Meaning [ Value ‘
NObject Number of objects 500
CachePercent Percentage of cache size 5%
TRSize(Maz) |Maximum number of operations in a transaction| 15
TRSize(Min) |Minimum number of operations in a transaction 3
ProWrite Probability of write operations 0-25%
ReadDelay Average delay of a read operation 10 ms
WriteDelay Average delay of a write operation 40 ms
NClient Number of mobile clients 50
NetDelay Average communication delay 20 ms
DBAcessDelay Average delay to access DB 50 ms
CacheAccessDelay Average delay to access cache 10 ms
ReadHitProb Probability of read hit 0.5
IR Period Interval of synchronous broadcasting 1000 ms
SharedDegree Percentage of shared data 10, 40%

scheme. In this section, we present the results from these performance experi-
ments. At first, Figure 3 and Figure 4 show the average number of transactions
that should be aborted with proposed protocols and the synchronous protocol.
As can be seen, more transactions are aborted with increasing write operati-
ons, in both cases of Figure 3 and Figure 4, when SharedDegree is low and
high, respectively. In case of Figure 3(SharedDegree=10%), increased write ope-
rations don’t cause frequent conflicts between updating transactions, because
most of data items are accessed exclusively by each mobile client. Thus, in this
case, the protocol with synchronous broadcasting does not suffer with high ratio
of aborts. On the other hand, in Figure 4(SharedDegree=40%), the number of
aborts is more dependent on the probability of write operations. Thus, as the
probability of write operations gets higher, aborts increase significantly with all
three protocols. This is because updates on shared data make copies cached by
large number of mobile clients out-of-date. In case of the protocol with syn-
chronous broadcasting, aborts increase more rapidly, because more conflicting
transactions request commit during the same broadcasting period. In this case,
the synchronous protocol permits only one transaction to commit, thus all other
transactions that show conflicts with the committing one should abort. It shows
the primary drawback of the synchronous protocol. For the protocol with asyn-
chronous broadcasting, the number of aborts increases relatively slowly, as the
server sends broadcasting message immediately after receiving commit requests.
The immediate broadcasting avoids most aborts of the synchronous protocol, as
it reduces transactions’ chance to access stale copies of updated data items. The
proposed protocol shows satisfying results, which are similar to those of asyn-
chronous broadcasting protocol, as it applies immediate broadcasting scheme to
updated data items which are likely to be accessed by lots of clients.
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Figure 5 and Figure 6 show the number of broadcasting occurrence with three
protocols. This performance measure clearly presents the characteristics of the
broadcasting strategy of each protocol. In case of the protocol with synchronous
broadcasting, the server issues uniform number of broadcastings independent
of the write probability or SharedDegree, as shown in the Figure 5 and Figure
6. On the contrary, asynchronous broadcasting protocol shows very sensitive
results to the probability of writes, since the server issues broadcasting once for
every commit of an updating transaction. With the proposed protocol, as shown
in the figure, the number of broadcasting occurrences shows an intermediate
form between other two protocols. When SharedDegree is low, the server applies
synchronous broadcasting approach to updates on most of data items, thus our
protocol arises similar number of broadcastings with the synchronous protocol.
On the other hand, as shown in Figure 5, the number of broadcastings of the
proposed protocol is close to that of asynchronous broadcasting protocol, when
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SharedDegree is high, and as a result, our protocol arises almost as low aborts as
asynchronous broadcasting protocol, as shown in Figure 4. Thus the proposed
protocol can adapt not only to update probability but also to locality pattern
of cached data.

Figure 7 and Figure 8 show the throughput results for three protocols. As
shown in this figure, the throughput degrades with increasing write operations,
because of aborts and delay for updating transactions. When only 10% of data
items are widely shared by mobile clients, the protocol with synchronous broa-
dcasting shows stable throughput as can be seen in Figure 7. When the write
probability is low, our protocol and asynchronous broadcasting protocol show
better performance than the synchronous protocol, because of autonomous com-
mit of read-only transactions. However, the throughput of asynchronous protocol
degrades rapidly with increasing write operations, mainly due to the frequent
transmission of broadcasting messages. The immediate broadcasting strategy
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of asynchronous protocol is an communication overhead which cannot reduce
aborts of transactions, when SharedDegree is low(see Figure 3). Thus, in this
case, the synchronous protocol is more satisfying, because it does not suffer from
serious ratio of aborts without high communication costs(see Figure 5). The pro-
posed protocol shows intermediate result between the asynchronous protocol and
the synchronous protocol, as it applies immediate broadcasting to 10% of entire
data items. On the other hand, when 40% of data items are widely shared by
mobile clients, proposed protocols show better performance in whole range of
update probability, because our protocol and asynchronous protocol can avoid
a number of aborts with asynchronous broadcasting(see Figure 4).
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5 Conclusions

Caching of data items in mobile clients is an effective model that may reduce
contention on the narrow bandwidth wireless channel. In this paper, we propose
a new cache management protocol, supporting transaction semantics. The pro-
posed protocol dynamically adopts appropriate broadcasting strategy between
synchronous and asynchronous strategy, according to the locality pattern of ca-
ched copies of updated data. Thus the protocol can dynamically adapt not only
to update probability, but also to locality of data copies. Simulations were con-
ducted to evaluate the performance of the proposed protocol. Our performance
experiments show that the proposed protocol performs well independent on the
degree of locality of data items by achieving satisfying balance between abort
probability and broadcasting costs.
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Abstract. Queries involving aggregation are typical in database appli-
cations. One of the main ideas to optimize the execution of an aggregate
query is to reuse results of previously answered queries. This leads to
the problem of rewriting aggregate queries using views. Due to a lack
of theory, algorithms for this problem were rather ad-hoc. They were
sound, but were not proven to be complete.

Recently we have given syntactic characterizations for the equivalence of
aggregate queries and applied them to decide when there exist rewritings.
However, these decision procedures do not lend themselves immediately
to an implementation. In this paper, we present practical algorithms
for rewriting queries with count and sum. Our algorithms are sound.
They are also complete for important cases. Our techniques can be used
to improve well-known procedures for rewriting non-aggregate queries.
These procedures can then be adapted to obtain algorithms for rewriting
queries with min and maz. The algorithms presented are a basis for
realizing optimizers that rewrite queries using views.

1 Introduction

Aggregate queries occur in many applications, such as data warehousing and
global information systems. The size of the database in these applications is
generally very large. Aggregation is often used in queries against such sources as
a means of reducing the granularity of data. The execution of aggregate queries
tends to be time consuming and costly. Computing one aggregate value often
requires scanning many data items. This makes query optimization a necessity.
A promising technique to speed up the execution of aggregate queries is to reuse
the answers to previous queries to answer new queries. If the previous queries
involved aggregation, the answers to them will tend to be much smaller than the
size of the database. Thus, using their answers will be much more efficient.

We call a reformulation of a query that uses other queries a rewriting. Finding
such rewritings is known as the problem of rewriting queries using views. In
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this phrasing of the problem, it is assumed that there is a set of views, whose
answers have been stored, or materialized. Given a query, the problem is to
find a rewriting, which is formulated in terms of the views and some database
relations, such that evaluating the original query yields the same answers as
evaluating first the views and then the rewriting.

Rewriting queries using views has been studied for non-aggregate queries
[LMSSO95). Rewriting aggregate queries has been investigated mainly in the spe-
cial case of datacubes [HRU96]. However, there is little theory for general ag-
gregate queries, and the rewriting algorithms that appear in the literature are
by and large ad hoc. These algorithms are sound, that is, the reformulated que-
ries they produce are in fact rewritings, but there is neither a guarantee that
they output a rewriting whenever one exists, nor that they generate all existing
rewritings [SD.JLI6|GHQ95].

Syntactic characterizations for the equivalence of SQL queries with the aggre-
gate operators min, maz, count, and sum have been given [NSS9§|. They have
been applied to decide, given an aggregate query and a set of views, whether
there exists a rewriting, and whether a query over views and base relations is
a rewriting [CNS99]. Using these characterizations, one can “guess” candidates
for rewritings and verify if they are equivalent to the original query. This process
is highly nondeterministic. It is more efficient to gradually build a candidate for
rewriting in a way that will ensure its being a rewriting. The characterizations do
not immediately yield practical algorithms of this sort. There are several subtle
problems that must be dealt with in order to yield complete algorithms.

In this paper, we show how to derive practical algorithms for rewriting ag-
gregate queries. The algorithms are sound, i.e., they output rewritings. We can
also show that they are complete for important cases, which are relevant in
practice. In Section 2 we present a motivating example. A formal framework
for rewritings of aggregate queries is presented in Section 3. In Section 4 we
give algorithms for rewriting aggregate queries and in Section 5 we conclude.
Additional explanations and examples can be found in the full paper [CNSO0)].

2 Motivation

We discuss an example that illustrates the rewriting problem for aggregate que-
ries. All the examples in this paper are written using an extended Datalog syntax.
This syntax is more abstract and concise than SQL. In Section [B] we present a
formal definition of the Datalog syntax. In [CNS00] we describe how queries
written in SQL can be translated to our Datalog syntax and vice versa.

The following example models exactly the payment policy for teaching assi-
stants at the Hebrew University in Jerusalem. There are two tables with relations
pertaining to salaries of teaching assistants (TAs):

ta(name, course_name, job_type) and
salaries(job_type,sponsorship,amount).

At the Hebrew University, there may be many teaching assistants in a course.
Each TA has at least one job_type in the course he assists. For example, he
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may give lectures or grade exercises. Teaching assistants are financed by different
sources, like science foundations and the university itself. For each job type, each
sponsor gives a fixed amount. Thus, a lab instructor may receive $600 per month
from the university and $400 from a government science foundation.

We suppose that there are two materialized views. In v_positions, we com-
pute the number of positions of each type held in the university. In v_salary we
compute the total salary for each type of position. In the query q_salary_per_job
we calculate the total amount of money spent on each job position. We express
aggregate queries with an extended Datalog notation, where in the head we
separate grouping variables and aggregate terms by a semicolon:

v_positions(j; count) + ta(n,c,j)
v_salary(j; sum(a)) < salaries(j, s, a)
g-salary per_job(j; sum(a)) + ta(n,c,j) & salaries(j, s, a).

An intelligent query optimizer could now reason that for each type of job we
can calculate the total amount of money spent on it if we multiply the salary
that one TA receives for such a job by the number of positions of that type.
The two materialized views contain information that can be combined to yield
an answer to our query. The optimizer can formulate a new query that only
accesses the views and does not touch the tables in the database:

r(j';a’ * ent) « v_positions(j’; cnt) & v_salary(j’;a)

Using the new query, we no longer need to look up the teaching assistants nor
the financing sources. Thus, the new query can be executed more efficiently.

In this example, we used our common sense in two occasions. First, we gave an
argument why evaluating the original query yields the same result as evaluating
the new query that uses the views. Second, because we understood the semantics
of the original query and the views, we were able find a reformulation of the query
over the views. Thus, we will only be able to build an optimizer that can rewrite
aggregate queries, if we can provide answers to the following two questions.

— Rewriting Verification: How can we prove that a new query, which uses
views, produces the same results as the original query?

— Rewriting Computation: How can we devise an algorithm that systema-
tically and efficiently finds all rewritings?

If efficiency and completeness cannot be achieved at the same time, we may
have to find a good trade-off between the two requirements.

3 A Formal Framework

We extend the well-known Datalog syntax for non-aggregate queries [UII89] to
cover aggregates. These queries express nonnested SQL queries without a HAVING
clause and with the aggregate operators min, maz, count, and sum. A genera-
lization to queries with the constructor UNION is possible, but beyond the scope
of this paper. For queries with arbitrary nesting and negation no rewriting algo-
rithms are feasible, since equivalence of such queries is undecidable.
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3.1 Non-aggregate Queries

We recall the Datalog notation for conjunctive queries and extend it to aggregate
queries. A term (denoted as s, t) is either a variable (denoted as z, y, z) or a
constant. A comparison has the form sy p so, where p is either < or <. If C' and
C' are conjunctions of comparisons, we write C' = C’ if C’ is a consequence of
C. We assume all comparisons range over the rationals.

We denote predicates as p, ¢ and r. A relational atom has the form p(3) or

p(s1,...,8k) where § denotes the tuple of terms s, ..., sg. An atom (denoted as
a, b) is either a relational atom or a comparison.
A conjunctive query has the form g(z1,...,2x) < a1 & -+ & a,. The atom

q(z1,...,x) is the head of the query. The atoms aq,...,a, form the query
body. They can be relational or comparisons. If the body contains no compari-
sons, then the query is relational. A query is linear if it does not contain two
relational atoms with the same predicate symbol. We abbreviate a query as
q(Z) «+ B(5), where B(5) stands for the body and 5 for the terms occurring in
the body. Similarly, we may write a conjunctive query as q(z) < R(5) & C(), in
case we want to distinguish between the relational atoms and the comparisons
in the body, or, shortly, as ¢(Z) < R & C. The variables appearing in the head
are distinguished variables, while those appearing only in the body are nondi-
stinguished variables. Atoms containing at least one nondistinguished variable
are nondistinguished atoms. By abuse of notation, we will often refer to a query
by its head ¢(Z) or simply by the predicate of its head gq.

A database D contains for every predicate symbol p a relation p?, that is, a
set of tuples. Under set semantics, a conjunctive query g defines a new relation
¢P, which consists of all the answers that ¢ produces over D. Under bag-set
semantics, q defines a multiset or bag {q}P of tuples. The bag {¢}? contains
the same tuples as the relation ¢7, but each tuple occurs as many times as it
can be derived over D with ¢ [CV93]. Under set-semantics (bag-set semantics),
two queries ¢ and ¢’ are equivalent if for every database, they return the same
set (bag) as a result.

3.2 Aggregate Queries

We now extend the Datalog syntax so as to capture also queries with GROUP BY
and aggregation. We assume that queries have only one aggregate term. The
general case can easily be reduced to this one [CNS99]. We are interested in
queries with the aggregation functions count, sum, min and maz. Since results
for min are analogous to those for maz, we do not consider min. Our function
count is analogous to the function COUNT (*) of SQL.

An aggregate term is an expression built up using variables, the operations
addition and multiplication, and aggregation functions[]] For example, count and

! This definition blurs the distinction between the function as a mathematical object
and the symbol denoting the function. However, a notation that takes this difference
into account would be cumbersome.
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sum(z1 * z9), are aggregate terms. We use k as abstract notations for aggregate
terms. If we want to refer to the variables occurring in an aggregate term, we
write (), where g is a tuple of distinct variables. Note that ¢ is empty if « is the
count aggregation function. Terms of the form count, sum(y) and maz(y) are
elementary aggregate terms. Abstractly, elementary aggregate terms are denoted
as a(y), where « is an aggregation function.

An aggregate term r(y) naturally gives rise to a function f, ;) that maps
multisets of tuples of numbers to numbers. For instance, sum(z * z2) descri-
bes the aggregation function fgym(z,«z,) that maps any multiset M of pairs of
numbers (mq,msg) to Z(ml,nm)eM mi * ma.

An aggregate query is a conjunctive query augmented by an aggregate term
in its head. Thus, it has the form ¢(Z; k(7)) + B(3). We call Z the grouping
variables of the query. Queries with elementary aggregate terms are elementary
queries. If the aggregation term in the head of a query has the form a(y), we
call the query an a-query (e.g., a maz-query). In this paper we are interested in
rewriting elementary queries using elementary views. However, as the example in
Section Rlshows, even under this restriction the rewritings may not be elementary.

We now give a formal definition of the semantics of aggregate queries. Con-
sider the query ¢(T;k(y)) < B(3). For a database D, the query yields a new
relation ¢P. To define the relation ¢, we proceed in two steps. We associate to ¢
a non-aggregate query, ¢, called the core of ¢, which is defined as ¢(z, §) <+ B(3).
The core is the query that returns all the values that are amalgamated in the
aggregate. Recall that under bag-set-semantics, the core returns over D a bag
{G}P of tuples (d,€). For a tuple of constants d of the same length as Z, let

ry={e ‘ (d.e)  {a}° .

That is, the bag I'7 is obtained by first grouping together those answers to ¢
that return d for the grouping terms, and then stripping off from those answers
the prefix d. In other words, I'; is the multiset of g-values that ¢ returns for d.
The result of evaluating g over D is

q¢7 = {(d,e) | Iy A0 and e = fr)(I7)}-

Intuitively, whenever there is a nonempty group of answers with index d, then
we apply the aggregation function f, () to the multiset of y-values of that group.
Aggregate queries q and ¢’ are equivalent if ¢ = ¢'P for all databases D.

3.3 Equivalence Modulo a Set of Views

Up until now, we have defined equivalence of aggregate queries and equivalence of
non-aggregate queries under set and bag-set-semantics. However, the relationship
between a query ¢ and a rewriting r of ¢ is not equivalence of queries, because
the view predicates occurring in r are not regular database relations, but are
determined by the base relations indirectly. In order to take this relationship
into account, we define equivalence of queries modulo a set of views.



70 S. Cohen, W. Nutt, and A. Serebrenik

We consider aggregate queries that use predicates both from R, a set of
base relations, and V, a set of view definitions. For a database D, let Dy be
the database that extends D by interpreting every view predicate v € V as the
relation vP. If ¢ is a query that contains also predicates from V, then ¢PV is the
relation that results from evaluating ¢ over the extended database Dy. If ¢, ¢’
are two aggregate queries using predicates from R UV, we define that ¢ and ¢’
are equivalent modulo V, written ¢ =y ¢/, if ¢Pv = ¢'P> for all databases D.

3.4 General Definition of Rewriting

Let ¢ be a query, V be a set of views over the set of relations R, and r be a
query over V UR. All of ¢, r, and the views in V may be aggregate queries or
not. Then r is a rewriting of q using V if ¢ =y r and r contains only atoms with
predicates from V. If ¢ =y r and r contains at least one atom with a predicate
from V we say that r is a partial rewriting of q using V.

We reformulate the intuitive questions we asked in the end of the Section 21

— Rewriting Verification: Given queries g and 7, and a set of views V, check
whether ¢ =y 7.

— Rewriting Computation: Given a query g and a set of views V), find all
(some) rewritings or partial rewritings of q.

4 Rewritings of Aggregate Queries

We now present techniques for rewriting aggregate queries. Our approach will be
to generalize the known techniques for conjunctive queries. Therefore, we first
give a short review of the conjunctive case and then discuss in how far aggregates
give rise to more complications.

4.1 Reminder: Rewritings of Relational Conjunctive Queries

Recall the questions related to rewriting relational conjunctive queries. Suppose,
we are given a set of conjunctive queries V, the views, and another conjunctive
query q. We want to know if there is a rewriting of ¢ using the views in V.

The first question that arises is, what is the language for expressing rewrit-
ings? Do we consider arbitrary first order formulas over the view predicates as
candidates, or recursive queries, or do we restrict ourselves to conjunctive que-
ries over the views? Since reasoning about queries in the first two languages is
undecidable, researchers have only considered conjunctive rewritingsfd Thus, a
candidate for rewriting ¢(Z) has the form r(Z) + v1(0171) & ... & v,(0,3,),
where the 6,’s are substitutions that instantiate the view predicates v;(Z;).

2 Tt is an interesting theoretical question, which as yet has not been resolved, whether
more expressive languages give more possibilities for rewritings. It is easy to show,
at least, that in the case at hand allowing also disjunctions of conjunctive queries as
candidates does not give more possibilities than allowing only conjunctive queries.



Algorithms for Rewriting Aggregate Queries Using Views 71

The second question is whether we can reduce reasoning about the query r,
which contains view predicates, to reasoning about a query that has only base
predicates. To this end, we unfold r. That is, we replace each view atom v;(0;Z;),
with the instantiation 6; B; of the body of v;, where v; is defined as v;(Z;) + B;.
We assume that the nondistinguished variables in different occurrences of the
bodies are distinct. We thus obtain the unfolding r* of r, for which the Unfolding
Theorem holds, r*(z) « 01 B, & ... & 0,,B,,.

Theorem 1 (Unfolding Theorem). Let V be a set of views, r a query over
V, and r* be the unfolding of r. Then r and r* are equivalent modulo V, that is,

r=yrt.

The third question is how to check whether r is a rewriting of ¢, that is,
whether r and ¢ are equivalent modulo V. This can be achieved by checking
whether % and q are set-equivalent: if 7" = ¢, then the Unfolding Theorem im-
plies r =y, q. Set-equivalence of conjunctive queries can be decided syntactically
by checking whether there are homomorphisms in both directions [UII89].

4.2 Rewritings of Count-Queries

When rewriting count-queries, we must deal with the questions that arose when
rewriting conjunctive queries. Thus, we first define the language for expressing
rewritings. Even if we restrict the language to conjunctive aggregate queries over
the views, we still must decide on two additional issues. First, which types of
aggregate views are useful for a rewriting? Second, what will be the aggregation
term in the head of the rewriting? A count-query is sensitive to multiplicities, and
count-views are the only type of aggregate views that do not lose multiplicities
Thus, the natural answer to the first question is to use only count-views when
rewriting count-queries. The following example shows that there are an infinite
number of aggregate terms that can be usable in rewriting a count-query.

Ezxample 1. Consider the query q_positions and the queries r; and 79 that use
the view v_positions defined in Section 2

q-positions(j; count) + ta(n,c, )
r1(j'; z) + v_positions(j’; z)
ro(j';1/21 * 22) < v_positions(j'; 21) & v_positions(j'; 22).

The query q_positions computes the number of positions of each type held
in the university. It is easy to see that r; and ry are rewritings of q_positions.
By adding additional view atoms and adjusting the power of the root we can
create infinitely many different rewritings of q_positions. It is natural to create
only r1 as a rewriting of ¢. In fact, only for r; will the Unfolding Theorem hold.

3 Although sum-views are sensitive to multiplicities, they lose these values. For exam-
ple, sum-views ignore occurrences of zero values.
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A candidate for a rewriting of ¢(Z; count) < R & C' is a query of the form

r(@; sum([ J20)) < v (0171:21) & ... & 05 (BnTni2) & C

i=1

where vf are count-views, possibly with comparisons, defined as vf (Z;; count) «
B; and z; are variables not appearing elsewhere in the body of . We call r a
count-rewriting candidate.

Note that it is possible to omit the summation if the values of z; are func-
tionally dependent on the value of the grouping variables Z. This is the case, if
only grouping variables appear as 6;x; in the heads of the instantiated views.
Then the summation is always over a singleton group.

After presenting our rewriting candidates we now show how we can reduce
reasoning about rewriting candidates, to reasoning about conjunctive aggregate
queries. We use a similar technique to that shown in Subsection Bl In the
unfolding, we replace the view atoms of the rewriting with the appropriate in-
stantiations of their bodies, and we replace the aggregate term in the rewriting
with the term count. Thus, we obtain as the unfolding r* of r the query

r*(Z; count) « 01B1 & ... & 0,B, & C'.

In [CNS99], it has been proven that for r* the Unfolding Theorem holds, i.e.,
r =y r*. Moreover, it has been shown that this definition of unfolding uniquely
determines the aggregation function in the head of our candidates. That is,
summation over products of counts is the only aggregation function for which
the Unfolding Theorem holds if 7* is defined as above. Now, in order to verify
that r is a rewriting of ¢, we can check that r* is equivalent to r, without taking
into account the views any more.

We now present an algorithm that finds a rewriting for a count-query using
views. Our approach can be thought of as reverse engineering. We have charac-
terized the “product” that we must create, i.e., a rewriting, and we now present
an automatic technique for producing it.

In [NSS9§], a sound and complete characterization of equivalence of conjun-
ctive count-queries with comparisons has been given. The only known algorithm
that checks equivalence of conjunctive count-queries creates an exponential blo-
wup of the queries. Thus, it is difficult to present a tractable algorithm for
computing rewritings. However, it has been shown [CVI3INSSI]] that two rela-
tional count-queries are equivalent if and only if they are isomorphic. In addition,
equivalence of linear count-queries with comparisons is isomorphism of the que-
ries [NSS98]. Thus, we will give a sound, complete, and tractable algorithm for
computing rewritings of relational count-queries and of linear count-queries. This
algorithm is sound and tractable for the general case, but is not complete.

We discuss when a view v(@; count) < R, & C,, instantiated by 6, is usable
in order to rewrite a query ¢(Z; count) < R & C, that is, when the instantiated
view can occur in a partial rewriting. By the characterization of equivalence for
relational and linear queries, a rewriting of ¢ is a query r that when unfolded
yields a query isomorphic to gq. Thus, in order for v, to be usable, # R, must
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“cover” some part of R. Therefore, §v is usable for rewriting ¢ only if there exists
an isomorphism, ¢, from R, to R’ C R. Note that we can assume, w.l.o.g. that
© is the identity mapping on the distinguished variables of v. We would like to
replace R’ with 6v in the body of ¢ in order to derive a partial rewriting of q.
This cannot always be done. After replacing R’ with fv, variables that appeared
in R’ and do not appear in 6 (i.e., the nondistinguished variables in v) are
inaccessible. Thus, we can only perform the replacement if these variables do not
appear anywhere else in ¢, in ¢’s head or body. We define that v(u; count) +
R, & C, is R-usable under 6 w.r.t. ¢, denoted R-usable(v, 8, ¢), if

1. YR, is isomorphic to a subset R’ of R, and
2. every variable that occurs both in R’ and in R\ R’ must occur in 6.

There is a partial rewriting of ¢ using v only if v R-usable(v, 6, ¢) for some .

Ezxample 2. Consider the query q-db_ta_sponsors that computes the number
of sponsors for each assistant in the database course. The view v_jobs_per_ta
computes the number of jobs that each TA has in each course that he assists.

q-db_ta_sponsors(n; count) < ta(n,Database, j) & salaries(j, s, a)

v_jobs_per_ta(n/,c’; count) < ta(n’,c, ;)

In order to use v_jobs_per_ta in rewriting q_-db_ta_sponsors we must find
an instantiation 6 such that fta(n’,c’,j’) covers some part of the body of
q-db_ta_sponsors. Clearly, fta(n’, ¢, j’) can cover only ta(n,Database, j). We
take, § = {n'/n,c /Database} and thus, ¢ = {n/n,j’/j}. However, j appears
in ta(n,Database, j) and not in the head of fv_jobs_per_ta and therefore, j
is not accessible after replacement. Note that j appears in salaries and thus,
v_jobs_per_ta is not R-usable in rewriting q_db_ta_sponsors.

For our algorithm to be complete for linear queries, the set of comparisons in
the query to be rewritten has to be deductively closed (see [CNS00]). The deduc-
tive closure of a set of comparisons can be computed in polynomial time [KIu8§g].
In addition, it must hold that C' |= ¢(6C,), thus, the comparisons inherited from
v are weaker than those in ¢. For a rewriting using v to exist it must be possible
to strengthen ¢(0C,) by additional comparisons C’ so that p(0C,,) & C’ is equi-
valent to C. We have seen that when replacing R’ with 6v we lose access to the
nondistinguished variables in v. Therefore, it is necessary for the comparisons
in p(0C,) to imply all the comparisons in ¢ that contain an image of a non-
distinguished variable in v. Formally, let ndv(v) be the set of nondistinguished
variables in v. Let C#(974v(v)) consist of those comparisons in C' that contain
variables in ¢(fndv(v)). Then, in order for fv to be usable in a partial rewriting,
C, = C#07dv(v)) must hold. If this condition and C' = ¢(AC,) hold, then v is
C-usable under 6 w.r.t. ¢ and write C-usable(v, 6, ).

Theorem 2. Let q(Z; count) < R & C be a count-query whose set of compa-
risons C is deductively closed, and let v(@; count) + R, & C,, be a count-view.
There exists a partial rewriting of q using v if and only if there is a ¢ such that
R-usable(v, 6, ¢) and C-usable(v, 0, ¢).
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We present an algorithm for computing rewritings of conjunctive count-
queries in Figure [[l The underlying idea is to incrementally cover the body
of the query by views until no atom is left to be covered. The algorithm non-
deterministically chooses a view v and an instantiation 6, such that v is both
R-usable and C-usable under 6. If the choice fails, backtracking is performed.

When the while-loop is completed, the algorithm returns a rewriting. By
backtracking we can find additional rewritings. Of course, the nondeterminism in
choosing the views can be further reduced, for instance, by imposing an ordering
on the atoms in the body of the query and by trying to cover the atoms according
to that ordering. Note, that the same algorithm may be used to produce partial
rewritings if we relax the termination condition of the while-loop. This will
similarly hold for subsequent algorithms presented.

Algorithm Count_Rewriting
Input A query q(%; count) + R & C and a set of views V
Output A rewriting 7 of q.

Not_Covered := R.
Rewmtmg = 0.

Choose a view v(Z'; count) + R' & C' in V.
Choose an instantiation, 6, and an isomorphism ¢,
such that R-usable(v, 6, ¢) and C-usable(v, 0, ¢).

(1)
(2)
(3) n
(4) hlle Not_Covered /~0 do:
(5)
(6)

(7) For each atom a € R’ do:
(8) If a is a nondistinguished atom, then
9) Remove ¢(fa) from R.
(10) If p(8a) ENot_Covered then fail.
(11) Remove ¢(0a) from Not_Covered.
(12) Remove from C comparisons containing a variable in ¢(6R’),
but not in 6z’
(13) Increment n
(14) Add v(67'; 2,)) to Rewriting, where z, is a fresh variable.

(15) Return r(z; sum([[;_, z:)) < Rewriting & C.

Fig. 1. Count Query Rewriting Algorithm

We note the following. In Line 9, R is changed and thus, ¢ is also changed.
Therefore, at the next iteration of the while-loop we check whether v is R-usable
under 6 to rewrite the updated version of ¢ (Line 6). Thus, in each iteration
of the loop, additional atoms are covered. In Line 10, the algorithm checks if a
nondistinguished atom is already covered. If so, then the algorithm must fail,
i.e., backtrack, as explained above. Observe that we modify C in Line 12. We
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remove from C' comparisons containing a variable that is inaccessible after re-
placing the appropriate subset of R by the appropriate instantiation of v. These
comparisons are not lost because v is C-usable. The comparisons remaining in
C are needed to strengthen those inherited from the views so as to be equivalent
to the comparisons in the query to be rewritten.

Count_Rewriting is both sound and complete for linear queries and relational
queries and is sound, but not complete, for arbitrary queries. Our algorithm
runs in nondeterministic polynomial time by guessing views and instantiations
and verifying in polynomial time that the obtained result is a rewriting. For
relational queries this is optimal, since checking whether there exists a 6 such
that v is R-usable under 6 is NP-hard, which can be shown by a reduction of
the graph matching problem. Since for linear queries ¢ and views v the existence
of 6 and ¢ such that R-usable(v, 8, ¢) and C-usable(v, 6, ¢) can be decided in
polynomial time, one can obtain a polynomial time variant of the algorithm that
computes partial rewritings in the linear case.

Theorem 3. (Soundness and Completeness of Count Rewriting) Let g
be a count-query and V be a set of views. If r is returned by Count_Rewriting(q, V),
then r is a count-rewriting candidate of q and v =y q. If q is either linear or
relational, then the opposite holds by making the appropriate choices.

4.3 Rewritings of Sum-Queries

Rewriting sum-queries is similar to rewriting count-queries. When rewriting
sum-queries we must also take the summation variable into consideration. We
present an algorithm for rewriting sum-queries that is based on the algorithm
for count-queries.

We define the form of rewriting candidates for sum-queries. Since sum and
count-views are the only views that are sensitive to multiplicities, they are useful
for rewritings. However, sum-views may lose multiplicities and make the aggre-
gation variable inaccessible. Thus, at most one sum-view should be used in the
rewriting of a query. The following are rewriting candidates for sum-queries:

r1(Z; sum(y = Hz,)) —vf(0171521) & ... & vi(0nTn;2n) & C'
i=1

ro(Z; sum(y * H’Zl)) — 02 (0:Z5;y) & vf(0171;21) & ... & 05 (0,T0;2n) & C'

i=1

where vf is a count-view of the form v§(Z;; count) «+ B; and v® is a sum-view of
the form v*(Z,; sum(y)) < Bs. Note that the variable y in the head of the query
r1 must appear among 6;%; for some i. In [CNS99], it has been shown that if a
rewriting candidate is equivalent modulo the views to its unfolding then it must
be one of the above forms. As in the case of count-query rewritings, in some
cases the rewriting may be optimized by dropping the summation.

Once again, we reduce reasoning about rewriting candidates to reasoning
about conjunctive aggregate queries. For this purpose we extend the unfolding
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technique introduced in Subsection Thus, the unfoldings of the candidates
presented are:

i (z; sum(y)) « 01B1 & ... & 0,B, & C'".
ri(z; sum(y)) «+ 0;Bs & 01B1 & ... & 0,B,, & C'.

Now, instead of checking whether r is a rewriting of ¢ we can verify whether r*
is equivalent to r. The only known algorithm for checking equivalence of sum-
queries, presented in [NSS9§|, requires an exponential blowup of the queries.
However, relational sum-queries and linear sum-queries are equivalent if and
only if they are isomorphic. Thus, we can extend the algorithm presented in the
Figure [ for sum-queries.

We first extend the algorithm in Figure [, such that in Line 5 sum-views
may be chosen as well. We call this algorithm Compute_Rewriting. We derive an
algorithm for rewriting sum-queries, presented in Figure[2. The algorithm runs
in nondeterministic polynomial time.

Algorithm Sum_Rewriting
Input A query ¢(Z; sum(y)) + B and a set of views V
Output A rewriting r of q.

(1) Let ¢ be the query ¢'(; count) < B.
(2) Let r'=Compute_Rewriting(q’, V).
(3) Ifr’is of the form
(& sum(y * [, 2i)) = v°(0:2;9) &
v{(01Z1521) & ... & Ve (OnTn;2n) & C’
(4) Then return r’
(5) If 7 is of the form
(& sum ([, 2:)) <= v (1z1321) & ... & v}, (Onn; 2n) & C
and y appears among 6;Z;
(6) Then return
r(Z; sum(y = [[_| zi)) <= vf (0121, 21) & ... & 05, (Onn, 2n) & C'.

Fig. 2. Sum Query Rewriting Algorithm

Theorem 4. (Soundness and Completeness of Sum Rewriting) Let g be
a sum-query and V be a set of views. If r is returned by Sum_Rewriting(q, V),
then r is a sum-rewriting candidate of ¢ and r =y q. If q is linear or relational,
then the opposite holds by making the appropriate choices.

4.4 Rewritings of Max-Queries

We consider the problem of rewriting maz-queries. Note that maz-queries are
insensitive to multiplicities. Thus, we use nonaggregate views and maz-views
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when rewriting a maz-query. When using a maz-view the aggregation variable
becomes inaccessible. Thus, we use at most one maz-view. The following are
rewriting candidates of the query ¢:

r1(Z; maz(y)) < v1(0171) & ... & v, (0,7,) & C'
ro(Z; maz(y)) < 0™ (OmZm;y) & v1(0171) & ... & v, (0nTy) & C’

where the v;’s are nonaggregate views and v™ is a max-view. The variable y in

the head of the query r1 must appear among 6;%; for some i. In [CNS99] it has
been shown that if a rewriting candidate is equivalent to its unfolding then it
must have one of the above forms.

Reasoning about rewriting candidates can be reduced to reasoning about
maz-queries, by extending the unfolding technique. It has been shown [NSS98]
that equivalence of relational maz-queries is equivalence of their cores. There is a
similar reduction for the general case. Algorithms for checking set-equivalence of
queries can easily be converted to algorithms for checking equivalence of maz-
queries. Thus, algorithms that find rewritings of nonaggregate queries can be
modified to find rewritings of max-queries.

Rewriting nonaggregate queries is a well known problem [LMSS95]. One well-
known algorithm for computing rewritings of queries is the buckets algorithm
[LROY96|. Consider a query q(Z) < R & C'. The algorithm creates a “bucket” for
each atom p(Z) in R. Intuitively, this bucket contains all the views whose bodies
can cover p(z). The algorithm places into this bucket all the views v(g) «+
R, & C, such that R, contains an atom p(w) that can be mapped by some
mapping ¢ to p(z) such that C & pC’ is consistent. Next, all combinations of
taking a view from each bucket are considered in the attempt to form a rewriting.

Note that by reasoning similarly as in the case of count and sum-queries,
we can reduce the number of views put into each bucket, thus improving on
the performance of the algorithm. Suppose there is a nondistinguished variable
w € w mapped to z € Z and there is an atom containing z in ¢ that is not
covered by ¢R,. In such a case, if v is used in a rewriting candidate there will
not exist a homomorphism from the unfolded rewriting to ¢ such that the body
of v covers p(z). However, a rewriting candidate r is equivalent to a query ¢ if
and only if there exist homomorphisms from r* to ¢ and from ¢ to r*. Thus, v
should not be put in the bucket of p(z).

Observe that this condition is a relaxed version of the R-usability requirement
that ensures the existence of an isomorphism. Clearly this restriction filters out
the possible rewritings of ¢, thereby improving the performance of the buckets
algorithm. Thus, our methods for finding rewritings of aggregate queries may
be relaxed and used to improve the performance of algorithms for rewriting
relational queries. These, in turn, may be modified to rewrite maz-queries.

5 Conclusion

Aggregate queries are increasingly prevalent due to the widespread use of data
warehousing and related applications. They are generally computationally ex-
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pensive since they scan many data items, while returning few results. Thus, the
computation time of aggregate queries is generally orders of magnitude larger
than the result size of the query. This makes query optimization a necessity.

Optimizing aggregate queries using views has been studied for the special
case of datacubes [HRU96]. However, there was little theory for general aggregate
queries. In this paper, based on previous results in [NSSISCNS99], we presented
algorithms that enable reuse of precomputed queries in answering new ones. The
algorithms presented have been implemented in SICStus Prolog.
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Abstract. In general, multimedia database applications require to support
similarity search for content-based retrieval on multimedia data, i.e., image,
animation, video, and audio. Since the similarity of two multimedia objects is
measured as the distance between their feature vectors, the similarity search
corresponds to a search for the nearest neighbors in the feature vector space. In
this paper, we propose a new high-dimensional indexing scheme using a cell-
based filtering technique which supports the nearest neighbor search efficiently.
Our Cell-Based Filtering (CBF) scheme divides a high-dimensional feature
vector space into cells, like VA-file. However, in order to make a better effect
on filtering, our CBF scheme performs additional filtering based on a distance
between an object feature vector and the center of a cell including it, in addition
to filtering based on cell signatures before accessing a data file. From our
experiment using high-dimensional feature vectors, we show that our CBF
scheme achieves better performance on the nearest neighbor search than its
competitors, such as VA-File and X-tree.

1 Introduction

Multimedia database applications generally require to support similarity search for
content-based retrieval on multimedia data, i.e., image, animation, video, and audio.
The similarity search is briefly defined as finding the k objects ‘most similar’ to a
given object. Mostly, similarity is not measured based on objects in the database
directly, but rather based on the abstraction of objects, called feature vectors. Thus the
similarity of two multimedia objects is assumed to be proportional to the similarity of
their feature vectors, being measured as a distance between their feature vectors in an
n-dimensional (n>1) space. As such, the similarity search corresponds to a search for
the k nearest neighbors in the space. When a user provides an n-dimensional query
vector for k nearest neighbor (k-NN) search, we can measure Euclidean distances
between the given query vector and all object feature vectors and obtain the most
similar multimedia objects corresponding to the k nearest neighbors in the database.
There are many studies on indexing schemes which support the nearest neighbor
search efficiently. However, most of the conventional indexing schemes work well at
low dimensionality, but they may perform poorly as dimensionality increases. To
overcome the difficulties of high dimensionality, we propose a new high-dimensional
indexing scheme using a cell-based filtering technique which supports the nearest
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© Springer-Verlag Berlin Heidelberg 2000
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neighbor search efficiently. Our Cell-Based Filtering (CBF) scheme divides a high-
dimensional vector space into cells, like VA-file. However, in order to make a better
effect on filtering, our CBF scheme performs additional filtering based on a distance
between an object feature vector and the center of a cell including it, in addition to
filtering by first scanning all of cell signatures and finding candidate cells before
accessing a data file. For this, we define new upper and lower bounds for pruning
cells which need not to be visited. Finally we compare the performance of our CBF
scheme with those of its competitors, such as VA-file and X-tree, which are well
known as high-dimensional indexing schemes.

The remainder of this paper is organized as follows. Section 2 investigates the
conventional high-dimensional indexing schemes and the concept of nearest neighbor
search in these schemes. Section 3 describes the overall structure of our CBF scheme
and presents its nearest neighbor search algorithm based on newly defined upper and
lower bounds for cell pruning. Section 4 provides experimental performance results in
terms of insertion time, nearest neighbor search time, storage overhead. Finally, we
conclude Section 5 by summarizing our contributions and giving future research.

2 Related Work

There are many studies on indexing schemes to support nearest neighbor search
efficiently. However, most of indexing schemes work well at low dimensionality, but
they may perform poorly as dimensionality increases. To overcome the difficulties of
high dimensionality, some high-dimensional indexing schemes have been proposed
[1,2,3,4,5,6,7,]. In this section, we introduce X-tree and VA-File which are well
known as high-dimensional indexing schemes. The X-tree was proposed to improve
retrieval efficiency by avoiding the overlap of data areas in a high-dimensional data
space [8]. To avoid the overlap, the X-tree makes use of an overlap free algorithm as
well as a new concept of super nodes. Based on the super node concept, the X-tee
uses a hierarchical directory structure for low-dimensional vectors and a linear
directory structure for high-dimensional vectors, leading to fast accesses to object
feature vectors. Figure 1 shows the directory structure of the X-tree. The nodes of the
X-tree are composed of directory nodes with Minimum Bounding Region (MBR)
information and data nodes with object feature vectors. However, the X-tree degrades
on retrieval performance as dimensionality increases and bring about worse

root m

[tee][realls !‘||??'( '(-\-I [aaef[see]

LLAEL L Sobby L5 &b

E Maormal Directory Nodes E Supernodes O Data Nodes

Fig. 1. Directory structure of X-tree
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performance than sequential scan when the number of dimensions is greater than 16
[9].

The VA-File was proposed to improve the deterioration of retrieval performance
against the sequential scan [10]. It can reduce the number of disk I/O accesses for the
sequential scan by using vector approximations. Therefore, the VA-File divides a
high-dimensional vector space into a set of cells, generates an approximation from
each cell, and stores the approximation into a sequential file. Figure 2 describes vector
approximations in a two-dimensional vector space. When a user query is given, the
VA-File is first scanned to select candidate cells before accessing the data file. Then
feature vectors within candidate cells are searched to obtain the k nearest neighbors in
the data file.

A
data space
I I ) vector data VA-File

o, ° 1| e 0.9 0.1 11 00
10 2| © 06 08 10 11
3| @ 0.1 0.4 00 01
01 | %, 4 @ 0.1 0.9 00 11
5| 0 0.3 0.7 01 10

00 o

00 01 10 11

Fig. 2. Vector Approximation

Meanwhile, the nearest neighbor search algorithm proposed by Roussopoulos [11]
makes use of MINDIST and MINMAXDIST as lower and upper bounds for pruning
MBRs, respectively, where MINDIST is a minimum distance from a query point to a
given MBR and MINMAXDIST is a maximum distance from a query point to at least
an object within a given MBR. Using MINDIST and MINMAXDIST, the algorithm
can reduce the number of nodes to be visited in a tree. Figure 3 shows
MINDIST(Q,R) and MINMAXDIST(Q,R) between a query point Q and an MBR R.
The nearest neighbor search algorithm uses three strategies to prune MBRs as
follows.

e STEP 1. An MBR R with MINDIST(Q,R) greater than the MINMAXDIST(Q,R’) of
another MBR R’ can be discarded because it does not contain the nearest neighbor.

e STEP 2. An actual distance from a query Q to a given object O which is greater than
MINMAXDIST(Q,R) for an MBR R can be discarded because R contains a object O’
nearer to Q.

e STEP 3. An MBR R with MINDIST(Q,R) greater than the actual distance from Q to
a given object O can be discarded because it does not enclose another object nearer
than the object O.
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Fig. 3. MINDIST and MINMAXDIST

3 Cell-Based Filtering Scheme

3.1 Opverall Structure

As a new high-dimensional indexing scheme, we propose a Cell-Based Filtering
(CBF) scheme using signatures. A signature is an abstraction of a feature vector [12].
To map object feature vectors into signatures, we divide the space of high-
dimensional feature vectors into cells in the similar way to the VA-file and assign
each cell to its own signature. In our CBF scheme, we, however, use only equivalent
intervals for space partitioning since we make cells to be hyper-cubes. Therefore, the
number of bits for each dimension is used to determine how many partitions each
dimension space is divided into. When using b-bit cell signatures, there are 2°
partitions for each dimension. Figure 4 shows how to get cell signatures in a two-
dimensional feature vector space. Since two bits are used for each dimension, there
are four partitions and sixteen cells for the two-dimensional space. Since the points of
the partitions in the example are 0.25, 0.50, 0.75, and 1.0, object feature vectors in the
range of 0 to 0.25, 0.25 to 0.50, 0.50 to 0.75, and 0.75 to 1 can be mapped to partition
signatures 00°, 01°, 10, and ’11°, respectively. Thus, a cell signature for the object
feature vector A <0.28, 0.53> is represented as the concatenation of 01’ with "10’ (i.e.,
'0110’) because 0.28 in the X-axis is mapped to 01’ and 0.53 in the Y-axis to "10’. In
the same way, cell signatures for the object feature vectors B and C are represented as
1000’ and °1111’, respectively.

Meanwhile, our CBF scheme is made up of two files; a signature file and a data
file. All of object feature vectors are stored in the data file. The signature file includes

¥a
11 C

n - Ohject feature vector & <0.28, 0.53>
10

h Object feature vectar B <0.62, 018>
01

Ohject feature vector C <082, 0.78>
oo *a
>
oo o1 10 11 ol

Fig. 4. Example for generating cell signatures
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Fig. 5. Overall structure of our CBF scheme

cell signatures for the object feature vectors as well as distances between object
feature vectors and the center of cells surrounding them. When inserting an object
feature vector into our CBF file, we not only get a cell signature for it, but also
compute the distance. After storing both the cell signature and the distance into the
signature file, we finally store the object feature vector into the data file. In order to
eliminate an additional file for mapping a cell signature into a feature vector, we keep
the positions of the feature vector and its cell signature to be same in each file. For
answering a user query in our CBF scheme, we first map its query vector into a query
signature and then find candidate cells to contain the nearest neighbors by scanning
all of cell signatures in the signature file, before accessing the data file. We finally
visit real feature vectors within the candidate cells and obtain a final set of object
feature vectors to answer the query. As dimensionality is increased, the data size of an
object feature vector is larger, leading to the larger number of disk I/O accesses.
However, when we use a signature instead of a real object feature vector, we require
only the small number of disk I/O accesses because we can store the large number of
cell signatures into a block (i.e., page). By doing additional filtering based on a
distance between an object feature vector and the center of a cell surrounding it, our
CBF scheme can achieve a better effect on filtering than the VA-File. Figure 5 shows
the overall architecture of our CBF scheme.

3.2 New Definition of MINDIST and MAXDIST

A minimum distance (MINDIST) and a maximum distance (MAXDIST) are
generally used as lower and upper bounds for selecting candidate cells. That is, before
calculating the actual distance from a query vector to an object feature vector in the
data file, we can decide whether a cell surrounding the object feature vector is a
candidate or not. When we assume that an object feature vector (O) is surrounded by
a cell, both MINDIST,, and MAXDIST,, in the VA-File are defined as the minimum
distance and the maximum distance between a query vector (Q) and a cell
surrounding the object feature vector, respectively. The position of an object feature
vector within a cell is not important, but which cell surrounds the object feature vector
is important. Figure 6 shows the MINDIST,,, and the MAXDIST,, of the VA-File.
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Our CBF scheme make use of new definitions of MINDIST and MAXDIST in
order to do good filtering based on an Euclidean distance between a query vector (Q)
and the center of a cell surrounding an object feature vector, i.e., CENTER_DIST. Let
RADIUS be an Euclidean distance between an object feature vector and the center of
a cell surrounding it. Therefore, the lower bound of our CBF scheme (MINDIST,,.) is
defined as the subtraction of RADIUS from CENTER_DIST and the upper bound
(MINDIST_,) as the addition of CENTER_DIST with RADIUS. Since the
MINDIST,,, is greater than the MINDIST,, and the MAXDIST,,; is less than the
MAXDIST,, in most cases, our CBF scheme can achieve a better effect on filtering
than the VA-File. Figure 7 shows the new MINDIST . and MAXDIST ;.

. MINDISTcsr = CENTER _ DIST RADIUS
-0C »
=Om

MAXDISTcsr = CENTER _ DIST + RADIUS
—0C+r

Fig. 7. MINDIST,,, and MAXDIST,

Because it is possible to filter out a cell whose MINDIST,. is grater than a current
k-th MAXDIST,,., the k-th MAXDIST,,. is used to select candidate cells by scanning
all of cell signatures. Figure 8 shows the filtering areas of the VA-File and our CBF
scheme for the nearest neighbor search. In the figure, the first MAXDIST,,. is
assumed to be the maximum distance of the cell A. To decide whether the cell B is a
candidate or not, the MAXDIST, is compared with the MINDIST . of the cell B.
Since the MINDIST,, of cell B is less than the MAXDIST,,, the cell B is selected as
a candidate in the VA-File. However, the cell B is pruned out in our CBF scheme
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because the MINDIST,,. is greater than the MAXDIST,,. Therefore, our CBF
scheme can achieve a better effect on filtering than the VA-File, by using the newly
defined MINDIST,,,. and MAXDIDST

CBF CBF*

gl

— (CBF
SRR S 1. W 11 PN

Fig. 8. Filtering area of VA-File and our CBF scheme

3.3 k-Nearest Neighbor Search Algorithm

For our CBF scheme, we provide a k-nearest neighbor (k-NN) search algorithm based
on the newly defined MINDIST_,. and MAXDIST,,.. Our algorithm is composed of
three filtering steps. In the first step, for a given query, it filters out cells which need
not to be visited by scanning all of cell signatures in the signature file and by using
MINDIST,,, and MAXDIST,.. In the second step, our algorithm prunes the
candidate cells selected in the first step which have a greater distance than the k-th
MAXDIST,,;. In the last step, our algorithm scans all feature vectors within the
candidate cells from the data file and obtains the k nearest neighbors for a query
vector. Figure 9 shows the k-nearest neighbor search algorithm of our CBF scheme.
Here PHASE_ONE, PHASE_TWO, and PHASE_THREE describe the three filtering
steps, respectively.

In the PHASE_ONE, all of cell signatures are fully loaded from the signature file
into main memory and sequentially scanned, instead of accessing a partial part of the
signature file, which results in reducing the number of disk I/O accesses. Figure 10
describes PHASE_ONE for the first filtering step. In order to decide whether a given
cell (sig_vector) is a candidate or not, we calculate MINDIST . (c_mindist) based on
CENTER_DIST from a query vector (q_vector) as well as RADIUS (r_dist). Then the
MINDIST,,, is compared with a current k-th MAXDIST, .. If the MINDIST. is less
than the k-th MAXDIST,,,, the cell is selected as a candidate and otherwise it is
pruned out. Finally, a list of candidate cells (list_mindist) being used in the next step
is obtained.
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int CBF _KNN(g vector, k value, nlist result)

float *q vector, // query vector
int k_value, // k
cNSDLL *nlist result // results

{

// Initialization
k maxdist = MAXREAL;
// PHASE-1 : scan signatures
for (sig node=sigbuf list->getHead() ;
sig node!=NULL; sig node=sig node->next) {
// center distance (r)
r dist = sig node->distance;
// PHASE-1 Pruning
PHASE ONE (g vector, sig node->data, r dist,
nlist maxdist, list mindist, sig node->index) ;
}
k maxdist = nlist maxdist->getLastValue ()->mbrdist;
// PHASE-2 Pruning
PHASE TWO (k maxdist, list mindist);
// PHASE-3 Pruning
PHASE THREE (gq_vector, list mindist, nlist result);
return (nlist result->num);

Fig. 9. our k-NN search algorithm

void PHASE ONE (g vector, sig vector, r dist,
nlist maxdist, list mindist, int rec_index)

float *q vector, // query vector

char *sig vector, // signature

float r dist, // center distance
cNSDLL *nlist maxdist, // MAXDIST list
cUSDLL *list mindist, // candidates list
int rec_index // record index

{

k maxdist=nlist maxdist->getLastValue () ->mbrdist;
c_mindist=getMindist (q_vector,sig vector,r dist);
// do filtering
if (c_mindist <= k maxdist) {
list mindist->insert (mindist data->mbrdist,
mindist data) ;
// k-th MAXDIST
c_maxdist=getMaxdist (q vector,sig vector,r dist);
if (c_maxdist < k maxdist) {
nlist maxdist->insert (maxdist data->mbrdist,
maxdist data) ;
k maxdist=nlist maxdist->getLastValue () ->mbrdist;

}

Fig. 10. PHASE_ONE filtering step
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Figure 11 describes PHASE_TWO for the second filtering step. From the
candidate cell list obtained in the first step, those whose MINDIST . is greater than
the k-th MAXDIST,,, (k_maxdist) are pruned. Figure 12 describes PHASE_TREEE
for the last filtering step. Because our algorithm visits all of candidate cells of the list
in the increasing order of MINDIST ., it is possible to scan cells near to a query
vector in the early stage. For the filtering of candidate cells, MINDIST,. of a cell in
the candidate cell list (sorted_mindist[idx].mindist) is compared with the k-th object
feature vector distance (k_dist). If the MINDIST . is greater than the k_dist, the cell
is excluded from a result list. Otherwise, a distance (obj_dist) between a query vector
and a feature vector within a candidate cell is computed. If the object_dist is less then
the k_dist, the feature vector is inserted into a result list to answer the query.

void PHASE TWO (k maxdist, list mindist)

float k_maxdist, // k-th MAXDIST
cUSDLL *list mindist // candidates list
{

for (pos = list mindist->getHead() ;
pos != NULL; pos = next pos) {
next pos = pos->next;
// pruning cells by k-th MAXDIST
if (k _maxdist < pos->value->mindist)
list mindist->deleteNode (pos) ;

Fig. 11. PHASE_TWO filtering step

Figure 13 shows an example for k-NN (k=1) search in our CBF scheme. We use
two-bit signatures for each dimension. When we insert an object feature vector A<0.2,
0.3> into our CBF scheme, we first transform the feature vector into a signature
(’00071°) for the cell surrounding it. Next, we compute the distance between the feature
vector A and the center of the cell and map it to an 1-byte distance signature (’5’) as
well. Finally, we store the cell signature of '0001" and the distance signature of ‘5' into
the signature file and store A<0.2, 0.3> into the data file. When a query vector Q<0.4,
0.2> is given for k nearest neighbor search, we first scan all of cell signatures in the
signature file, i.e., S,, S,, S., S,, and S,. For selecting candidate cells, we compute
MAXDIST,,, and MINDIST_,, for each cell. As candidate cells, we choose two cells
surrounding feature vectors A and D because each MINDIST, . for A and D is less
than MAXDIST,,.. We finally scan all object feature vectors within the candidate
cells from the data file and find D<0.6, 0.4> as the nearest neighbor to a query vector

Q.
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void PHASE THREE (g vector,

float

cUSDLL
cNSDLL

{

*q vector, // query vector

*list mindist,
*nlist result

// sorting the candidates by MINDIST
gsort (sorted mindist,list mindist->getTotalNum(),
sizeof (sDATA MBR), QS Compare) ;

for (idx=0;idx<list mindist->getTotalNum() ;

if (k_dist != MAXREAL)

{

list mindist,nlist result)

// candiates list
// results list

idx++){

// pruning cells by k-th object distance
if (k_dist < sorted mindist[idx] .mindist)

break;

}

// data file access

index = sorted mindist [idx] .index;

fseek (vec fptr,index*vec rec size+sizeof (char),
SEEK_SET) ;

fread((char*)object vector,

sizeof (float) *header->dimension, 1,vec_ fptr);
fread((char*)id, header->id length, 1,
vec fptr);
obj dist=getObjectdist (g vector,object vector) ;
k_dist=nlist_ result->getLastValue () ->distance;

// select objects
if (obj_dist < k dist)

nlist result->insert (obj dist,result data);

or| ¢

ao

Fig. 12. PHASE_THREE filtering step
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Fig. 13. Example for our k-NN search algorithm
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4 Performance Evaluation

To evaluate the performance of our CBF scheme, we implement it using Visual C++
6.0 under Windows NT 4.0 machine with 450 MHz CPU and 256 MB main memory.
For our experiment, we make use of 10, 20, 50 and 80-dimensional synthetic data
sets, each being obtained by randomly generating 100,0000 points in the data space,
[0,17°"""** We also use 10, 20, 50 and 80-dimensional real data sets extracted
from 100,000 paper instances by using the Hadamard algorithm of TV-tree[7]. For
performance evaluation, we compare our CBF scheme with sequential scan
(SeqgScan), X-tree, and VA-File (VA-NOA: Near Optimal search Algorithm) in terms
of insertion time, k-NN search time, and storage overhead.

4.1 Insertion Time

The insertion time is measured as a total time for inserting feature vectors. Figure 14
show the insertion time for 10, 20, 50, 80-dimensional synthetic data sets. In the X-
tree, it takes longest time to insert a data set, i.e., 220 seconds for 10-dimensional data
and 1,700 seconds for 80-dimensional data. While it takes about 2 seconds to insert a
data set in the sequential scan because it only appends object feature vectors
sequentially into a data file, it takes about 10 seconds in the VA-file because it needs
time for storing vector approximations. In our CBF scheme, it takes about 13 seconds
because it needs time for calculating a distance between a feature vector and the
center of a cell surrounding it, in addition to the time for storing cell signatures for
object feature vectors. The insertion times for the real data sets are similar to those for
the synthetic data sets.

Insertion Time

20 6000
15 I SeqScan
& 4000

C—1VA-NOA
s>oop | CBF
—— X-Tree

Insertion Time
=

10 20 50 80
Dimension

Fig. 14. Insertion Time

4.2 Kk-Nearest Neighbor Search Time

The k-NN search time is measured as a total time for searching for the k nearest
neighbors to a given query vector. Figure 15 shows the number of disk I/O accesses
required for the k-NN (k=100) search for the synthetic data sets. It is shown that the
X-tree shows good performance at low dimensionality, but its performance become
worse at high dimensionality, i.e., about 18,000 disk accesses when the number
dimensions is 80. The performance of the X-tree is inferior to that of the sequential
scan when the number of dimensions is greater than 20. Our CBF scheme requires
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less than 1,000 disk accesses even though dimensionality increases, leading to the
best performance. Figure 16 shows the number of disk I/O accesses for 100-NN
search for the real data sets. The X-tree shows the best performance for the 10- and
20-dimensional data sets, but its performance degrades as dimensionality increases.
Our CBF scheme and the VA-File achieve very good performance for the 50- and the
80-dimensional data sets. Figure 17 and Figure 18 shows real time (or response time)
for k-NN search (k=100) in the synthetic data sets and the real data sets, respectively.
Our CBF scheme shows the best performance over the other schemes for all
dimensions. That is, it takes about 0.2 second for the 10-dimensional real data set and
about one second for the 80-dimensional real data set. When the number of
dimensions is 80, our CBF scheme achieves about 30% better performance on k-NN
search in the real data sets than the VA-File.

k-NN Query (Synthetic Data)

20000
15000 —— X-Tree
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Fig. 15. Disk I/O accesses for k-NN search in synthetic data sets

k-NN Query (Real Data)

20000
15000 —e— X-Tree
g 10000 —&— SeqScan
—&— VA-NOA
5000 —%— CBF

10 20 50 80
Dimension

Fig. 16. Disk I/O accesses for k-NN search in real data sets
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Fig. 17. Real time for k-NN search in synthetic data sets
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Fig. 18. Real time for k-NN search in real data sets

4.4 Storage Overhead

The storage overhead is computed as (index size / data size) * 100. Table 1 shows the
storage overhead for the four index schemes. The storage overhead of the X-tree is
93% for the synthetic data sets and 84% for the real data sets, which results in the
greatest storage overhead. While the VA-file requires only about 15-28% storage
overhead because it stores only vector approximations, our CBF scheme requires
about 15-31% storage overhead because it stores both cell signatures and distance

information.

Table 1. Storage overhead

. dimension 10 20 50 30
Indexing scheme

SeqScan Sy‘;g;?“c 0% | 0% | 0% | 0%
X-Tree synthetic 93 % 86 % | 112% | 142 %
real 84 % | 78% | 102% | 119 %

VA-File Sy‘;g;‘l"nc 2% | 20% | 16% | 15%
CBF Sy‘gﬁ“‘: 3% | 21% | 17% | 15%

5 Conclusion

Many indexing schemes have been proposed to support k-NN search efficiently, but
their performance degrades as dimensionality increases. So, we proposed a new
indexing scheme which overcome the difficulties of high dimensionality, called CBF
scheme. Our CBF scheme newly defined upper and lower bounds for cell filtering so
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that we might achieve good performance for the k-NN search. For performance
evaluation, we implemented our CBF scheme under Windows NT and compare its
performance with those of the X-tree, the VA-file, and the sequential scan. It is shown
that the X-Tree requires the longest time (200 seconds) for insertion time while our
CBF scheme requires only about 10 seconds. For the k-NN search, our CBF scheme
requires only less than one second even though dimensionality increases, thus
showing the best performance. As future work, we should study on its concurrency
control and recovery mechanisms for multiple users as well as its parallel
architectures for improving retrieval efficiency.
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Abstract. Throughout many research and development projects for active rule
systems, active rules are implemented with different syntax and semantics. It
becomes one of the stumbling blocks to apply active database systems
especially in networked heterogeneous multidatabase environments. Utilizing
the recent development of CORBA and ODMG standards, an active rule system
is developed for heterogeneous ODBMS. Active rules represented in an ECA
type are managed by a rule base. When events included in application database
programs are detected, triggered rules by the events are retrieved from the rule
base over network and interpreted dynamically. To ensure fast interpretations,
the rules are stored in a bytecode format. Separation of rule-managing function
will allow updating rules anytime without modifications in application
programs or DBMS. The changes in rules will be reflected instantly in
application programs via dynamic interpretation. The active rule system
described is applied for integrity maintenance of spatial objects. With
experimental results, overheads of byte code interpretation and runtime retrieval
of triggered rules through network are discussed.

1 Introduction

As an effort to provide the users with the knowledge management features that are
orthogonal to database programming, database community has conducted many
research and development projects to utilize active rules for such applications as
integrity constraint maintenance, view maintenance, and workflow management [9,
10]. However, because active database systems have been designed and implemented
with different syntax and semantics of active rules, it is hard to build applications
(such as e-commerce [5] and IDE [6]) with heterogeneous multiple database systems
in distributed environments. The main idea of this paper is to provide active rules for
heterogeneous ODBMS by taking advantage of the recent development of CORBA
[7] and ODMG [1] standards.
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The active rule system described in this paper has been developed as a component
of a larger middleware project called SDBC (Spatial Data Base Connectivity) [2],
which give programmers a singe, object-oriented view of database and programming
while relieving them from the burden of knowing the implementation-specific details
of individual databases such as the physical location and the ODBMS process
architecture. The key to such transparency is the extension of the ODMG object
model [1] with a set of spatial data types and operators based on OpenGIS [8].

Commercial database systems provide only limited supports for data integrity
checking because of the high computing cost. However, integrity maintenance
becomes more important especially in distributed environments because the behavior
of the whole system is not predictable unless the integrity of the shared data is
maintained properly. When there is no applicable service for data integrity checking,
the application programmer usually inserts his own code for checking constraints in
his program. He has to do this whenever there is a database operation that need to
check of constraints. As the number and complexity of integrity conditions increase,
this will become unmanageable by the application programmers. It becomes almost
impractical to demand every programmer to have the exact knowledge on the
complex integrity constraints and to code them correctly.

The proper solution would be relieving the programmers of the responsibility of
data integrity checking and letting a separate system to handle it. The integrity
constraints can be collected by specialists who have the proper domain knowledge for
the required constraints in detail and can be stored in a rule base as a set of rules. The
active rule system, then, can monitor the database accessing activity of application
programs and check whether the constraints are being satisfied when required. The
integrity constraints can be expressed as ECA-rules (Event-Condition-Action rules).

Architectures for active database systems can be classified into layered, built-in,
and compiled [9]. Because, in a built-in architecture, all active database components
are included in the database system itself, the layered and compiled architectures are
applicable for heterogeneous DBMS’s. The compile approach has the advantage of
fast running of precompiled triggered rules without the intervention of run-time event
monitoring [11]. However, because all the triggering events must be detected in
compile-time, the compile approach could not reflect runtime facts such as real time
and memory allocation. The other drawback of the compile approach is that the
compiled code should be recompiled when the corresponding rules are changed.

The active database system presented in this paper implements the layered
architecture. Based on the uniform interface to heterogenecous ODBMS’s, triggering
events are detected and active rules are executed. Because the active rules are
considered as global to distributed databases, a rule base is managed and interacts
with event handlers through network in order to provide triggered rules for detected
events. Once the triggered active rules are sent to a event handler, they are interpreted
on the data from corresponding DBMS. In order to minimize the overhead of run-time
interpretation of active rules, we save the active rules in terms of Lua byte code [4].
Like Java, Lua supports a stack-based virtual machine. We select Lua because it is
portable embedded language (written in C) and its size is small (about 130 Kbytes).
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2 Layered Architecture of Active Rule System for Spatial
ODBMS

The overall architecture of SDBC and active rule system is depicted in Fig. 1. It
employs the OMG Object Request Broker (ORB) for transparent network-level
access. Right above this ORB layer lies the SDBC access layer, which implements the
transparent access provider (TAP) library. An application program is linked to this
TAP library and runs as a client process. The shaded ovals in the figure represent
process boundaries.

Application
SDBC Access
Layer SDBC Clients

ORB Layer Object Request Broker
N ™ 7\
SDBC Server DB Servers
Layer LDA m with
. Byte Code
Interpreter )

LDA [ with
Byte Code
Interpreter

Spatial ODBMS Spatial

Layer ODBMS oo

Fig. 1. Layered architecture of active rule system.

Below the ORB layer lies the SDBC server layer, which implements the LDA
(Local DBMS Adapter) and the SDBC Coordinator consisting of GDDM (Global
Data Dictionary manager), GTM (Global Transaction Manager), and Active Rule
Manager. Active rules are compiled into byte codes and saved in the Rule Base. LDA
is linked with Lua byte code interpreters and executes triggered rules. Either an LDA
or an LDA with an ODBMS library runs as a process depending on the process
architecture of a specific ODBMS. The SDBC coordinator exists as another process.

Four functional modules of the SDBC server layer, LDA, GDDM, GTM, and
Global Rule Manager are implemented as CORBA objects and registered in the ORB.
LDAs hide ODBMS-specific implementation details. The interfaces of these objects,
called SDBC server layer interface (SLI), are described by the OMG interface
definition language (IDL), and the ORB directs a client request to an appropriate
object. The ORB itself supports the method shipping.
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SDBC assumes that the underlying ODBMS conforms to the ODMG standard and
supports a set of spatial data types and operators defined by SDBC. In case the
ODBMS does not provide these spatial data management functions as in most
commercial implementations, the SDBX (Spatial DataBase eXtension) layer is
provided. SDBX implements SDBC-defined spatial data types, operators, and spatial
indexes on top of commercial ODBMSs.

Although an application programmer can access SLI directly through the ORB, this
approach has the following limitations. First, an application programmer has to know
how to deal with CORBA. Second, because IDL does not support function
overloading, runtime polymorphism, parameterized types, and so on, an application
programmer cannot take advantage of the full expressive power of popular ODBMS
programming languages like C++. Third, the performance of certain applications is
bound to be limited only with the method shipping mechanism. The TAP in the
SDBC access layer has been introduced to overcome these limitations.

Hiding the existence of ORB, the TAP shields an application programmer from the
burden of knowing ORB programming. It solves the mismatch in the expressive
power between SDBC C++ OML and OMG IDL. It provides facilities for managing
the object cache in the client, and supports the object shipping mechanism.
Applications that have frequent access to a set of objects can benefit from this
mechanism.

3 Active Rules

The syntax of ECA rules consists of event, condition, and action as follows.

active rule =

DEFINE rule mode RULE rule id

FOR ‘(' class name list ')’ ;'

VAR var list ‘:’ [ARRAY OF | LIST OF | SET OF]
class name ‘;’

EVENT trigger event ‘;’

CONDITION cond stmt ‘;’

ACTION action stmt ;-

END_ RULE ‘;'

The rule_mode specifies whether a rule is regarding multiple object instances or not
(i.e., set-oriented or instance-oriented). Active rules in this work are defined for
specific class(es) and can be referred as targeted rules. Targets for a rule are defined
in FOR clause. The event in active rules can be one of transition operations (i.e.,
create, update, and delete) of persistent objects.

Rule mode = “SET-ORIENTED” | “INSTANCE-ORIENTED”
trigger event = INSERT ‘(' instance ‘)’

DELETE ‘(' instance ‘)’

UPDATE ‘(' instance [ ‘.’ attribute ]')’

The condition statement in a rule should be evaluated true before the rule can be
triggered. Conditional predicates can be connected by AND or OR operators
recursively.
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cond stmt = [ ‘(' ] cond pred [ ')’ ]
{connector [ ‘(" 1 cond pred [ ‘)’ 1 }
\ ( \ )

[ ‘'] cond stmt [ 1 connector [ (' ]
cond pred [ ')’ ]
| [ *(*]1 TRUE [ ‘)’ ]
cond pred = [ NOT ] logical expression

[NOT] spatial operation
[NOT] collection expression
[NOT] user-defined function

collection expression = universal gquant
existential quant
membership expr
aggregate_ opr

connector = AND | OR

Actions in rules can be general functions such as system functions or user defined
functions. One of the frequent actions is ABORT, which cancels all the changes made
by the current transaction.

action stmt = action action {AND action stmt}
action = built-in procedure | user-defined procedure
built-in procedure = create procodure

replace procedure

remove_ procedure

update_ procedure

INFORM INTEGRITY VIOLATION

ABORT

Example 1. This example is an set-oriented rule defined for the classes
BulidingLayout and RoadLayout. It states that apartments or tenements cannot
constructed within 50 meters from any express way.

DEFINE SET-ORIENTED RULE R2 FOR (BuildingLayout,
RoadLayout) ;
VAR building: BuildingLayout; roads: SET OF RoadLayout;
roads := QUERY (temp FROM RoadLayout WHERE temp.type =
EXPRESS) ;
EVENT INSERT (building) ;
CONDITION (building.type = APARTMENT OR building.type =
TENEMENT) AND EXISTS temp IN
roads: Distance (building.area, temp.area) < 50;
ACTION INFORM INTEGRITY VIOLATION;
END RULE;

We assume that the integrity of database is maintained at the beginning of a
transaction and it should be assured before the transaction is committed. This means
that the integrity of the database might be violated temporarily during a transaction.
For example, during a pair of delete and paste operation of a design object, the
disappearance of the object could violate design rules temporarily. We allow this kind
of temporal violation of integrity rules by deferring the evaluation of integrity rules to
the end of transactions.
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4 Dynamic Rule Interpretation

The basic idea is twofold: rules are managed by a separate entity, the rule manager,
and whenever a rule is required, it is fetched and interpreted dynamically. To ensure a
fast interpretation, the rules are stored in a bytecode format. Separation of rule-
managing function will allow updating rules anytime without modifications in
application programs or DBMS. The change in rules will be reflected instantly in
application programs via dynamic interpretation. Fig. 2 shows the overall picture of
our rule interpretation system. In the left side, there is a rule manager which is
reponsible for compiling rule programs (or rule definitions) into bytecodes and
servicing them to application programs. On the right side, we see an application
program linked with a rule and Lua library that help the application program in
requesting and interpreting rules during the run-time.

4.1 Rule Manager

The rule manager accepts rule programs, converts them into bytecodes, and respondi]
to outside requests for the rules. For the bytecode format, Lua bytecode is being used.
Conversion to Lua bytecodes is being done by the Lua compiler. To use the Lua
compiler, the rule program is first transformed to Lua program.

4.1.1 Symbol Table

When changing rule programs into Lua programs, we need the attribute information
for system-provided classes. Rule programmers can use system-provided classes
without including their definitions, and the rule system should include them when
changing the rule programs into Lua programs. The needed attribute information of
the system-wide classes are extracted from the schema definitions written in
ODL/(Object Definition Language) by the ODL preprocessor (as shown in Fig. 2) and
stored in the symbol table.

4.1.2 Rule Preprocessor

The rule preprocessor is responsible for transforming the rule programs into Lua
programs. With the help of the symbol table, it first generates codes for loading all
objects referred in the rule program in the interpreter stack. The condition and action
part is transformed into an if-statement. If the action part updates the database, it is
considered to be another event to be checked. The rule preprocessor inserts codes for
requesting rule-checking in this case. Below we show an example to explain how a
rule program is converted into a Lua program.

' Lua bytecode is chosen, because the Lua interpreter is small and fast. Also Lua
programming language provides a convenient mechanism to communicate between
the host language and Lua (Lua is an embedded language). Using this feature, we can
implement time-consuming DB operations, especially spatial operations, in the host
language, and call them from Lua programs.
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ODL
¢—1 ODL I
[ rule | [ symbol | rule library
| rule :reprocessor | Lua application

library program

| rule program in Lua |

o |

Lua compiler

v v

| Lua bytecode | | linker |
v v
| rule manager |< >| rule-checking application |
rule base | local DBMS |

Fig. 2. Overview of the dynamic rule interpretation system

DEFINE INSTANCE-ORIENTED RULE R3 FOR (SewerPipe) ;
VAR sp: SewerPipe;
EVENT INSERT (sp) ;
CONDITION (sp.type = Transport OR sp.material =
"Steel") AND sp.diameter < 350;
ACTION update (sp.diameter, 350);
END RULE;

The above is a rule program written in a rule language defined in Section 3. It defines
an instance-oriented rule with name R3. The target class and event this rule is applied
is "SewerPipe" and "INSERT" respectively; that is if an object of "SewerPipe" is
inserted (or created), rule R3 should be applied. This program will be transformed
into the following Lua program.

sp = {oid, type, material, diameter}
sp.oid, sp.type, sp.material, sp.diameter =
load object ("SewerPipe")
function Exec R3 (sp)
if ((sp.type == Transport or sp.material ==
"Steel")AND sp.diameter < 350

then
update ("SewerPipe", sp.oid, "diameter", "350")
raise internal event (1, "SewerPipe", "UPDATE",
"diameter")
end

end
Exec_R3 (sp)
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In the first two lines above, an object of "SewerPipe" class is defined and loaded.
Without loading this object, the access to the field of it as in the fourth line will have
no meaning. In the fourth line, "type", "material", and "diameter" attributes are
examined, and if the condition is satisfied, the "diameter" attribute is updated. Since
this rule is updating the database, the preprocessor raises "UPDATE" event for class
"SewerPipe" in the 8th line. This event will be collected in the event set and handed
over to the rule manager when the above rule is executed.
Another example is shown below for a set-oriented rule.

DEFINE SET ORIENTED RULE R1 FOR(SewerPipe, WaterPipe) ;
VAR sp: SewerPipe; Wps: SET OF WaterPipe;

wps := QUERY (temp FROM WaterPipe)
EVENT INSERT (sp) ;
CONDITION EXISTS temp IN wps: Intersect (sp,temp) ;
ACTION INFORM_ INTEGRITY VIOLATION;
END RULE;

The above rule is set-oriented because a set of "WaterPipe" objects are involved. A
set-oriented rule is more complicated to transform than an instance-oriented rule.
When it involves one or more spatial queries and spatial operations, spatial indexes
are created and filtering operations are inserted. The resulting Lua program is as
follows.

sp = {oid, type, material, diameter}
wp = {type, material, diameter}
sp.oid, sp.type, sp.material, sp.diameter =
load object ("SewerPipe")
function Exec R1 (queried class)
create RTree key("SewerPipe",0)
local count = filter objects("SewerPipe",
"s_RTree_WaterPipe")
local objIndex = 0
while objIndex < count do
result = LineString intersects_LineString
("SewerPipe", "WaterPipe", objIndex)

if (result == 1) then
violate integrity(1,"R1")
t_abort ()
else objIndex = objIndex + 1
end
end

end
Exec_ R1 (sp)

In set-oriented rules, the condition part is closely related to the query part. The rule
preprocessor remembers the relationship between them during the parsing stage and
generates codes accordingly.

4.2 Rule Execution

The application program should collect events that need to be checked for rules and
initiate rule-checking processes for them. Rules are requested at the same time right
before the "commit" statement. All events collected so far are sent to the rule
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manager, and a list of rules (in Lua bytecode) is received in return. The bytecodes are
stored in "active rule list" and interpreted one by one by the Lua interpreter.

4.2.1 Rule Library

The functions called in Lua program (or Lua bytecode after compilation) but not
defined should be provided in the rule library. The Lua compiler passes the string of
the function name as part of arguments when converting function calls to bytecodes.
The Lua interpreter, when processing a function call, retrieves this function name,
finds the corresponding function pointer in the host language, and calls it. Therefore
all functions in the host language that are to be called from the Lua code should be
registered with the interpreter.

In the functions of the rule library, database object manipulation functions are used
to modify database objects and are schema dependent. They are schema dependent
because each manipulation function should treat each class differently when loading
or updating them. The ODL preprocessor in Fig. 2 generates schema-dependent
library functions automatically from the schema definitions (written in ODL). The
rest of the library functions are schema independent. In the next section, we will show
how these functions are used in application programs or in Lua programs.

4.2.2 Rule Interpretation

To check rules, the application program collects events and calls
"validate_integrity()" just before the "commit" statement. "validate_integrity()" passes
the event list over to the rule manager, receives rule codes in bytecode format, and
calls the rule interpreter for each of them. An example of an application program with
rule-checking codes is in Fig. 3. Rule-checking codes that are added by the
preprocessor are in bold face.

#include "mylib.h"
int main () {
d Database pipeDB;

Point pl[4];
pl[0] = Point (192235,254320) ;
pll] = Point (192245, 254350) ;
LineString pipe geo(4,p);
d Ref<SewerPipe>sp = new(oovTopDB)
SewerPipe (Transport, "Cast",200.0,pipe.geo) ;
created objs.push back(sp);
validate integrity(created objs, deleted objs,
modified objs, violated objs);

Fig. 3. An example of application program with rule-checking codes added
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To see how rules are interpreted, assume rule R1 and R3 in Section 4.1.2 are the
rules related to this event (creation event of "SewerPipe" object). When the
application program runs, the validate_integrity function will send an event list which
contains only one event: INSERT on "SewerPipe" class. Rule R1 and R3 will be
returned (in bytecode format) in response. Assume R1 is first processed. The rule
interpreter detects "CALLFUNC" bytecode which calls a host-language function that
corresponds to Lua function "load_object()". Suppose the registered function for
"load_object()" is "lua_load_object()". The interpreter calls "lua_load_object()" to
load the current SewerPipe object just created. "lua_load_object()" should look like as
follows.

static void lua load object (void) {
lua Object t class = lua getparam(1l);
load object (lua getstring(t class)) ;

It first retrieves the name of the class this object belongs to from the interpreter
stack, and calls "load_object()" with this class name as an argument. Note this
"load_object()" is a host-language function, different from the Lua function with the
same name. The "load_object()" is a big case statement; for each class it calls a class-
specific loading function.

void load object (char *t class) {
if (!strcmp(t _class, "SewerPipe"))
load_SewerPipe object() ;
else if (!strcmp(t class, "WaterPipe"))
load WaterPipe object() ;

Since t_class is "SewerPipe" in our case, "load_SewerPipe_object()" will be called,
and this function will load the just-created SewerPipe object on the interpreter stack
so that its members can be checked for the rule. The rest of the interpretation process
is similar and straightforward. If a host-language function is called, find the
corresponding function pointer and executes; otherwise interpret the given bytecode.

5 Experiments

The biggest advantage of our rule system is that it can handle constantly changing
rules without recompilation of the application program or DBMS itself. The price for
this flexibility is an increase in rule processing time. The processing time increases
because of two reasons. One is interpretation; the other communication over network.
In this section, we examine how much delay is caused by these two reasons, and
suggest a couple of ways to improve it.
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5.1 Interpretation Overheads

Lua code, when interpreted, is about 20 times slower than a native code. To see how
this slowness affects our rule system, we picked the rule in Fig. 4, coded it in C++ and
Lua respectively, and ran them 10 times.

DEFINE SET-ORIENTED RULE R7 FOR (BuildingLayout);
VAR building: BuildingLayout; buildings: SET OF BuildingLayout;

buildings := QUERY (temp FROM BuildingLayout WHERE temp.type == KINDERGARTEN);
EVENT INSERT (building);
CONDITION building.type == GAS_STATION AND

EXISTS temp IN buildings : Distance(building, temp) < 50;

ACTION INFORM_INTEGRITY_VIOLATION;
END_RULE;

Fig. 4. A set-oriented rule

Fig. 5 shows the average time taken by each code. Lua code only shows 2 to 3%
increases in processing time. The reason is that the rule in Fig. 4 requires a number of
spatial operations to be done, which consumes most of the processing time, but these
spatial operations are already provided by the rule library in native code. Lua program
just calls them, and the pre-compiled native code runs for it. This case, however, is
not special. Most time-consuming rules are spending most of time in processing
spatial operations. If the rule does not contain any spatial operation, it will be
processed very quickly, and Lua code will not cause a significant delay over native
code. On the other hand, if the rule contains spatial operations, it will take time
because of the spatial operations, but again Lua code and native code will not show
much difference in processing time since the spatial operations are run in native code
in both cases anyway.

5.2 Communication Overheads

A more serious delay comes from the communication between the application
program and the rule manager. Since the rules are fetched in run time, the application
program should wait until the rules arrive. In our case, we are using CORBA
mechanism for communication, and the communication overhead is as shown in Fig.
6. The time is measured inside our laboratory, and the network traffic delay is not
counted; but the overhead already reaches about 1.5 seconds. However we can
observe that the overhead stays relatively same regardless of the number of fetched
rules (less than 1% increase for 100 rules compared to 1 rule). This means fetching a
large rule set at once is better than fetching smaller rule sets several times, in terms of
communication time. Also, since the overhead is relatively a constant, it becomes less
significant as the rule processing time is increasing
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execution time ( sec)

Fig. 5. Comparing Lua code to native code in rule execution time

Still the delay is not negligible, and it seems the communication overhead is
unavoidable and is the price we have to pay for to get the flexibility in handling
dynamically changing rules. However we can reduce the communication time in
several ways. One is to use more improved communication mechanism than CORBA.
The inefficiency of CORBA in communication overhead is well pointed out by
researchers [3]. Other ways are caching or pushing. By caching some of the rules in
the local system and by providing a local rule manager, we can improve the
processing speed considerably. Pushing will be initiated by the rule manager: it can
push changed or newly created rules to the local rule manager. The local manager will
decide whether to cache these pushed rules depending on the relevance of them to the
local DBMS.

fetching time(usec)

Fig. 6. Communication overheads of rule fetching
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6 Conclusion

In this paper, we present an active rule system that is based on dynamic interpretation
of mobile rule codes. A prototype of this system has been implemented as a
component of a larger middleware system that provides ODMG interfaces and spatial
extensions to ODBMS. By implementing it as a part of a middleware, heterogeneous
ODBMS in distributed environment can be provided an active rule system in system
independent manner. The active rules are in ECA type and used for validating
integrity constraints in this prototype.

A global rule base manages the active rules and interacts with local event handlers
to provide triggered rules for detected events. Active rules are saved in Lua byte
codes and interpreted efficiently on the data from local database systems. Comparing
to other architecture of active rule systems (i.e., tightly coupled built-in architecture or
compiled architecture), this approach can separate the rule-managing function from
local DBMS and enables the rules to be updated without any changes in application
programs. Any changes in the rule base will be reflected instantly via dynamic
interpretation while application programs run on a local DBMS. The overheads of
transmitting triggered rules from the rule base turn out insignificant comparing to set-
oriented spatial operations.

There are still rooms left for further improvements. Firstly, local DBMS can
maintain the cache of triggered rules and reduce the overheads of network
communcation. In this case, any changes in the global rule base should be pushed to
the local cache. Secondly, rule conditions from different active rules often include
common parts. Analysis using dependency graph can identify the shared parts and the
optimal order of evaluation for the given rule conditions [12]. Thirdly, we can receive
valuable information for optimization from the target ODBMS. We need to devise
more general approaches to optimize spatial operations in various application
contexts.
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Abstract. We consider the 2-dimensional space with integer coordinates in the
range [1, N] x [1, N]. We present the MPST (Modified Priority Search Tree)
index structure which reports the k points that lie inside the quadrant query
range ( , b] x ( , ¢] in optimal O(k) time. Our Index Scheme is
simple, fast and it can be used in various geometric or spatial applications such
as: (1) 2 D dominance reporting on a grid (2) 2D maximal elements on a grid.
Then, based on structures of Gabow et al. [6] and Beam and Fich [31] we
describe an index scheme, which handles in an efficient way window queries in
spatial database applications. In the general case in which the plane has real
coordinates the above time results are slowed down by adding a logarithmic
factor due to the normalization technique.

1 Introduction

The problem of range searching is one of the most extensively studied problems in
computational geometry and spatial databases. In a general formulation of the
problem we are given a set of n points in d-dimensional space and we are asked to
preprocess them in a data structure so that for any query range the points inside the
range can be found efficiently. Numerous solutions for the problem have appeared
(see the survey papers of Matousek [10] and Agarwal [1]). In this paper we consider
the 2-dimensional case in which the points lie on an integer grid and the query ranges
are of the forms ( ,b] x ( ,c]or[a, b] x( ,c]lor[a,b]x[a,b,]. The
significance of our results is obvious for 2D (GIS and spatial DB) applications. Our
main memory structure relies on the priority search tree, which we modify
appropriately. In our solution the query algorithm consists of two separate stages:
searching and reporting. The searching part finds the nodes of the priority search tree
that are roots of subtrees with points inside the query range. Then the reporting part
simply traverses these subtrees in the same way as in an ordinary priority search tree.
So apart from a small constant time in the search part the points in the query range
can be found in a simple and efficient manner.

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 107-116, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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The majority of the related work makes use of spatial indexing schemes, most
often R-trees and their variants [16, 17, 18], to answer a subset of spatial queries in
2D (usually topological or directional) [19, 20]. Lately R-trees have been also utilised
for higher dimensionalities [21].

The wide adoption of secondary memory indexing schemes, especially the R-tree
family, for this type of problems, is mainly attributed to their satisfactory average
performance in terms of page accesses. However, this does not undermine approaches
towards main memory structures, for several factors: i) the worst-case performance
for the R-tree family can be very bad and the claimed theoretical average performance
estimation has been particularly evasive (see [22] for some late results) ii) in spatial
data management it is not always true (see [23, 24] ) that most searches are I/O-bound
than CPU-bound and iii) the availability of increasingly larger memories at lower
costs justifies the use of main memory structures even for the processing of large
datasets.

Nowadays, for up to three dimensions there are available secondary memory
structures, that exhibit worst case performance analogous to that of main memory
ones, i.e. query time of the form O(log,n+t/B) and space usage close to linear
(O(n/B)), for range queries (where n is the number of stored items, B the page size
and t the output size) (see [2,4,25,27,28,29,30,32])

In main memory the three-sided range query [a, b] x ( ,c] (and consequently
the quadrant range query ( , bl x ( , c]) has been studied from Gabow,
Bentley and Tarjan [6] they solved the problem in O(N+n) space and O(k) time. Their
structure relies on the Cartesian tree of Vullemin [14] which in essence is a
predecessor of the priority search tree. They make use of the machinery developed in
[8] for answering lowest common ancestor (Ica) queries for two nodes of an arbitrary
tree in O(1) time. Their algorithm finds each point in the range by forming and
answering a Ica query. It incurs also a time overhead for each reported point and the
algorithm for lowest common ancestors on arbitrary trees is also somewhat
complicated.

In the following section we review the basic component of our solution that is the
priority search tree. In section 3 we propose a more simple and concrete index scheme
for the case in which the query ranges are half-infinite in the x- and y-directions. This
case is known as quadrant range search or dominance search. In section 4 we discuss
some geometric or spatial applications of our structure. In section 5 we present a new
index scheme based on structures of both Gabow et al. [6] and Beam and Fich [31]
which handles window queries in spatial database applications in O(~logn/loglogn +
k) time. In section 6 we consider the general case in which the plane has real
coordinates and we show that the above time results are slowed down by an added
logarithmic factor due to the normalization technique. Finally in section 7 we
conclude.

2 The Priority Search Tree

We will briefly review the priority search tree of McCreight [11]. Let S be a set of n
points on the plane. We want to store them in a data structure so that the points that lie
inside a half infinite strip of the form ( ,bl x( , ¢] can be found efficiently.
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The priority search tree is a binary search tree of depth O(logn) for the x-
coordinates of the points. The root of the tree contains the point p with smallest y-
coordinate. The left (resp. right) subtree is recursively defined for the set of points in
S-{p} with x-coordinates in the left (resp. right) subtree. From this definition it is
easily seen that a point is stored in a node on the search path from the root to the leaf
containing its x-coordinate.

To answer a range query with a quadrant ( , bl x ( , ¢] we find the O(logn)
nodes in the search path P, for b. Let L, be the left children of these nodes, that don’t
lie on the path. For the points of the nodes of P, U L, we can determine in O(logn)
time which lie in the query-range. Then for each node of L, whose point is inside the
range we visit its two children and check whether their points lie in the range. We
continue recursively as long as we find points in the query-range.

For the correctness of the query algorithm first observe that nodes on the right of
the search path have points with x-coordinate larger than b and therefore lie outside
the query-range. The points of P, may have x-coordinate larger than b or they may
have y-coordinate larger than c. If any of these is true then they are not reported. The
nodes of L, and their descendants have points with x-coordinate smaller than b so
only their y-coordinates need to be tested. For the nodes of L, whose points lie inside
the query-range we need to look further at their descendants. The search proceeds as
long as we find points inside the query-range. If a point of a node u does not lie inside
the query-range then this point has y-coordinate larger than c. Therefore all points in
the subtree rooted at u lie outside the query-range and need not to be searched. From
the above discussion we can easily bound the query time by O(logn+k), since we need
O(logn) time to visit the nodes in P, U L, and O(k) time for searching in their
subtrees.

3 Quadrant Range Search on a Grid

Let S be a set of n points on the plane with integer coordinates in the range [1, N] x
[1, N]. Without loss of generality we assume that no two points have the same value
for some coordinate. We will show how to store the points in a data structure so that
the k points in a query range of the form ( , bl x ( , ¢] can be found in O(k)
time. Our structure relies on the priority search tree, which we augment with list-
structures similar to those in [12].

We store the points in a priority search tree T of size O(n) as described in the
previous section. For convenience we will assume that the tree T is a complete binary
tree (i.e. all its leaves have depth logn). Note that if n is not a power of 2 we may add
some dummy leaves to the right so that T becomes complete.

We also use an array A of size N which stores pointers to the leaves of T.
Specifically Ali] contains a pointer to the leaf of T with maximum x-coordinate
smaller or equal to i. With this array we can determine in O(1) time the leaf of the
search path P, for b.

In each leaf u of the tree with x-coordinate i we store the following lists L(u),
P, (u): The list L(u) stores the points of the nodes of L.. The list P (u) stores the points
of the nodes of P, which have x-coordinate smaller or equal to i. Both lists also
contain pointers to the nodes of T that contain these points. Each list L(u), P, (u),
stores its nodes in increasing y-coordinate of their points.
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To answer a query with a range ( ,b] x ( , ¢] we find in O(1) time the leaf
u of the search path P, for b. Then we traverse the list P, (u) and report its points until
we find a point with y-coordinate greater than c. We traverse the list L(u) in the same
manner and find the nodes of L, whose points have y-coordinate less than or equal to
c. For each such node we report its point and then we continue searching further in its
subtree as long as we find points inside the range.

The following theorem bounds the size and query time of our structure.

Theorem 3.1 Given a set of n points on the plane with integer coordinates in the
range [1, N] x [1, N] we can store them in a data structure with O(N+nlogn) space
that allows quadrant range queries to be answered in O(k) time, where k is the
number of answers.

Proof. The query algorithm finds the k’ points of nodes of P, U L, that lie inside the
query-range in O(k’) time by simple traversals of the lists P, (u), L(u). The search in
subtrees takes O(k) additional time for reporting k points in total. Therefore the query
algorithm takes O(k) time.

Each list P (u), L(u) stores respectively points in the nodes of a path, and points in
the left children of nodes of a path. So the size of each list is O(logn) and the space of
T is O(nlogn). The space of the whole structure is O(N+nlogn) because of the size of
the array A.

The nlogn term in the space bound is due to the size of the lists P, (u) and L(u). We
can reduce the total space of these lists to O(n) by making them persistent. Ordinary
structures are ephemeral in the sense that update operations make permanent changes
to the structures. Therefore in ordinary structures it is impossible to access their old
versions (before the updates). According to the terminology of Driscoll et al. [3] a
structure is persistent if it allows access to older versions of the structure. There are
two types of persistent data structures: partially and fully persistent. A partially
persistent data structure allows updates of its latest version only while a fully
persistent one allows updates of any of its versions. In [3] a general methodology is
proposed for making data structures of bounded in-degree persistent. With their
method such a structure can be made partially persistent with O(1) amortized space
cost per change in the structure. In our case a list can be made partially persistent with
a O(1) amortized increase in space per insertion/deletion.

We show how to implement the lists P, (u) using a partially persistent list. Let u be
aleaf in T and let w be its predecessor (the leaf on the left of u). We denote by x, the
x-coordinate of u and by x,, the x-coordinate of w. The two root-to-leaf paths Px,
Px,, share the nodes from the root of T to the nearest common ancestor of u, w. So we
can create P (u) by updating P,(w) in the following way: First we delete from list
P, (w) the points that don’t lie on Px,. Then we insert the points of Px, which have x-
coordinate smaller or equal to x,. In this way we can construct all lists as versions of a
persistent list: we begin from the leftmost leaf and construct the list P, (u) of each leaf
u by updating the one of its predecessor. The total number of insertions and deletions
is O(n) because each point is inserted and deleted only once. Therefore the space of
all the lists is O(n). In the same way we can construct the lists L(u) for all leaves in
O(n) space. Therefore:

Theorem 3.2 Given, a set of n points on the plane with integer coordinates in the
range [1, N] x [1, N] we can store them in a data structure with O(N+n) space that
allows quadrant range queries to be answered in O(k) time, where k is the number of
answers.
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The preprocessing time is O(N+nlogn) but with a more careful implementation we
can reduce the logn factor to a smaller one. A different way to reduce the space and
preprocessing time is to use pruning as in [5], [12]. To handle query ranges of the
form [a, b] x ( , ¢ | we use the structure of Gabow et al [6] .

4 Applications

We present some applications of our structure for known geometric problems and
spatial database query problems.

2D dominance reporting on a grid. A point p, is said to dominate p, if all
coordinates of p, are smaller than the respective coordinates of p,. In the dominance
reporting problem we are given a set S of n d-dimensional points and we want to
report all dominance pairs (p,,p,). For d = 2, d = 3 the problem can be solved in time
O(nlogn+k) using a priority search tree and a space sweeping technique. For d = 4 the
problem can be solved in time O(nlog’n+k) [13] or O(nlognloglogn+kloglogn) [7].
For the planar case we can achieve O(N+n-+k) time if the points lie on a grid. This can
be done by building the structure of theorem 3.2 for the n points and querying it with
the range ( 5 X)) X ( » y,] for each point p(x, y ). Since the structure can be
built in O(N+n) time and each query takes time O(k’) to report k’ pairs, we have the
following:

Theorem 4.1 The planar dominance reporting problem for a set of n points with
integer coordinates in the range [1, N] x [1, N] can be solved in O(N+n+k) time and
O(N+n) space.

2D maximal elements on a grid. Let S be a set of d-dimensional points. The
maximal elements are the points of S that are not dominated by another point of S.
The case in which the points lie on a three dimensional grid has been studied by
Karlsson and Overmars [9]. Their solution runs in O(N+nloglogN) time and O(N+n)
space. Using the structure of theorem 3.2 can solve the planar problem more
efficiently. In fact we store the n points on a similar structure that answers queries of
the form [x, + ) x [y, + ). For each point p(x, y,,) we query the structure with
[x, + ) x[y, + ) andif no answer is found then the point (x, y, ) is maximal.
Clearly the time and space bound are as stated in the following:

Theorem 4.2 The planar maximal elements problem for a set of n points with
integer coordinates in the range [1, N] x [I, N] can be solved in O(N+n) time and
space.

5 Window Queries in Spatial Database Applications

Let S be a set of n 2-dimensional rectangles. We want to store them in a data structure
so that the rectangles whose at least one endpoint lies in a window query can be
found efficiently (see figure 1).



112 N. Kitsios et al.

---------------- YU
o - B
mTTTmTTm=s- I 7 < l
| + - |
! E e | [ ] !
i | =
! D Fl! | |
A | H ' :
AT N N bofoofod ] |
| H 1 |
| e e L
| - e YB
|
@ :
S S Cl
XL XR

Fig. 1: An example of window query with x-coordinates between X, and X, and y-coordinates
between Y,and Y, (X, <x <X, Y, <y<Y))
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Fig. 2. The enclosed or intersected rectangles

It’s obvious that we have to do with a 2-dimensional range searching. We use a
balanced binary tree T, which stores in its leave nodes the points according to their y-
coordinate. To each interval node u we associate two sets of points S,, S,. S, contains
the points of the left subtree of u while the set S, contains the points of the right
subtree. Each set S, is stored in a secondary structure D, while each set S, is stored in

a secondary structure D,. We use D, to answer queries of the form [a,,b,] x [a,, +°<]

and D, to answer queries of the form [a,,b,] x [-o<, b,].
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D;(u) and Dy(u) are implemented according to [6]. Moreover the sets S; are stored
in two instance of the [31] structure that permits 1-dimensional searching in
O(\(logn/loglogn)) time and linear space. Since each point is stored in O(logn)
secondary structures the space is O(nlogn).

To answer a window query of the form [a;, bi] x [a,, b,] we find in T the node u
where the search paths for a, and b, split. With other words we find the nearest
common ancestor of a, and b, in constant time O(1) [8]. Then we locate in S; and S,
(using the [31] structures) the a;, b; values and query the structure D;(u) with [a;,b;] X
[a,, +o<] and D,(u) with [a;,b;] X [-o°, b,]. This takes time O(\/logn/loglogn+ k).

Note that since the search paths for a, and b, split in u it follows that the points in
S (u) have their y-coordinates smaller than b, and the points in S,(u) have their y-
coordinate greater than a,. Furthermore, all points with y-coordinates with ranges in

the interval [a,, b,] belong to S,(u) U S,(u), so the query algorithm is correct.
Application: We want to report all the rectangles enclosed from or intersected (with at
least one endpoint in the query range) by the window query of figure 2 (the answer is
enclosed={G, H, K, J}, intersected={ F, M, I}.

In order to use as less space as possible we could use the “diagonal” representation,
for example in Figure 2 the down-top diagonal. The diagonal belongs entirely inside
the window, only if the respective rectangle is enclosed inside the window. If the
diagonal intersects to the bounds of the window then the same goes for the respective
rectangle. The inverse assumption is not true. So, this kind of 2-points (the points of
diagonal) representation is insufficient. For this reason we store in structure T all the
points of rectangle, totally four, associating to each of them a flag that describes the
rectangle to which the point belongs. For a rectangle R, the flag is a 4-tuple with
bounds x, ,Xx,, y, and, y, respectively. In figure 2 the flag for point A (x,y,) is the
tuple (x,,x,,y,,y,) or for reducing the worthless information the tuple (x,y,). In
structure T, we associate the query [X,, X,] X [y,, y,] to report the subset of rectangles
that lie inside or intersect with a given axis-parallel window (x,, X,, y,, ¥,). More
precisely, we count the number of the same flags. If we count the same flag exactly
four times we say that the respective rectangle belongs entirely to the window or else
that it intersect by it. This takes time O(M(logn/loglogn)+ k).

If we use R-trees then we have the representation of figure 3 and the time for
reporting all rectangles enclosed from or intersected by the window query is
O(nlog,n+|k|) since in the worst case, on every node of R-tree we should visit all its
childs. In the example of figure 3, B=4,n= 11, k=7.

Comparing to this method, we can see that we succeeded in handling these kinds of
queries efficiently.

6 Plane with Real Coordinates

We consider the general 2-dimensional range query of the form [a,, b,] X [a,, b,]. We
store for each coordinate its rank in the tree which is an integer between 1 and n. Then
we replace the coordinates of the points with their respective ranks. We call the new
set of points the normalized set, and denote it by S'.
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Fig. 3. An example of an R-tree

Given a query [a, b,] X [a, b,] we will normalize it in the following way. We
search for a, and b, in the tree storing the first coordinates of the points. Let p, be the
largest coordinate, which is less than a, and let g, be the smallest coordinate greater
than b,. We denote by a,’, b,” the ranks of p,, g,. Similarly we find the values a,’, b,’.
This step takes O(logn) time. The points of S’ that lie in [a,, b,] X [a,, b,] are the
normalized versions of points of § that lie in [a, b,] X [a,, b,]. SO we need only solve
the normalized problem on the integer grid [1, N] x [1, N].

7 Conclusions

In this work we have focused on mechanisms for the efficient processing of spatial
selection queries (especially planar selection queries). On these grounds we have
proposed new main memory structures that answer 2-dimensional queries in either
optimal or the best known asymptotic time. Unless explicitly stated otherwise, the
time and space complexities refer to problems for continuous space.

Overall, the techniques proposed in this work are significant for GIS, temporal
databases, spatial databases and other disciplines for which the handling and efficient
querying of 2-dimensional data is of primary importance.

Some of the proposed structures are currently being implemented and the results so
far are promising. Our next step for future continuation of this work is an extensive
experimental evaluation of various structures for several classes of selection queries.
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Abstract. Discovering association rules among items in large databases is a
recognized database mining problem. In the paper, we address the issue of asso-
ciation rules generation in the context of changing user requirements. The data
mining system user is frequently interested in results of mining around rules that
consists in examining how change of attribute values or addition of new attrib-
utes influences the discovered dependencies. The set of association rules is often
huge. However it is possible to represent it with usually much smaller set of rep-
resentative rules. If needed, the user can derive all association rules from the set
of representative rules syntactically by means of a cover operator. Incremental
solutions of mining around representative rules are discussed in the paper as
well.

1 The Origin of the Problem

Recently, the researches from Warsaw University of Technology have collaborated
with the Network Planning and Maintenance Department of a Polish cellular telecom
provider within a data mining project. The project was devoted to knowledge discov-
ery from the technology area data. The objective of one of the experiments was to
discover the influence of neighboring cells on parameters of other cells, in particular
on misbehaving cells. A cell is called misbehaving if anomalies such as channel con-
gestion, blocking, call drops etc. occur for it on levels higher than acceptable for well
designed GSM network. Each cell in the network is described by a set of different
attributes. There are available configuration attributes as well as measured attributes
that describe the behavior of certain network elements assigned to cells. Two cells are
called neighbors if it is possible to make a handover of a call between them. The ex-
periment objective was to find association rules of the following form:

(CellId,,Alarm or <attribute,valueRange>) A ... A
(CellId,, Alarm or_ <attribute,valueRange>) =
(Cellid,,:, Alarm or <attribute,valueRange>) A ... A
(Cellid,, Alarm or <attribute,valueRange>)

where:
o Cellld, Cellld,,.., Cellld, are identification numbers of cells in the network that
are neighbors of some cells identified by Cellld,,,,.., Cellld, ;

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp- 117-127, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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e Alarm is a Boolean formula defined by a telecom expert;
e  <attribute,valueRange> - a cell attribute and a value range to which the attribute
value of a respective cell belongs.
To be more precise, an alarm was defined as a Boolean formula comparing some expression
built from original attributes with the expert specified threshold value. Looking at the discov-
ered dependencies, the telecom expert was often interested in how the dependencies would
change if the definition of alarms was changed by increasing or decreasing the threshold values.
In the paper, we formalize the original problem of mining around the discovered set
of rules and propose an incremental algorithm for rules mining, which is a modifica-
tion of the Apriori algorithm [2]. Then we remind the notion of representative rules
that constitute a least set of rules from which all other can be derived syntactically.
Finally, we discuss incremental solutions of how to update representative rules in
correspondence with user mining requests.

2 Basic Notions of Association Rules and Algorithms

2.1 Association Rules

The notion of association rules and the problem of their discovering were introduced
in [1] for a sales transaction database. However, the dependencies we presented in
Section 1 are examples of association rules discovered in a relational database. In the
sequel, we will discuss generation of association rules in the context of a relational
database.

Let us consider a table D = (O, AT), where O is a non-empty finite set of fuples and
AT is a non-empty finite set of attributes, such that a: O — V_ for any ac AT, where V,
denotes the domain of a. Any attribute-value pair (a,v), where acAT and ve V, will be
called an item. A set of items will be called ifemset. An itemset consisting from k
items will be called k-itemset.

An association rule is an implication:

X=Y, Y]

where X and Y are non-empty itemsets and X N Y = &.

Statistical significance of an itemset X is called support and is denoted by sup(X).
sup(X) is defined as the percentage (or the number) of tuples in D that contain X. Sta-
tistical significance (support) of a rule X = Y is denoted by sup(X = Y) and is defined
as follows:

sup(X = Y)=sup(X UY). (2

Additionally, an association rule is characterized by confidence, which expresses its
strength. The confidence of an association rule X = Y is denoted by confiX = Y) and
is defined in the following way:

conflX =Y)=sup(X =7Y) / sup(X). 3
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2.2 Mining Association Rules with the Apriori Algorithm

The problem of mining association rules is to generate all rules that have support
greater than the user specified minimum support s and confidence not less than the
user specified minimum confidence c. The set of such rules will be denoted by
AR(s,c), i.e.:

AR(s,c) = {r| sup(r) > s and conf(r) =c}. 4

If s and c are fixed we will write briefly AR.

Several efficient solutions applicable for large databases were proposed to solve the
problem of generating association rules with sufficient support and confidence (see
e.g. [2,7]). The problem is usually decomposed into two subproblems:

1. Generate all itemsets whose support exceeds the minimum support s. The itemsets
of this property are called frequent (large).

2. Generate all association rules from frequent itemsets. Let Z be a frequent itemset
and J#YcZ Then any candidate rule Z\Y =Y is an association rule if
(sup(Z) | sup(Z\'Y)) 2 c.

The second subproblem is relatively straightforward therefore we will describe only
the solution of the first subproblem known as the Apriori algorithm [2].

Computing Frequent Itemsets. The Apriori algorithm (see Fig. 1) exploits the
following properties of frequent and infrequent itemsets: All subsets of a frequent
itemset are frequent and all supersets of an infrequent itemset are infrequent.

The following notation is used in the Apriori algorithm:
e (C, - set of candidate k-itemsets;
e [, -setof frequent k-itemsets;
e c[1]ec[2]e...ec[k] is a k-itemset consisting from items c[1], c[2]...., c[k].

The items in itemsets are assumed to be ordered totally. Associated with each item-
set is a count field to store the support for this itemset.

Algorithm Apriori (table D);
F, = {frequent l-itemsets in D};
for (k = 2; Fr., # O; k++) do begin
C, = AprioriGen(Fy i) ;
forall transactions teD do
forall candidates ceC, do

if ¢ c t then
c.count++;

F, = {ceC, | c.count > minSup};
endfor;

return U, Fy;

Fig. 1. The Apriori algorithm
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At the beginning the supports of all 1-itemsets are determined during one pass over
the database D. All infrequent 1-itemsets are discarded. Frequent 1-itemsets are used
to generate candidate 2-itemsets by the AprioriGen function (see Fig. 2). Their sup-
ports are determined by scanning the database. Infrequent 2-itemsets are discarded and
new candidate 3-itemsets are computed by AprioriGen from frequent 2-itemsets. The
procedure repeats in a similar way in next iterations. In general, some k-th iteration
consists of the following operations:

1. AprioriGen is called to generate the candidate k-itemsets C, from the frequent

(k-1)-itemsets F,.

2. Supports for the candidate k-itemsets are determined by a pass over the database.
3. The candidate k-itemsets that do not exceed the minimum support are discarded;
the remaining k-itemsets in F, are found frequent.

function AprioriGen(Fy.i) ;
Cy ={f[1]ef[2]e...ef[klec[k] | £f,ceF, and
fl1l=cl1] A ... A fl[k-2]=c[k-2] A flk-1l<clk-11};
delete all itemsets ceCy such that

some (k-1)-subset of ¢ is not in Fy.q;
return C;;

Fig. 2. The AprioriGen function

The AprioriGen function constructs candidate k-itemsets as supersets of frequent
(k-1)-itemsets. This restriction of extending only frequent (k-1)-itemsets is justified
since any k-itemset, which would be created as a result of extending an infrequent
(k-1)-itemset, would not be frequent either. Before returning newly created candidates,
the function AprioriGen prunes such candidates from C, that do not have all their
(k-1)-subsets in the frequent (k-1)-itemsets F . If k-itemset ¢ does not have all its
(k-1)-subsets in F, , then there is some infrequent (k-1)-itemset ¢’ ¢ F, , which is a sub-
set of c. This means that c is infrequent as a superset of an infrequent itemset.

Let us illustrate the AprioriGen function with an example. Let {{A,B}, {A,C},
{A,D}, {B,C}, {B,D}} be a family of frequent 2-itemsets F,. Then the subsequent
candidate 3-itemsets would be generated: {A,B,C}, {A,B,D}, {A,C,D}, {B,C,D}. Nev-
ertheless, the final set of candidates is smaller. In the pruning process the candidates
{A,C,D} and {B,C,D} will be discarded because there is not their subset { C,D} among
2-itemsets in F,.

3 Formalization of Mining around Association Rules Problem

Given a table (or a view) D we divide its attributes into two categories: attributes the
values of which do not change during the knowledge discovery process and attributes
whose values are subject to changes (e.g. because the attribute is derivable and its
formula can be modified according to user requests). The attributes of the former type
will be called constant, whereas the attributes of the latter type will be called modifi-
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able. Similarly, an item that refers to a constant attribute will be called constant, oth-
erwise it will be called modifiable. Furthermore, an itemset (association rule) will be
called modifiable if it contains at least one modifiable item, otherwise it will be called
constant.

Let F be the set of frequent itemsets discovered in D for a given minimum support
s. Let AR be the set of association rules created from F for a given minimum confi-
dence c. Our task is to update F' and AR incrementally instead of computing them from
scratch.

Let Const(F) denote the subset of all constant itemsets in F and Const(AR) denote
the subset of those rules in AR that contain only constant items. Clearly, if changes are
restricted to the modifiable attributes only, then the frequent itemsets discovered in the
modified D will contain Const(F) (and new frequent modifiable itemsets) and newly
derived association rules will contain Const(AR) (and association rules built from new
frequent modifiable itemsets).

Now, we can restate our goal as looking for new frequent itemsets and new asso-
ciation rules without redundant computing of Const(F) and Const(AR), i.e. we want to
compute only new frequent modifiable itemsets and new modifiable association rules.

4 Computing Frequent Modifiable Itemsets and Modifiable
Association Rules

In this section we consider two ways of generating frequent modifiable itemsets and
modifiable association rules. First we consider the case when the information on con-
stant frequent itemsets is maintained. Then, we will discuss the case when this infor-
mation is not available.

4.1 Mining with Constant Frequent Itemsets

Computing Frequent Modifiable Itemsets. In order to compute frequent modifiable
itemsets we propose the ModApriori algorithm, which is a modification of Apriori.
The following notation is used in the ModApriori algorithm (see Fig. 3):

e F—frequent itemsets found prior modification of the contents of the table D;

e [ -setof frequent k-itemsets in F;

e AF - set of frequent modifiable itemsets discovered in the updated table D;

e AF - set of frequent modifiable k-itemsets in AF;

e (C, - set of candidate modifiable k-itemsets.

The items in itemsets are assumed to be ordered totally. Additionally, we assume
that modifiable items precede constant items.

The outline of ModApriori is similar to that of Apriori, however it differs in the
way the candidate itemsets are created. The assumption that modifiable items precede
constant items allows to restrict the generation of candidates to modifiable itemsets
easily. Actually, each 2-itemset candidate is constructed from a pair of frequent
1-itemsets such that the first itemset is modifiable and the second one is of any type.
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Algorithm ModApriori (updated table D; frequent constant
l-itemsets Const(F;));

AF, = {frequent modifiable 1l-itemsets in D};
C, = {f e ¢ | fedr,, cedF, U Const(F,) and f < c};
for (k = 2; C. # J; k++) do begin
forall tuples teD do
forall candidates ce(C, do
if ¢ € t then
c.count++;

AF, = {ceC, | c.count > minSup};
Cx.1 = ModAprioriGen (AFy) ;
endfor;
AF = Uk AFk,'

return AF;

Fig. 3. The ModApriori algorithm

The generation of longer candidates (see ModAprioriGen in Fig. 4) does not require
the knowledge on frequent constant itemsets. Each modifiable candidate
(k+1)-itemset, k >2, can be created from a pair of two frequent modifiable k-itemsets.
One can also easily observe that a modifiable candidate (k+1)-itemset can have at
most one subset being a constant k-itemset. This happens only in the case, when the
(k+1)-itemset has exactly one modifiable item. Therefore, a (k+1)-itemset with one
modifiable item can have at most k subsets being modifiable frequent k-itemsets and at
most one subset being a constant k-itemset. To the contrary, a (k+1)-itemset with more
than one modifiable item can have at most k+1 subsets being modifiable frequent
k-itemsets and no subset being a constant k-itemset. These properties are used by the
ModAprioriGen function.

function ModAprioriGen (AFy) ;
Crr = {f[1]ef[2]e.. . ef[klec[k] | f,cedF, and
fl1ll=cl1] A ... A flk-1]1=clk-1] A flkl<clkl};
/* Pruning */
forall ce(C,,,; do
if ¢ contains more than 1 modifiable item and
| {fe AFy| fcc}| < k+1 then
delete ¢ from Ci,:
elseif |{fedF,|fcc}|<k or |{feConst(Fy)|fcc}|=0 then
delete ¢ from Cii;
return Cy,;;

Fig. 4. The ModAprioriGen function
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Computing Modifiable Association Rules. All modifiable association rules will be
generated by applying any algorithm of rules generation (e.g. described in [2]) to new
modifiable itemsets AF. Though new modifiable association rules can be created only
from AF , the knowledge on Const(F) may turn out necessary:

Let Z be a frequent modifiable itemset, @#Y cZ and Z\ Y = Y be a candidate
rule. It may happen that the antecedent of the candidate rule is a constant itemset, say
X, so in order to compute its confidence, it is necessary to know the support of this
constant itemset. Obviously, X belongs to Const(F), hence its support is already
known.

4.2 Mining without Constant Frequent Itemsets

Computing Modifiable Frequent Itemsets. One may note that storing information
on constant frequent itemsets is not crucial for discovery of modifiable candidate
itemsets in the updated database. It is applied only in two cases:

e when creating candidate 2-itemsets (see ModApriori),

e for pruning candidates (see ModAprioriGen).

In the former case, we used the knowledge on Const(F,). These itemsets can be dis-
covered easily when looking for AF|. In the latter case, Const(F,) can be used for
pruning new candidates that contain exactly one modifiable item - the validity of other
candidates does not depend on the knowledge of Const(F) at all. Additionally, candi-
dates containing one modifiable item still are likely to be pruned by checking subsets
in AF,.

Computing Modifiable Association Rules. As we observed previously, candidate
modifiable association rules are created only from frequent modifiable itemsets, but
we may need to know Const(F) in order to evaluate their confidence. More precisely,
we may need to know support of constant antecedents of candidate modifiable rules. If
Const(F) is not materialized then it is necessary to compute support for all potential
constant antecedents of new rules, which we will denote by PCA in the sequel.
Clearly, PCA is the family of all constant itemsets that are proper subsets of new
frequent modifiable itemsets in AF. PCA can be computed either by applying the
knowledge on maximal itemsets in AF or by applying the knowledge on the itemsets
in AF that contain at most one modifiable item. Both methods are provided below:

Supports of itemsets in PCA can be determined by a pass over the database.

input: new frequent modifiable itemsets AF;
output: potential constant rules antecedents PCA;
X = {maximal itemsets in AF};

delete modifiable items from itemsets in X;
remove non-maximal itemsets from X;

pCA = {all subsets of itemsets in X};

Fig. 5. Deriving PCA from maximal itemsets
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input: new frequent modifiable itemsets AF;
output: potential constant rules antecedents PCA;

X = {itemsets in AF that contain at most one modifiable
item};

{* Make itemsets in X constant by removing first item,
which is modifiable *}

remove first item from each itemset in X;

remove duplicates from X;

PCA = X;

Fig. 6. Deriving PCA from itemsets with one modifiable item

5 Representative Rules

The notion of representative association rules was introduced in [4]. Informally
speaking, the set of representative association rules is a least set of rules that covers all
association rules by means of a cover operator.

The cover C of therule X = Y, Y # I, is defined as follows:

CX=Y)={XUZ=V|ZVcYand ZnV = Dand V = B}, (5)

Each rule in C(X = Y) consists of a subset of items occurring in the rule X =Y.
The antecedent of any rule r covered by X = Y contains X and perhaps some items
from Y, whereas r’s consequent is a non-empty subset of the remaining items in Y.
Below, we remind a simple property of the cover operator that will be used further in
the paper:

Property 1. Let : (X = Y) and r’: (X’ = Y’) be association rules. Then:
reC(r)iff XY c XUy and X 2 X'. (6)

It was proved in [4] that each rule r in the cover C(’), where r’ is an association
rule having support s and confidence ¢, has support not less than s and confidence not
less than c¢. Hence, if re AR(s,c) and r'e C(r) then r'€e AR(s,c). The number of different
rules in the cover of the association rule X = Y is equal to 3" - 2", where m = |Y] (see
[4D.

Now, we can recall the notion of representative rules:

A set of representative association rules wrt. minimum support s and minimum
confidence c is denoted by RR(s,c) and is defined as follows:

RR(s,c) = {reAR(s,c)| =3 €AR(s,c), ¥ #r and re C(r’)}. @)

Each rule in RR is called a representative association rule. No representative asso-
ciation rule belongs to the cover of another association rule. Clearly, AR(s,c) =
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U

reRR(s,c)
from the set of representative rules.

C(r), i.e. all association rules can be derived by means of the cover operator

Example 1. Let us consider the relational database D from Fig. 7. Fig. 8 contains
some association rules induced from D.
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Fig. 7. Example relational database D

rule # X=Y sup(X=Y) conf(X=Y)
L. {(c.1)} = {(a,0),(b,D)} 40% 86%
2. {(c.1)(e.2)} = {(b,D} 27% 100%
3. {(c,1),(f,2)} = {(a,0),(b,1)} 27% 100%
4. {(c,1),(e,2),(f2)} = {(b,1),(d,2)} 20% 100%
5. {(c,1),(e,2),(f2)} = {(a,0),(b,1),(d,2)} 20% 100%

Fig. 8. Example association rules found in D from Fig. 7

Given minimum support s = 1% and minimum confidence ¢ = 80%, one can dis-
cover 1730 association rules and 59 representative rules, which is 3.41% of AR (actu-
ally, we used the Miner system described in [5] in order to compute AR and RR).

One may observe that all rules from Fig. 8 belong to AR(1%,80%). One can also
note that the rule #4 does not belong to RR(1%,80%) since it belongs to the cover of
the association rule #5.

As verified in [9], the ratio between the number of representative RR and associa-
tion rules AR being in the cover of RR is high in the case when frequent itemsets are
long. For example, a test in [9] on synthetic data indicated that for frequent itemsets
with expected number of items equal to 8 the ratio reached 100. This feature seems to
be promising for the rules generated from databases with taxonomies [6,8], where
frequent itemsets are usually long.

Representative rules can be obtained by extracting them from association rules ac-
cording to the definition or can be generated directly from frequent itemsets (see [4,5]
for the algorithms for direct generation of representative rules).
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6 Updating Representative Rules

Let Const(RR) denote constant rules in RR. Unfortunately, unlike in the case of fre-
quent constant itemsets (Const(F)) and constant association rules (Const(AR)) we
cannot hope that Const(RR) is this part of representative rules which does not depend
on changes of modifiable attributes. As follows from the definition (7), no representa-
tive association rule belongs to the cover of another association rule. Additionally, it
follows from Property 1 that a rule r can belong to the cover of another rule ° if r is
built from a subset of items present in r’. Hence, if 7€ Const(RR) is built from an item-
set in PCA, which is a (proper) subset of some frequent itemset in AF, then r can be-
come non-representative in the updated database. Otherwise, it is still representative.
Let AF-Const(RR) denote rules in Const(RR) that are built from itemsets for which
there is no superset in AF. As follows from our discussion AF-Const(RR) contains
rules that are representative before and after the update of the database.

Fig. 9 and 10 show how to find representative rules directly from frequent itemsets
and how to find representative rules indirectly by extraction from association rules,
respectively.

‘input: new frequent modifiable itemsets A4F,

\ potential constant rules antecedents PCA;
\output: updated representative rules RR';

ARR = {representative rules created from AF U PCA};
RR’ = ARR U AF-Const (RR) ;

Fig. 9. Direct incremental computation of representative rules

input: new frequent modifiable itemsets A4F,
potential constant rules antecedents PCA;
output: updated representative rules RR’';

W= {X => Y e AR| XUY € PCA};

AAR = {association rules created from AF};

ARR = {representative rules extracted from A4R U W};
= ARR U AF-Const (RR) ;

&
By
|

Fig. 10. Indirect incremental computation of representative rules

7 Conclusions

The paper was devoted to the specific mining around rules that consists in checking
how attribute modifications influence the discovered knowledge. Incremental solu-
tions were proposed for discovery of up-to-date association and representative rules.
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In the paper we did not address more classical mining around rules problem that con-
sists in changing minimum required support and confidence of rules. We find useful
continuation of the research in order to work out a common solutions to both sub-
problems.
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Abstract. One of the fundamental problems in relational database ma-
nagement is the handling of the join operation. Two of the problems are:
1) finding a page access sequence which requires the minimum number of
buffer pages if there are no page reaccesses, and 2) finding a page access
sequence which requires the minimum number of page reaccesses given
a fixed buffer size. In general, a heuristic for the first problem can be
converted to a corresponding heuristic to the second problem.

In this paper, a new heuristic is proposed. The experimental results show
that the new heuristic performs significantly better than existing heuri-
stics for data which is modelled with geometric graphs, and no worse in
others, for the first problem. It performs similarly better for the second
problem if the fixed buffer size is not much less than the maximum buffer
size generated in the first problem.

1 Introduction

One of the fundamental operations in database management is the join opera-
tion. It is not uncommon to find databases today with millions of entries, and
inefficient memory use when performing the join operation on large numbers of
tuples would rapidly swamp the available memory. There is hence a definite need
to minimise the amount of memory space that is used for these operations.

The task of join processing involves the reading of tuple information into
the main memory, such that information on two tuples to be joined must be
in memory at the same time at some point, so that the join can be processed.
Several approaches to this problem have previously been tried ([T/2[7]).

One strategy to minimise memory usage is to first scan the indices of the
relevant relations to obtain a set of data page pairs (z, y), where page x contains
some tuple which is joined with some tuple in page y. This set of data page
pairs can then be used to find an efficient page access sequence to minimise the
amount of memory required.

Since this problem is believed to be NP-complete, this project focuses on the
creation of a heuristic which would find such an efficient page access sequence.
In particular, we wish to find the solutions to the following problems:

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 128-[I41], 2000.
© Springer-Verlag Berlin Heidelberg 2000
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1. Given that there are no page reaccesses, what page access sequence will
require the minimum number of buffer pages?

2. Given a fixed buffer size, what page access sequence will require the minimum
number of page reaccesses?

Using the terms first coined in [4], the above problems shall be referred to as
OPAS1 and OPAS2 respectively, for optimal page access sequence problems.

In Section 2, the problem will be examined in detail. The symbols and termi-
nology which are used in this report are explained, and we describe the types of
graphs which we feel are representative of the problem domain. In Section 3, we
examine the existing heuristics for this problem. After providing a general over-
view, we describe Omiecinski’s Heuristic (OH) [3], and Chan & Ooi’s Heuristic
(COH) [4].In Section 4, we present the new heuristic (LOCH). The effectiveness
of LOCH for the two problems OPAS1 and OPAS2 will be compared to the
existing heuristics in Section 5. Finally, in Section 6 and 7, we conclude our
findings, as well as detail some potentially fruitful new directions of research.

2 Terminology and Notation

Existing work has focused on the creation of a heuristic to produce a good solu-
tion to OPAS1, and then adapting it to OPAS2. This is a reasonable approach,
as a page access sequence that requires a minimum number of buffer pages could
be applied with a fixed buffer size, given an appropriate page replacement rule.
In fact, a solution to OPAS1 is the same as that for OPAS2 if the fixed buffer
size in OPAS2 is greater or equal to the maximum buffer size found in OPAS1. A
generic algorithm for this conversion is given in the next section. For this reason,
we shall concentrate on OPAS1 solutions.

We can represent the page-pair information of a join by an undirected join
graph G = (V, E), where the set of vertices V represents the pages in the join,
and the set of edges F C V' x V represents the set of page-pairs which contains
tuples to be joined with each other. As pages are fetched into the buffer, the
join graph is updated as follows: An edge (z, y) is removed from the graph if
the pages z and y have been fetched and joined. A vertex z is removed from the
graph if the degree of z becomes zero. Such a page is said to be released.

Definition 1. Let G = (V, E) be a join graph. A page access sequence S =<
P1,P2, " 5P| > 18 a sequence of distinct pages from V where p; denotes the ith
page fetched into the buffer.

A page access sequence (PAS) specifies the order of fetching the pages of the
join graph into the buffer.

Definition 2. Let S =< p1,pa,---,pjy| > be a page access sequence. The upper
bound of S, denoted by MAX(S), is defined to be the upper bound on the buffer
size of S. S is an optimal page access sequence iff MAX(S) < MAX(S")
for all page access sequences S’.



130 A. Lim, O.W. Chong, and C-H. Chi

A join graph may have a number of distinct optimal page access sequences.
A heuristic to produce such an optimal PAS for a given join graph is the target
of this paper.

Definition 3. Let S =< pi,p2,---,pjy| > be a page access sequence. S = <
DisDit1, " Pivk >, 1 <1 < (V] —k) is a segment of page access sequence
S iff S’ is a nonempty subsequence of S such that

1. No page is released by the entry of p; fori < j <i+k,
2. One or more pages are released by the entry of pi+r, and
3. One or more pages are released by the entry of p;—1 if i > 1.

Thus, each PAS can be uniquely expressed as a sequence of m segments.

Theorem 1. Let S = S10550---05,, be a page access sequence with m segments.
Let Bigst; be the buffer size when the last page of segment i is fetched, for 1 <
i <m . Then, MAX(S) = max{Biast,, Biastss" > Blast,, }-

The proof for this theorem is provided in [4].

2.1 Types of Graphs

As previously shown, the OPAS problems can be dynamically represented by
join graphs. Given that the domain of our problem is database systems, it would
be desirable for us to focus on only the types of graphs which would more closely
represent typical database systems. As such, we restrict our investigation to the
following 3 types of graphs:

General Graph If G is a general graph with v vertices and degree n%, then
Vi, v; € V, Prob[(v;, vj) € E] = 155-
All vertices in a general graph has the same probably of having an edge with
any other vertex in the graph. A general graph simulates a join operation for
a set of pages with no well-defined relational structure. This type of graph
is also known as a random graph.
Bipartite Graph If G is a bipartite graph such that V = 13UV, and V1NV, = 0,
and degree n%, then Prob[(v;, v;) € E] =
1. 155 if vi € V1 and v; € V3,
2. 0 otherwise.
Therefore, a bipartite graph is partitioned into 2 sets of vertices, where the
vertices within a set cannot be connected to each other. This is a model for
a join of 2 relations, with each relation’s pages contained in one partition.

Previous papers have focused on the application of heuristics on the above
two types of graphs. However, we feel that this is not enough, and examine a
third type of graph:

Geometric Graph If G is a geometric graph with v vertices and the expected
degree of each vertex E(0) = k, then G is generated as follows:
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1. Compute d = \/%
2. Generate v points randomly in a unit square, i.e. assign a pair of coor-
dinates (zk, yx), Tk, yx € [0, 1] to each vertex vy.
3. Add (v, v;) into E iff the distance between v; and v; < d,
ie. if \/({EZ — ZEj)2 + (yi — yj)2 <d.
Thus in a geometric graph, there is only an edge if 2 points are “close
enough”, and therefore the points tend to form clusters. It is our opinion
that a geometric graph is a good approximation of multi-relation joins. Each
cluster would approximate a relation, which would have most pages joined
with each other within it. The number of joins between clusters would be

smaller, giving rise to the structure of the geometric graph. See Figure 1]

We feel that these 3 graph types sufficiently capture the qualities of the likely
database system relationships.

Fig.1. A geometric graph with |V| = 500, E(0) = 10

3 Existing Heuristics

3.1 Converting from OPAS1 to OPAS2

The general heuristic for converting a solution from OPAS1 to OPAS2 is given
as follows:
General Heuristic to convert from OPAS1 to OPAS2
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while there are pages to be read do
1. p := SelectPage
2. if buffer is full
a) v:= SelectVictim
b) remove v from the buffer
3. put p into the buffer
4. remove all edges which connects two pages in the buffer
5. remove all pages with no edges from the buffer

The SelectPage function is the main distinction between the different heuri-
stics. This selects the next page in the PAS. The SelectVictim function selects
the page to be replaced when the buffer is full and another page is brought in.
In general, the SelectVictim function finds the page in the buffer with the
highest non-resident degree that is not connected to the current page/segment.
The reason behind this is that if a page has a high non-resident degree, then it
is unlikely to be released in the near future, and hence should be replaced and
fetched later. Another possible premise for the SelectVictim function is to find
the page with the lowest resident degree, so that it contributes to the release of
as few pages in the memory as possible. It is not clear which approach is better,
so we arbitrarily chose the former.

Due to this ready conversion from OPAS1 to OPAS2, this paper focuses first
on devising a good heuristic for the OPAS1 problem, and then converting it to
the OPAS2 problem.

3.2 Omiecinski’s Heuristic (OH)

Omiecinski’s Heuristic (OH) attempts at every step of the heuristic to find the
smallest number of fetches which would remove one page from the memory. The
heuristic was initially formulated for use on bipartite graphs only, but it is easily
converted to cater for any graph. The following is the slightly modified heuristic
OH:

OH heuristic for the OPAS1 problem

1. Choose a page p; in the join graph G such that the degree of p; is minimal
to bring into the buffer.

2. Choose a page p; to bring into the buffer such that

a) an edge exists in G between p; and a page p9 in the buffer, and
b) the number of edges connecting p;- to a node outside the buffer is mini-
mal, i.e. p/ has the lowest non-resident degree.

3. Delete all edges (p, q) from G where p and ¢ are contained in the buffer.
If the degree of a page becomes zero, then remove the page from the buffer
and delete the vertex from G.

4. If G is empty, then quit; if the buffer is empty, goto Step 1; else goto Step 2.

As noted in [], this algorithm is generally outperformed by COH for the
OPAS1 problem. Importantly, however, it outperforms COH for the OPAS2
problem when the fixed buffer size is lower than a certain threshold.

The run-time complexity of this heuristic is O(|V|? x |E|?). For full details
of this heuristic, refer to [3].
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3.3 Chan & Ooi’s Heuristic (COH)

Chan and Ooi’s Heuristic (COH) does not restrict itself to removing pages from
the buffer, but rather examines all the pages to be fetched collectively. At each
step, it looks for the smallest number of pages to be read in order to release a
page, or the smallest minimal segment, and puts it into the buffer.

The COH algorithm, modified to reflect the page that is brought in at each
step rather than the segment, is as follows:
COH heuristic for the OPAS1 problem

1. Choose a page p; in the join graph G such that the value of Priority(p;) is
minimal, where Priority(p;) = non-resident degree of p;, plus one if p; is
not in the buffer.

2. while Degree(p;) > 0 do

Choose a page p; to bring into the buffer such that
a) an edge exists in G between p; and a page in the buffer, and
b) the number of edges connecting p; to a node inside the buffer is
maximal, i.e. p; has the largest resident degree.

3. Delete all edges (p, ¢) from G where p and ¢ are contained in the buffer.
If the degree of a page becomes zero, then remove the page from the buffer
(the page is released) and the vertex is deleted from G.

4. If G is empty, then quit; else goto Step 1.

Priority(p;) gives the number of pages that must be brought into the buffer
in order to release p;, which is its non-resident degree, plus itself if it is not
already in the buffer. Thus the minimal segment is the page with the smallest
Priority() value and all the pages connected to it.

The order of fetching the pages in the minimal buffer is unimportant for
OPASI1, but matters in OPAS2. Hence the above algorithm fetches the page
with the largest resident degree in the segment. The runtime complexity for this
heuristic is O(|V'|?). The full details can be found in [4].

4 The New Heuristic (LOCH)

4.1 Premise

The best existing heuristic for the OPAS1 problem is COH, which seeks to find
the smallest minimal segment during each iteration. However, there are cases
when it is not optimal to fetch the smallest minimal segment. One obvious case
of this is when the smallest minimal segment is made up of several pages with
very high non-resident degrees. These pages would then be left in the buffer
for a long time since they require many pages to be brought in before they are
released.

We use the the notation N-Release-M to denote that N pages are brought
into the buffer to release M pages. We also define BufSize;(S) as the buffer size
after fetching page 7 in page access sequence S.
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COH looks for the smallest minimal segment by finding the smallest number
of pages to be fetched in order to release one or more pages, i.e. N-Release-
(>1). In graphs containing several heavily-connected clusters, COH tends to
fetch the pages with the lowest degrees from several clusters. In fact, COH
performs arbitrarily badly in the graph type shown in Figure[2.

Assume here that p; is identified to be the page released in the smallest
minimal segment. Hence p;, and ps, will be brought into the buffer. According
to the COH heuristic, the next page to be brought in should be p,, since it
requires only 2 pages to release. Thus p3, is pulled in, whereupon p3 is identified
as the smallest minimal segment, and so on. Thus, depending on the length of
the chain, the pg, pages will accumulate in the memory buffer.

AAA
MW A

Fig. 2. Constructed graph on which COH performs poorly

One class of graph which contains several clusters is the geometric graph and
it is found that COH does not perform well on them.

4.2 The Matching Algorithm

We noted that the increase in net buffer size as a result of fetching N pages is
the difference between N and the number of pages released, i.e. for N-Release- M,
the increase is N-M. Obviously, if the number of pages released is greater than
the number of pages fetched (N-Release-(>N)), then the net buffer size will
decrease. Instinctively, it is better to fetch an N-Release-(>N) sequence before
an N-Release-(<N) sequence, since the net buffer size will decrease after the
former but increase or remain the same after the latter. This is provided that
the former sequence does not involve bringing in too many pages, so that the
maximum buffer size is raised.

In order to detect some of the cases of N-Release-(>N), we employed the
mazimum matching algorithm [6], which is a solution to the mazimum matching
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problem. We restrict our definitions to bipartite graphs, since the algorithm per-
tains to only this class of graphs.

matching Given a bipartite graph with partitions X and Y, a matching in the
graph corresponds to a set of edges no two of which meet at the same vertex.

complete matching A matching where all vertices in X are matched.

maximum matching The matching with the maximum number of edges.

There is an existing algorithm which makes use of the concept of alternating
paths to construct the maximum matching of any bipartite graph.

alternating path If G is a bipartite graph with partitions X and Y, and M is
the matching set of G, then a series of vertices A =< v1, V14, V2, V2q, ", Uk,
Vgq > 18 an alternating path of G iff (v;,vi) ¢ M for all 1 < i < k, and
(v(j=1)a>vj) € M for all 1 < j < k. Furthermore, v; and vy, must not be
matched.

We shall depict this maximum matching algorithm as DoMatching(X, Y),
where X and Y are the two partitions to be matched. The maximum matching
algorithm can be found in [5].

At the point where page p; is fetched in the PAS S, if we consider pages
currently in the memory as one partition X, and all the pages connected to the
in-memory pages but not yet fetched into the memory as the other partition Y,
we have a bipartite sub-graph Gg(i) of the original join graph G. We can then
make use of the maximum matching algorithm to detect instances of N-Release-
(>N) subsequences.

Theorem 2. If there is no complete matching of Gg(i), then there exists a
subsequence after the fetching of page p; which is N-Release-(>N).

Proof. Let Gg(i) be a bipartite graph with two partitions IM and OM, and a
maximum matching M. We choose a page p; in X which is not matched, and
construct an alternating path tree, which graphically depicts all alternating paths
emanating from pi, with p; as the root, as shown in Figure[3l Every page on an
odd level of the tree is composed of pages in IM, each connected to its parent (if
any) by an edge in M. Every page on an even level is composed of pages in OM,
each connected to its parent by an edge not in M. Since all alternating paths
start and end with a matched edge, the height of the tree must be odd.

From Figure [ it is clear that every page p(x—1), in OM is paired with the
page pr in IM. Thus if every OM page in the tree is fetched into the buffer,
the IM page which it is paired with will be released, plus page p;. Hence, there
exists a subsequence, consisting of all the pages in OM in the tree, which is
N-Release(>N).

Consequently, given a maximum matching on Gg(%), the following algorithm
finds a N-Release-(>N) subsequence:
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Fig. 3. An alternating path tree

Algorithm to find N-Release-(>N) subsequence

1.

Let IM[ | be an array of in-memory pages, initially empty, and p; be an
unmatched page in a maximum matching on Gg(i). Set Curr as 0, and
NumSeq as 1. Assign IM|[Curr]:= p;.

. while Curr < NumSeq do

a) Set Mark(IM[Curr]):= TRUE;
b) For all non-memory pages connected to page IM[Curr], call it p; with
Mark = FALSE,
i. Set Mark(p;):= TRUE;
ii. Assign IM[NumSeg] as the page matched to p;, and increment Num-
Seq.
c¢) Increment Curr

. Set S as the set of all out-memory pages connected to the pages in IM] |.

This is the N-Release-(>N) subsequence.
We shall denote the above algorithm as FindSeq(). The N-Release-(>N)

subsequence found is the one which contains the smallest number of pages, so
as to reduce the risk of raising the maximum buffer size.

4.3 The LOCH Algorithm

One problem with the N-Release-(>N) approach is that there is a possibility
that such a subsequence is detected close to the point of MAX(S), so that the
greater number of pages read in brings the maximum buffer size higher than it
would be if the smallest minimal segment is read in instead.
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In order to somewhat reduce this problem, we made the COH algorithm the
basis of the new heuristic. One run of COH will be made to find the value of
MAX(S) under COH. This value is used as a threshold to judge whether the
N-Release-(>N) subsequence is detected as too close to the point of MAX(S)
to be used. Furthermore, if a N-Release-(>N) subsequence is not detected, then
the smallest minimal segment will be used instead.

After a complete run, the resultant MAX(S) is compared to the Threshold
value. If it is better, the Threshold value is assigned the value of MAX(S), and
the algorithm is run once again with the new threshold value.

Preliminary testing discovered that it is often the case that although a N-
Release(>N) subsequence is found, it is rejected because the size of the subse-
quence plus the current buffer size is greater than the threshold. However, it is
actually possible to make use of the subsequence as the threshold is not breached
if the subsequence is brought in by order of smallest minimal segments.

We discovered that the average performance of the algorithm improves if,
at the times when an N-Release(>N) subsequence is found, we simply bring in
the smallest minimal segment in the subsequence if its size does not bring the
current buffer size over the Threshold. We call this algorithm, simply the LOCH
heuristic:

The LOCH Heuristic for the OPAS1 problem

1. Run COH Algorithm (see Section 3.3). Let Threshold:= MAX(S) under the
COH Algorithm. Let Seg be a set of pages, initially empty.

2. Choose a page p; in the join graph G such that the value of Priority(p;) is
minimal, where Priority(p;) =
non-resident degree of p;, plus one if p; is not in the buffer.

3. Find IM, the set of pages in the buffer, and OM, the set of pages that are
not in the buffer and are connected to one or more pages in IM.

4. Assign as MinPage the single page p; found in Step 2.

5. if DoMatching(IM, OM) = FALSE, then

a) Use FindSeq() to find Sy, the N-Release-(>N) subsequence with the
smallest value of N.
b) Find the page pmin, which is the page with the smallest degree in S,,.
If the degree of P+ the current buffer size < Threshold, then assign
MinPage = pmin-
6. If MinPage is not in the buffer, bring it into the buffer.
Bring all pages connected to MinPage into the buffer.

8. Delete all edges (p, ¢) from G where p and g are in the buffer. If the degree
of a page becomes zero, remove it from the buffer and delete it from G. If
the page is in Seg, remove it from Segq.

9. If G not empty goto Step 2.

10. If G is empty, then
— If MAX(S) < Threshold then set Threshold:= MAX(S), reload the graph

G and goto Step 2.
— else, QUIT.

=
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To speed up the heuristic, Step 3 can be modified so that the in-memory
and out-memory sets IM and OM are updated as the pages are fetched and
released. This can be done at the same time as the detection of the smallest
minimal segment in Step 2. With practical testing, it was found that the number
of runs it takes for the heuristic to find the final solution is usually 4 or less.
O(|V| x |V||E|) as bipartite matching can be performed easily in O(|V||E|) time.
If incremental matching is done at each iteration, the runtime complexity can
be reduced to between O(|V||E|) and O(|V|?|E|).

The conversion to the OPAS2 problem is not as straightforward for LOCH.
There is a possibility that too many pages that are in the buffer are connected to
pages in the N-Release-(>N) subsequence, and hence there is no good candidate
for replacement when the fixed buffer size is reached. To overcome this problem,
we only fetch the N-Release-(>N) subsequence if it is possible to fetch it into the
buffer without the need for replacements. Further, the Threshold value to decide
if another run is required is now the number of replacements of the previous run.

5 Performance Analysis

5.1 OPAS1 Heuristics

According to the results given in [4], COH generally outperforms both OH and
FPH for the OPASI problem. Therefore, for the OPAS1 problem, we only provide
the comparison between COH and LOCH. However, due to the nature of the
LOCH heuristic, in that it always takes the COH result if it cannot find a better
one, LOCH will never generate an answer which is worse than COH.

The performance experiments are characterized by the following parameters:
type of join graphs, parameters of join graphs, size of join relations and type of
heuristic. For each class, 20 join graphs are randomly generated, and the optimal
buffer size obtained by COH and LOCH are reflected.

The results for geometric graphs are shown in Table[I. As a representative
result, all 20 test graphs with 500 vertices and E(#) = 50 are shown, ranked
in terms of best percentage improvement of the LOCH heuristic over the COH
heuristic. For the other distributions, the best 5 results are shown.

For certain examples of geometric graphs, the LOCH heuristic clearly outper-
forms the COH heuristic by a significant margin. The percentage improvement
is generally less when the density of the graph is higher. This is instinctively
correct, as the denser graphs have fewer clear-cut clusters, and hence there are
fewer opportunities to detect N-Release-(>N) subsequences. Nevertheless, the
amount of improvement over COH for some geometric graphs is substantial.

The amount of improvement by the LOCH heuristic over the COH heuristic
for general graphs is minimal, seldom going over 3 or 4 pages better. By tracing
the program during the running of these tests, it was found that for general
graphs, the N-Release-(>N) subsequences that are detected tended to be very
large. This is due to the fact that the nodes in general graphs are equally likely
to be connected to any node, and hence there are few clear-cut clusters. As a
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Table 1. Results of COH and LOCH on geometric graphs for OPAS1

Filename V] E(9) |B(COH)|B(LOCH)|Improvement
(pages)|(edges)| (a) (b) (%)
Geo500.50_16 130 89 31.54
Geo500.50_20 108 85 21.30
Geo500.50_15 122 99 18.85
Geo500.50_9 116 96 17.24
Geob500.50_1 119 105 11.76
Geo500.50_4 102 93 8.82
Geo500.50_2 106 97 8.49
Geob500.50_14 104 98 5.77
Geo500.50_18 102 97 4.90
Geo500.50_10 500 50 114 110 3.51
Geob00.50_17 95 92 3.16
Geo500.50_13 100 97 3.00
Geo500.50_19 106 103 2.83
Geob500.50_3 112 110 1.79
Geo500.50_8 113 113
Geo500.50_11 113 113
Geob00.50_12 109 109
Geo500.50_6 95 95
Geob500.50_7 90 90
Geo500.50_5 89 89
Geob500.25_6 84 63 25.00
Geo500.25_14 82 63 23.17
Geob500.25_18 500 25 82 67 18.29
Geob500.25_12 79 67 15.19
Geo500.25_16 69 59 14.49
Geob500.75_20 136 121 11.03
Geo500.75_16 129 120 6.98
Geob500.75_9 500 75 130 121 6.92
Geob00.75_12 152 142 6.58
Geo500_75_8 142 133 6.34
Geol1000.50_3 156 130 16.67
Geo1000_50_15 193 162 16.06
Geol000_50-4 | 1000 50 186 166 10.75
Geol000.50_18 148 134 9.46
Geo01000.50_14 131 122 6.87

result of the large subsequences, it often turned out that fetching the subsequence
would bring the maximum buffer size above the threshold.

It is interesting to note that the LOCH heuristic derives no improvement at
all compared to the COH heuristic when performed on bipartite graphs. It is the
nature of bipartite graphs to have almost no clusters to speak of, and hence the
special case of an N-Release-(>N) subsequence is almost never found.
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5.2 OPAS2 Heuristics

As an indication of the performance of LOCH in OPAS2, we present the com-
parison of the results betwen COH and LOCH for 20 geometric graphs with
|V| =500 and E(#) = 50, with the buffer size fixed at 80 pages. The results are
shown in Table 2l As can be seen, the amount of improvement over the COH
heuristic is significant, but diminishes as the fixed buffer size decreases, since
there are fewer opportunities for N-Release-(>N) subsequences to be read in
before the fixed buffer size is reached.

Table 2. Results of COH and LOCH on geometric graphs with |V| = 500, E(0) = 50
and F' = 80, for OPAS2

Filename COHopt|R(COH)|LOCHopt| R(LOCH)|Improvement
(pages) | (pages) | (pages) | (pages) (%)
Geob500.50_14| 104 39 98 21 46.15
Geob00.50_17 95 18 92 12 33.33
Geo500.50_3 112 20 110 15 25.00
Geob500.50_19| 106 41 103 31 24.39
Geob500.50_18| 102 41 97 33 19.51
Geo500.50_4 102 28 93 25 10.71
Geob500.50_2 106 24 97 22 8.33
Geob500.50_16/ 130 38 89 36 5.26
Geo500.50_9 116 44 96 42 4.55
Geo500.50_1 119 48 105 46 4.17
Geo500.50_7 90 34 90 33 2.94
Geo500.50_12| 109 77 109 76 1.30
Geob500.50_8 113 69 113 69
Geo500.50_10| 114 67 110 67
Geo500.50_11| 113 51 113 51
Geob500.50_13| 100 35 97 35
Geob500.50_15| 122 25 99 25
Geo500.50_6 95 20 95 20
Geob500.50_5 89 10 89 10
Geo500.50_20| 108 9 85 9

The amount of improvement of the LOCH heuristic over the COH heuristic
for general graphs is similarly minimal. In both the case of geometric graphs
and general graphs, similar results were obtained for graphs with more vertices
and/or edges.

5.3 Deficiencies of the LOCH Heuristic

There are some deficiencies of the LOCH heuristic which, have not been conclu-
sively addressed here. They should be examined in future work.
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One possible refinement is the detecting of N-Release- N subsequences as well.
The arguments for the inclusion of N-Release- N subsequences before N-Release-
(<N) subsequences are similar to those for N-Release-(>N) subsequences.

Another failing is that the LOCH heuristic only detects cases where the pages
removed are all currently in the memory. In fact, there may be many cases of
N-Release-(>N) subsequences where not all the pages released are already in the
memory, and these are not detected.

These deficiencies should eventually be addressed. Nonetheless, the existing
LOCH heuristic gives us a platform to start new directions of research.

6 Conclusion

In this paper, we have attempted to find a heuristic for the OPAS1 and OPAS2
problems which performs better than the existing heuristics. En route to the
creation of the algorithm, we examined the current best heuristics, the OH and
COH heuristics, and examined their advantages and disadvantages.

We devised a new heuristic, LOCH, which performs better than existing
heuristics, particularly in the case of geometric graphs. This is a useful result as
it is our belief that geometric graphs is a good representation of possible real-life
multi-relational joins. The LOCH heuristic is based on the concept of finding N-
Release-(>N) subsequences, such that the resultant buffer size after the entire
sequence is fetched is less than before.
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Abstract. We consider queries which originate from a mobile unit and whose
result depends on the location of the user who initiates the query. Example of
such a query is How many people are living in the region I am currently in?"
We execute such queries based on location-dependent data involved in their
processing. We build concept hierarchies based on the location data. These
hierarchies define mapping among different granularities of locations. One such
hierarchy is to generate domain knowledge about the cities that belong to a
state. The hierarchies are used as distributed directories to assist in finding the
database or relation that contains the values of the location-dependent attribute
in a particular location. We extend concept hierarchies to include spatial
indexes on the location-dependent attributes. Finally, we discuss how to
partition and replicate relations based on the location to process the queries
efficiently. We briefly discuss the implementation issues.

1 Introduction

Advances in wireless communication technology make it possible to realize a data
processing paradigm that eliminates geographical constraints from data processing
activities. In this environment, mobile users (mobile units) are not attached to a fixed
location all the time. Instead their point of connection to the network changes as they
move. A mobile unit is connected to a server, which manages the data processing
activities in a well-defined region. When a unit moves out of one region, it gets
connected to the server of a new region. The attachment to different servers is handled
in a way that the mobile unit gets continuous service while moving. We envision a
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ubiquitous data processing system, which gives the impression that the desired data is
available in the vicinity of a processing unit and can be accessed at anytime from
anywhere.

The data processing mechanism in mobile environment is not fundamentally different
from the conventional system [11]. However, the freedom of geographical mobility
while processing information gives rise to a number of interesting and challenging
problems, which can be categorized into application and system problems. In the
application domain, one faces the problem of developing query structure and their
processing, management of location-dependent data [1], accessing desired data, etc.
System problems concern the consistency, serialization, system recovery and security.
We present research ideas for processing queries that deal with location-dependent
data [1,2]. Such queries are refereed as location-dependent. The objective is to get the
right data from different locations for processing a given query. The results returned
in response to such queries should satisfy the location constraints with respect to the
point of query origin, where the results are received, etc. We propose to build
additional capabilities into the existing database systems to handle location-dependent
data and queries.

We present several examples to recognize the problems of accessing correct data
when the point of contact changes. Data may represent social security number (SSN)
of a person, or maiden name, or sales tax of a city. In one representation the mapping
of the data value and the object it represents is not subjected to any location
constraints. For example, the value of SSN of a person remains the same no matter
from which location it is accessed. This is not true in the case of sales tax data. The
value of the sales tax depends on the place where sales query is executed. For
example, sales tax value of Indiana is governed by a different set of criteria than the
sales tax of Michigan. We can therefore, identify the type of data whose value
depends on the set of criteria established by the location or not subject to the
constraints of a location. There is a third type of data that is sensitive to the point of
query. Consider a commuter who is travelling in a taxi and initiates a query on his
laptop to find the nearby hotels in the area of its current location. The answer to this
query depends on the location of the origin of the query. Since the commuter is
moving she may receive the result at a different location. Thus, the query results
should correspond either to the location where the result is received or to the point of
the origin of the query. The difference in the two correct answers to the query depends
on the location and not on the hotel. The answer to the query “find the cheapest hotel”
is not affected by the movement. The former depends on the location where as later
on the object characteristics.

Our focus in this paper is to model location-dependent data and execute queries
processing them. To manipulate this kind of data we build concept hierarchies (based
on the location) and extend them to include spatial indexes on the location-dependent
attributes. For efficient query processing, we discuss the horizontal and vertical
partitions and replication of relations based on location. We discuss how location-
dependent data can be grouped or summarized. The partition tables and summarized
relations can be cached at mobile unit so that location-dependent queries can be also
processed locally.
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The research on predicting, storing and querying the location of mobile objects has
been discussed in [4,5,6,7,8]. Location-dependent data considered in this paper are
stationary. They do not correspond to moving objects [4,5,6]. In moving object
paradigm, objects are constantly moving and their location related data is constantly
being updated in the database. We assume here that the location information about a
mobile host is found with the help of a Global Positioning System (GPS) in
conjunction with some of the methods used to predict future locations [5,9]. For
example, Omnitracs developed by Qualcomm [10] is a commercial system used by
transportation industry which provides location management by connecting vehicles
such as trucks, via satellites, to company databases.

The research questions addressed in this paper are: (a) How to represent location-
dependent data efficiently?, (b) Do we need to represent location differently or could
it be represented in the schema?, (c) How to handle database partition and replication
in the presence of location-dependent data?, (d) How to create index data using
location and manage them for efficient query processing?

The remainder of this paper is structured as follows. In section 2, we discuss mobile
database system architecture. Section 3 defines location-dependent data and query
processing. We present a motivating example in Section 4. We discuss concept
hierarchies in Section 5. Location-dependent indexing and summarization has been
described in Section 6. Section 7 presents our discussion on replication and
partitioning issues and implementation overview. We conclude in Section 8.

2 Mobile Database System Architecture

S >

§*~.!/ Acell Wireless link

Fig. 1. Architecture of MDS

Figure 1 presents a general architecture of the Mobile Database System (MDS). A set
of general purpose computers (PC, workstations, etc.) are interconnected through a
high speed wired network. These computers are categorized into Fixed hosts (FH)
and Base Stations (BS) or mobile support stations (MSS). A number of laptop
computers, referred to as Mobile Hosts (MH) or Mobile Units (MU) are connected to
the wired network components only through BSs via wireless channels. MUs are
battery powered portable computers, which move around freely in a restricted area,
which we refer to as the "geographical mobility domain" (G). In Figure 1, G is the
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total area covered by all BSs. This size restriction on their mobility is due to the
limited bandwidth of wireless communication channels.

To support the mobility of MUs and to exploit frequency reuse, the entire G is divided
into smaller areas called cells. Each cell is managed by a specific BS. The mobile
paradigm requires that a MU must have unrestricted movement within G (inter-cell
movement) and must be able to access desired data from any cell. The process of
crossing a cell boundary by a MU and entering into another cell is referred to as a
handoff. The entire process of handoff is transparent to a MU and is responsible for
maintaining end-to-end data movement connectivity.

A database server (DBS) can either be installed at BSs or can be a part of FHs or can
be a separate from BS or FH. In our MDS architecture, the location-dependent query
arrives at MU and are processed with the help of MU, BS and DBS.

3 Location-Dependent Data

A location is a geographical area. Location may be expressed with various
granularities. For instance it may be specified as a longitude-latitude pair, a city, a
country or a region covered by a cell or a group of cells when referring to the cellular
architecture in wireless communications. A data item is location- dependent if it takes
on different values based on the location. For example, sale-tax rate is location-
dependent while the authors of a book are not.

Definition 1. Location-dependent data - data whose value varies with location.

A location-dependent data item may have some value a in region A and some other
value b in another region B at the same time. Both values are correct in their
respective regions and represent the same data object. The value b may be related to
value a by some functional mapping which may depend on factors such as the
distance between the two regions or the two values may be independent. We assume
that values in a location remain the same unless explicitly updated. We have not
considered items whose value changes continuously with time.

Definition 2. Location attribute — an attribute whose domain consists of locations.
An example of a location attribute is the Location-address attribute in the relation
shown in Figure 2. A location attribute may be explicit in the relation. The location
attribute may be explicitly specified in the database scheme. However, there are cases
in which there is no explicit location attribute, instead the location attribute is
implicitly determined from the context. For example an implicit location attribute may
be the location at which the database is stored. Such implicit attributes may be
included as metadata or as part of an auxiliary schema.

Definition 3. Location-dependent attribute — an attribute whose value is associated
with a location.

For example, both the Per day charges and the Tax attribute in the database instance
in Figure 2 change based on the location attribute Location-address. A location-
dependent attribute does not necessarily have different values at all different locations.
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Definition 4 (a). Location-dependent query (type A) - A query Q is called location-
dependent if its result depends on the location at which the query is originated.
Definition 4(b). Location-dependent query (type B) — A query Q that processes
location-dependent data is also called location-dependent query. Location information
may be in the form of longitude and latitude or in some other spatial parameter. The
location information may be implicit or explicit in the query.

The query "How many people are living in the region I am currently in?" can be
regarded as location-dependent because it must access the population of particular
region. On the other hand "List the SSN of people who are older than 50 years", is not
a location-dependent query.

We propose approaches for processing queries which access location-dependent data
under the following possible cases:

Location information is explicit in the query. For example, "What is the humidity and
temperature in Kansas City today?" The location Kansas City may be presented in
the where clause of SQL-syntax like “where location = “Kansas City”. The query
must use Kansas City weather data and the result will be location specific. It is
possible that the mobile unit could be in a different region when it receives the
answer. Still the information is correct and can be used.

Location attribute is not explicit in the query, and query is evaluated for the location
where it originated. The system can identify the implicit location by using longitude
and latitude information, which can be available through GPS. There could be some
other ways of identifying the location information such as the use of location directory
or prediction with the help of the users past behavior. However, the problem with this
answer is that the location information is not deterministic. Thus, the validity of this
result cannot be accepted at a location with different longitude and latitude values.
Location is not explicit and the query is evaluated such that the results correspond to
the current location where the user receives them. For example, suppose a salesman
driving on a highway initiates a query "Which is the nearest hotel?" on his laptop. If
the query is processed related to the current location of the salesman, then there may
never be a precise answer, because by the time the distance is computed and relayed
to the salesman, he might have changed his longitude and latitude. The value will be
approximate and could be acceptable in certain cases. This processing mode,
however, will require continuous monitoring of the mobile unit to identify its next
location where the query result will be dispatched.

Location is not explicit and the query is evaluated at the time the query arrives at the
database server. In this case, there are two issues. First, the query results reflect the
current position of the user at the time query is evaluated. Second, the results reflect
the current location associated with the location-dependent data. The first case is
similar to the previous case; the query is evaluated with respect to the future location
where the results will be received. However, the second case is different where the
location information reflects the current state of the database. For example, the query
“What is the destination of taxi with registration number CJ 213 will be evaluated
with respect to its destination location at the time query is executed. However, when
the results arrived, the target destination may change for that taxi in the database.
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In such cases, the results returned to the user with respect to reference location
(location used in the evaluation of the query) may be different but consistent and
correct.

4 Location-Dependent Query Processing and Motivating Examples

Consider the following relational schema: Hotels (Hotel-name, Location-address, Per-

day charges, Tax, Distance (from airport)). The relation is shown in Figure 2.

Hotel- Location- Per day | Tax (%) | Rebate(%) Distance
Name address charges (Oct.- (from-
March) airport)

Holiday-Inn | San Jose, CA | 110 5 10 5
Holiday-Inn | Palo Alto, CA | 110 5 10 10
Holiday-Inn | Berkeley, CA | 110 5 10 30
Holiday-Inn | Dallas, TX 100 7 0 40
Ramada-Inn | San Jose, CA | 110 5 10 30
Ramada-Inn | Houston, TX 100 7 0 40

Fig. 2. Hotels

In Figure 2, there are two location-dependent attributes: Per day charges and Tax.
They both depend on the location attribute Location-address. They depend indirectly
on the Distance (from-airport) location attribute, since the distance from the airport
can be computed from the Location-address attribute. Since the location attributes
Location-address and Distance are part of the scheme, they are explicit location
attributes.

We consider SQL-type location-dependent queries that include a location attribute in
the where clause as well as queries that do not include such an attribute. Consider the
following query:

Find the hotels in the area of California. This query can be translated into the
following SQL-syntax

Q1 Select Hotel-name, Location-address from Hotels where Location-address
like “CA”’;

This is an example of a query that includes a location-attribute namely the Location-
address attribute. This query will return all tuples that contain “CA” in the Location-
address in the relation Hotel in Figure 2. However, treating this as a location-
dependent query, we expect to retrieve results depending on the location of the mobile
user who posed the query. Assume that the user is willing to drive only k miles form
its current position. Such user preferences may be a part of a user profile that
maintains personalized information for each user. For example, lets assume that the
user issues the query from the airport in CA, k = 12 and that the reference location is
the location of the user when posing the query. Then, the first two tuples are returned
to the user. If instead we consider as reference location the location of the user when
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it receives the result of its query, then different tuples may be returned since the user
may have moved a few miles away form the airport.

In query QI, one of the location attributes Location-address is part of the query
whereas the other location attribute Distance does not appear in the query. In order to
process such a query, the database needs another layer which can map the query with
the help of the user movement information captured by a GPS system to another
query like Q2.

Q2 Select Hotel-name, Location-address from Hotels where Location-address
like “CA” and distance from airport <= 12;

A realistic query may not include a location attribute but queries for all hotels close to
the user: Find the hotel addresses in my area. The equivalent query can be
represented in SQL-syntax as follows:

Q3 Select Hotel-name, Location-address from Hotels where location-attribute =
current;

The database system must complete this query with information about the location of
the user by giving value to current before executing it.

Another issue arises if different notations are used for describing locations. Consider
that the database does not contain the exact location of state such as CA, but suburbs
such as Palo Alto or Berkeley. In that case, to execute the query Q1, the database
system must first find which locations are in the CA state and then use the distance
from the point of the origin of the query to find the exact location of the hotel.
Another example of the issues arising due to differences in describing location is the
following query:

Find the hotels in Palo Alto area. The equivalent query in SQL-syntax can be as
follows:

Q4 Select Hotel-name, Location-address from Hotels where Location-address
="Palo Alto’’;

If query Q4 is executed using the relation Hotels, it will not return any hotels, as it
does not match any of the tuples.

Yet another possibility is that the location attribute Address contains only CA. In this
case, tuples in the relation Hotels can be grouped and replaced by one single tuple
containing CA in the Location-address field (see Figure 4).

5 Concept Hierarchies

Concept hierarchies define a sequence of mappings from a set of lower-level concepts
to their higher level correspondences [3,12,13] resulting in a hierarchy of concepts. In
other words, concept hierarchies provide a set of predefined hierarchical relationships
that generalize lower layer (i.e., primitive data) information to high layer. For
example, a set {tennis, rugby, hockey, football} can be generalized as “sports” at a
high level concept. A concept hierarchy can be defined on a single or on a set of
attribute domains. For example, see the Location-address attribute in Figure 2.
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5.1 Location-Based Concept Hierarchies

Concept hierarchies are data or application specific since they define mapping rules
between different levels of concepts. The mapping of a concept hierarchy or some
portion of it may be provided explicitly by a knowledge engineer or a domain expert.
Many different concept hierarchies can be constructed based on different view points
or users preferences. However, usually, many concept hierarchies can be associated
with an attribute. In many implementations, it would be possible for a set of relatively
stable and standard concept hierarchies to be made available as a common reference
by all the databases. In [3], an automatic and dynamic generation of concept
hierarchies is given.

Some of the issues in the construction of the location based concept hierarchies are as

follows:

e Only set-valued domains of location attribute are considered. It is assumed that
set-valued domains of attributes are simple structure-valued domains containing
only discrete location values.

e The relational databases are summarized by using the location attribute’s values
at higher or the lower level concepts. Concept hierarchy can have any level of
depth based on granularities of the location.

e There is no common region among two different locations. Thus, concept
hierarchies are represented as trees.

Concept hierarchies can be generated among location attribute domains for the

following:

e  Within a domain itself, there may exist a concept hierarchy among the values in
the location attribute. For example, a domain may be successively refined into
more specialized location domain values.

e A concept hierarchy can be defined among location attributes using domains of
attributes of a relation. For example, a concept hierarchy can relate attributes
«Cityl» and «City2» with “State” at the root (since a state can have many cities).

e There may exist a concept hierarchy among domains of location attributes of
different relations. For example, consider attributes “city” and “state” which may
appear in two different relations. In that case, we can define a concept hierarchy
across these two relations where “state” appears at higher level and “city” at
lower level.

5.2 Constructing Concept Hierarchies

Concept hierarchies are constructed for each of the location attributes across all
relations based on the domain values of those location attributes. The granularity of
the concepts in the hierarchy may vary from that of the values of the domain of each
individual attribute. For instance even if the domain of an attribute is a set of street
addresses, the hierarchy may include only streets. Domain experts can be consulted to
ensure that the hierarchies are complete and correct.
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In general, concept hierarchies of domain values of location attributes are updated
infrequently. Since they are constructed based on domain values, there is no need to
incrementally update such hierarchies when:

e new values are inserted into a relation, or

e tuples are deleted from a relation.

Concept hierarchies need to be updated when attribute domains change or there is a
need to include location attributes of new databases. For example, the introduction of
a database that describes locations in USA necessitates that the concept hierarchy of
Figure 3 is extended to include locations in USA. Note that one may construct concept
hierarchies involving only instances of domain values that occur in a given relation
instance. In this case, the insertion or deletion of tuples may cause the update of the
concept hierarchy.

6 Location-Based Indexing and Summarization

Consider the concept hierarchy (CH) for each state in USA with the root as USA.

USA
/GR
Texas (TX) California (CA) Indiana
(IN)........ /\
Houston.. Dallas.. Paulo Alto... Berkeley... Lafayette...

Fig. 3. Concept Hierarchy

Concept hierarchies are used to translate between different granularities used to
represent locations. For instance, the concept hierarchy in Figure 3 can be used to
determine that Palo Alto is a city in CA. Concept hierarchies can be used in
conjunction with spatial indexes and for summarizing location information.

6. 1 Building Indexes

Concept hierarchies can be used as directories for direct processing using the
appropriate database that includes values based on the reference location of a query.
For instance, when a user issues a query similar to Q3 while the user is in California,
the concept hierarchy can be used to direct to the Hotel relation that includes hotels in
the California region.

In particular, we propose extending concept hierarchies to include information about
the location of the database/relations that include location attributes. We build indexes
for each location attribute in a relation. Such indexes may be spatial indexes, such as
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R" trees. Nodes in the concept hierarchy point to the appropriate node of the spatial

index. For instance, assume that we build a spatial index for the Address-Location

attribute of the Hotel relation. In this case, the California node of the CH will include
an entry (Hotel, Pointer) where Pointer points to the node of the spatial index on the

Address-location attribute whose subnodes cover hotels in California.

In the case of a location-dependent query, the location of a moving user is commonly

given as a pair of (latitude, longitude) values. This pair is mapped to the appropriate

leaf of the concept hierarchy. In particular:

(a) If the reference location is the location of the user at the time the query is posed,
then before sending the query for evaluation, the location of the user is estimated.

(b) If the reference location is the location of the user at the time the query arrives,
then the estimation of the position of the user is initiated at the site at the static
network that receives the query.

(c) If the reference location is the location of the user when the result arrives at its
MH, the estimation of the location is again performed at the static site. However,
estimating the location is now an involved procedure since this is a future
location. This computation must also account for the time to transmit the result.

Once the location of the user is determined, this location is mapped to a leaf in the

CH. For example, if the location is inside John Hopkins University, the location is

mapped to the leaf “Baltimore”. Then, we move up the CH tree until we find an entry

for the requested relation. If the requested relation is the Hotel relation, then we end
up at the node with label CA. This node points to the appropriate entries in the Hotel
relation.

6.2 Location-Based Summarization

Another advantage of concept hierarchies is that the database relations can be
condensed or summarized [13] using the location attributes. For example, suppose
that the address field in the relation in Figure 2 contains no state such as CA and TX.
This relation is summarized as follows using the CH in Figure 3. The Distance
attribute now basically represents the aggregate operator maximum. It is applied here
to the set of locations contained in the column and computes a new distance.

Hotel-name | Location | Perday | Tax (%) Rebate(%) Distance
-address | charges (Oct.- (from air-
March) port)
Holiday-inn CA 110 5 10 30
Holiday-Inn TX 110 7 0 20
Ramada-Inn CA 110 5 10 40
Ramada-Inn TX 110 7 0 30

Fig. 4. Hotel 1: Summarized Relation Hotels

The relation in Figure 4 can be summarized as shown in Figure 5 using an aggregation
operator like max for numeric values and conceptual summarization for location.
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Another possibility is taking an aggregation operator like minimum. The error in the
query can be generated if we know the maximum or minimum values for example of
Per day Charges irrespective of locations then one can calculate the approximate
answers [13]. For example, suppose that a mobile user has received a response to her
earlier query about the Per day charges in CA area as 100 and tax as 5% for Holiday-
Inn. Now she has received in response to the same query Per day charges as 110 max
and tax as 7% max in another region A consisting of CA and TX using the relation
shown in Figure 4. For simplicity, we assume that the query does not take into
account rebates. With the help of earlier answer, she can approximately calculate that
the error in per day charges between two locations CA and TX is (110 + 7%) - (100
+5%). This will be the error in the positive side. That is, user might have to pay
minimum O dollars to maximum 12 dollars. If we use the aggregation operator min
then error can be calculated on the negative side. User knows in this case he has to
pay minimum amount as 100+5% and his earlier answer can be of no help. Thus, it is
better to use aggregation operator max.

Hotel | Location | Max. Per | Max. Max. Max.Distance
-name | -address | day Tax (%) | Rebate(%) miles from
charges (Oct.-March) | airport)
Holiday | Region A | 110 7 10 30
- Inn
Ramada | Region A | 110 7 10 40
-Inn
Fig. 5. Hotel2 : Summarized relation Hotell
Hotel- Location Per day | Tax (%) | Max. Rebate(%) | Max. Distance
name -address Charges | Max. (Oct.-March) (from airport)
Max. in miles
Hotels Region A | 110 7 10 40

Fig. 6. Hotel3: Summarized relation Hotel2

By performing one more level of summarization and aggregation, we get the
following relation as shown in Figure 6. Note that if the query is to find the Per day
charges in Holiday-Inn, then the query in SQL-syntax will look like as follows:

Select Per day charges from Hotel2 where Location-address = “Region A”.

The above query gives approximate answers that are valid in a much larger region A.

7 Replication and Partitioning

In mobile computing, replication of data can improve availability and allow a mobile
host to operate even when disconnected from the fixed network. However, it incurs
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overheads since all replicas must be kept up-to-date. Our replication scheme is
involves a hierarchical replication of database.

7.1 Data Partitioning Based on Location

To speed-up query processing, a relation may be partitioned based on the value of the
location attribute. This partition may be physical or logical. In the case of a logical
partition, the spatial index is used to define the tuples in the partition. A MH can store
the part of the database that corresponds to its location. By doing so, queries can be
answered locally on the MH. The relation Hotels shown in Figure 2 can be partitioned
based on locations. We can get two partitions one for CA and another for TX. The
partition (relation) for CA is in Figure 7.

The attributes such as Per day charges, Tax can be removed since they are redundant.
Thus, we get the following relations as shown in Figures 8 and 9. The original relation
can be obtained by taking the cross product of the relations shown in Figure 8 and 9.
Note that Figure 7 corresponds to horizontal partition where as Figures 8 and 9 are
with respect to vertical partitions of relation Hotels.

The Location-address can be removed and the location information can be augmented
either with hotel name or using the concept hierarchies as shown in Figure 3 since we
know that this relation is for locations in CA. Thus, we can again summarize the
partition shown in Figure 8 as discussed in Section 6.2.

Hotel-name Location-address | Per day charges |Tax | Distance
Holiday-Inn San Jose , CA 110 5 5
Holiday —Inn | Palo Alto, CA 110 5 10
Ramada-Inn San Jose, CA 110 5 30
Holiday-Inn Berkeley, CA 110 5 30

Fig. 7. Hotel 4: Partition relation Hotels

Hotel-name Location-address Distance
Holiday-Inn San Jose , CA 5
Holiday —Inn Palo Alto, CA 10
Ramada-Inn San Jose, CA 30
Holiday-Inn Berkeley, CA 30

Fig. 8. Vertical partition 1: Hotels

Per Day Charges | Tax
110 5

Fig. 9. Vertical partition 2: Hotels
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7.2 Hierarchical Replication Based on Location

Location dependency provides for an innovative replication scheme. We view a
database as having multiple layers and we fully replicate base data (common at all the
levels) at the lowest level. Base data is location-independent data. Replication of base
data can be done at all the servers. At layer 0, we only replicate base data; data that do
not depend upon location. At the next higher level, we have data that are the same for
that set of locations and so on. Thus, we can replicate data in a hierarchical fashion.
Let us assume that Per day charges are same in all Holiday Inns in CA region as in
Figure 2. We assume here that relation contains data about hotels in CA and TX only.
We consider Hotel name and Per day charges as base relation and attach the CA and
TX as location information with this relation. At next level, we create a relation with
Tax, Address (location), Winter rebate and Distance (maximum) as attributes.

In Figure 2, Per day charges remain the same within the CA area, so there is no need
to repeat this information for all the locations in CA, but it can be attached only to CA
so that it will be valid for all the locations in CA. We can also replace the tuples that
belong to different regions in CA by a single tuple with address CA as shown in
Figure 11. This strategy avoids repeating information at all locations. However, note
that some information may need to be repeated in case we need to join two relations
linked to two different locations. We do not address this issue further in this paper.

Per day charges | Hotel names
110 Holiday-Inn
100 Ramada-Inn

Fig. 10. Level 0 — Base relation - location (CA, TX)

Tax(%) Hotel address Winter rebate(%) Distance (maximum)
5 CA 10 30
7 X 0 40

Fig. 11. Level 1 — relation at level 1- location CA

7.3 Implementation Overview

One can store concept hierarchies and corresponding indexes at MUs. These concept
hierarchies (CHs) and indicies correspond to the current location of MU. Once the
MU moves to different location (note that many cells collectively may define a
location), they need to be replaced by corresponding CHs and associated indexes. The
CHs are stored at DBS (database servers) permanently. Since there are number of
DBS, each one can have CHs and indexes corresponding to their location or they may
also have replicated CHs and indexes. One advantage of replicating them is that MU
can cache the CHs of next location before moving. However, in case there is a change
in CHs and indexes at DBS, cache of MU needs to be made consistent. Normally CHs
change infrequently since they are generated based on domain knowledge, not on
instance level.
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We assume here that MUs have some capabilities of processing a query. Once a
query arrives at MU, it can reformulate the query with the help of CHs and then use
indexes to find the corresponding database (relations). The query is then redirected to
the corresponding DBS through BS which executes the query.

Another choice for storing CHs is DBS. Here it is we assumed that MUs have no
capabilities of processing a query. Once the query arrives at MU, it is forwarded to
DBS which then reformulate and executes the query.

Regarding the databases, each MU (if has database capabilities) can also store the
partition tables (as shown in Figures 7, 8 and 9) with respect to its location. It then can
execute the query locally. These partitioned tables however needs to be consistent
with respect to original table at DBS. However, at the time disconnection, these tables
can still be used to provide approximate answers [13].

8 Conclusions

We discuss location-dependent data and query evaluation. The modeling aspect and
the data structures needed to implement location-dependent queries are given. The
hierarchical replication scheme discussed is different than traditional replication of
databases. Our location-dependent data and attribute concept is different than moving
objects [4,5,6] where location-attribute is constantly changing (they call it dynamic
attribute). We are currently working on building location-based indexing techniques.
We plan to generate concept hierarchies based on location information given in the
database. In the future, we plan to build location-dependent database query processing
system, which can be placed on the top of any database management system.
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Abstract: The amount of information available in on-line shops and catalogues
is rapidly increasing. A single on-line catalogue may contain thousands of
products thus posing the increasing need for fast and efficient methods for
information filtering and retrieval. Intelligent agent communities may prove to
be the needed item in transforming passive search and retrieval engines into
active, evolving, personal assistants. In this paper we present a multi-agent
architecture for an on-line shop and we propose new methods for performance
balancing between filtering, retrieval, ranking, and server catalogue
restructuring. This novel approach to multi-agent e-commerce systems provides
intelligent, adaptive and personalised navigation within large hypertext
environments useful for a wide range of Electronic Commerce applications.

1 Introduction

The amount of information available via e-shops and e-catalogues has rapidly
increased in the last few years creating an information stress problem similar to that of
the Internet: users cannot locate efficiently the information they need. This problem is
crucial in on-line sales systems with thousands of products of different kinds and/ or
categories. It is obvious that typical search methods are becoming less favourable as
information increases resulting in money losses [1].

Autonomous, intelligent agents may prove to be the needed item in transforming
passive e-commerce systems into active, personal shopping assistants. In hypertext
situations such as searching and browsing, results must not only come quickly and
require low cognitive load but must be tailored to user needs automatically [2].

In this paper we present a novel approach for the implementation of e-commerce
systems that provide intelligent, adaptive and personalised services to their users. E-
commerce functions are supported by a society of agents where a balance is achieved
between filtering, retrieval, ranking through personalisation and web server
restructuring. This collection of agents uses document content and context to structure
the information space and to support the entire range of search activities. The interface
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allows potential customers to browse all available product information by using either
an evolving subject based directory structure or an advanced information retrieval
agent. The system architecture takes advantage of content representation and benefits
from the interests of communities of users. Unlike traditional methods, an item is
retrieved using not only its keyword description (content) but its context as well. The
same principles are used for the reconstruction of the web server directory hierarchy.
Our work also includes some preliminary results on an implementation which uses the
described framework: a commercial on-line shop that sells greeting cards and posters,
with over than 30.000 selections.

The structure of the paper is as follows: in section 2 an overview of related
techniques and applications is provided. In section 3 the multi-agent architecture is
examined and new algorithms for retrieval, filtering and ranking are described in
detail. In section 4 some experimental results are presented and finally, in section 5
future directions are discussed.

2 Background

A significant issue that arises from the quantity of information available and the
bandwidth limitations is the need for efficient methods that will keep retrieval
latencies low and at the same time increase relevance quality of answers to user
queries. There are several major techniques for retrieval and filtering of on-line
catalogues in particular that contain pages that can be efficiently described by text. [4]
presents a good description and analysis of information retrieval and filtering methods.

A very popular method is the Vector Representation model where web document
filtering is based on the construction of indices that are representative of the content of
the documents. Usually this involves filtering techniques such as TFIDF [5] where
documents are transformed into weighted keyword vectors after stemming their
keywords. Each keyword is weighted accordingly, depending on its frequency and its
proximity to other keywords. Many popular techniques such as Inversion and
Clustering are based on the vector representation model.

An approach widely advocated for special purpose search engines uses indexes
based on the Signature File method. Signature file methods, in fact, have been
proposed for various applications such as multikey and key retrieval for hypertext
documents and multimedia systems. Although signatures files implementations have
been proven to be less efficient than other methods in some applications, in situations
where item entries tend to be short and of similar length or data have many attributes
with a few distinct values [6], they are superior to both time response and storage
needed. Especially when the vocabulary (in e-shops the number of products) is large
this method is very competitive in size.

Information retrieval and filtering techniques have been extensively studied for a
long time and numerous systems that use content based retrieval have appeared in the
literature. Amalthea [7] is an evolving information filtering agent that monitors
specific web sites for relevant information and uses user feedback/ recommendations
for personalising search queries. Implementations such as WebACE [8] use clustering
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to construct clusters of training documents in order to form a user profile. Retriever
[9] is an autonomous agents that tries to maximise its efficiency in one single search
by learning the query domain. All the above mentioned filtering systems are based
solely on content and not in context assuming that a web document has enough text
density that can be used for running the classic frequency and proximity keyword
algorithms. Also, user personalization is achieved by means of relevance feedback on
how good or bad a retrieved item is. In on-line catalogues where web pages
(describing a single product) contain only 2-3 sentences of text or even a few distinct
keywords, these classic filtering techniques do not perform well. Furthermore, these
agents perform their training and adaptation to specific users during the user query.
Adding the train time to the retrieval and filtering delays results in systems that cannot
be used efficiently in on-line sales systems.

From the above analysis we conclude that Information filtering and retrieval agents
have received much attention in the last few years. Nevertheless, most
implementations are best suited for filtering and retrieval of documents residing on the
web or in digital libraries with high text density per document. They are not very well
suited for on-line catalogues with special characteristics (low text density, many
attributes per item etc.). Another disadvantage is that they usually do not take under
consideration document context.

3 A Multi-agent Ecosystem

In order to understand the proposed framework and the need for a multi-agent
approach, it is important to understand the type of information stored in an electronic
catalogue (figure 1). The catalogue contains products that are described by a small set
of keywords or a line of text (product description). In our use case this description was
made available from a back-end application that is used for product management and
logistic support. Each product is assigned in a catalogue web page where information
such as price, size, category, product code, description and its image are stored.
Products belong to thematic categories and subcategories.

A customer can access a product in two ways: using the search engine or using the
directory structure. The search engine returns a ranked list of links directly to product
web pages. The directory structure is used for narrowing selections through category
browsing. When the user reaches the last sub-category level, the system presents a set
of pages (called thumbnail pages) each one containing a small number of links
(usually 6-8) in the form of image thumbnails to the corresponding product pages. The
appearance of these thumbnails depends on the user e.g. users that belong to different
user communities see different thumbnail pages.

A search sequence is performed as follows: the user submits a query, which is then
handled autonomously by the system. An special purpose index is searched for
filtering and retrieval of records that satisfy the query. Meanwhile an agent identifies
the community in which the user belongs and retrieves a set of community weights
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Fig. 1. Data representation and access methods

for the corresponding records. Another agent uses a ranking algorithm, which

combines weights and records and presents the final result set to the user.

In this framework, information retrieval and filtering processes are viewed as a
society of co-operative Intelligent Agents that interact with each other. Each agent is
dedicated to a specific task. The model used defines a society of agents with
complementary skills. The agents are built according to the architecture presented in
figure 2. Each agent receives data from another agent operating under a point to point
communication mode. There are six types of agents:

e Search Agent. Takes a user query as input and presents responses to these queries
based on input from the Ranking agent.

e Retrieval agent: The retrieval agent accepts the query string from the search agent
and retrieves the relevant documents from the catalogue index (called PWF Index)
which is a high efficiency signature file structure. The retrieval agent co-operates
with the User agent in order to feed the appropriate data to the Ranking agent.

e User Agent: this agent access information about the user (his profile), determines
the community in which he belongs and returns a set of weights for all products
retrieved by the Retrieval agent. This information is then passed to the Ranking
agent.

e Ranking Agent: the ranking agent combines the returned list of products from the
Retrieval agent with the corresponding weights provided by the User agent. The
output is a ranked list of links to product pages.

e Catalogue Agent: the catalogue agent works offline (that is not during a query) for
the reconstruction of thumbnail pages. Based on information provided by the user
agent, thumbnail pages are reconstructed and reordered based on the preferences of
all user communities. For this purpose a global community weight is extracted, and
links to the most popular are placed in the top thumbnail pages.

e Marketing Agent: the marketing agent monitors the preferences of communities of
users and performs a variety of promotion actions in order to increase sales. For



Towards Intelligent Information Retrieval Engines: A Multi-agent Approach 161

example the Marketing agent uses mail messages to inform identified groups of

users about special offers in products similar to their recorded preferences or

suggests new sales.

The agents interact with each other by exchanging messages according to a point to
point communication mode. Messages are represented as cards that respect an
interaction structure. This structure identifies the sender, the receiver, the nature and
the data of the message. There are two different ways by which agents are linked to
perform complicated tasks:

e Succession: the output of an agent is used as input to another agent. For example
the User agent provides information (the member of the identified user
communities) to the Marketing agent.

e Validation: several agents provide information about the same event (e.g. the query
of a specific user) and their input is combined in a single output. For example the
output of the User and Retrieval agents are combined by the Ranking agent to form
the final result set.

3.1 The Search Agent

The Search agent provides the user interface by presenting a set of information
retrieval options such as search, result set expansion, categorisation and ranking
through personalisation. The user explicitly invokes all but the latter service via user
interface operations. More specifically:

o

Search Agent
E

a5y yareas

: 3

————— (atalogue Agent Marketing Agent [T———

*—" Daia flow
Legend B
im——= Conirol flow

Fig. 2. The agent community.
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e Search. Prunes the current result set to the retrieved file records and web page
documents that match the given query. The Retrieval agent in invoked and relevant
web pages are accessed through the PWF index.

e Expand. Broader and narrower terms are suggested by a thesaurus -based query
refinement mechanism. Broader terms represent general concepts (product
categories or commonly used keywords) related to the terms in the query and are
expected to improve the quality of the result set. They provide a means of
exploring the available dataspace. Narrower terms can improve precision by
allowing specialisation of queries. The thesaurus mechanism is based on the
automatic construction of thesaurus classes modified to consider categories of web
pages (that is categories of products) rather than web pages themselves.

e Result set categorisation. To help potential customers to better understand the
result set, the agent provides the option of categorisation of the result set. The
agent organises and presents the result set web pages according to the categories
that they belong to. Web pages with products that belong to the same categories
(e.g. Christmas cards with Santa Claus) can be placed together in the user screen.
Each time a user visits the on-line shop for the first time, a personal record is

created which stores all available user information. In the case of registered users
personal information is requested and stored. In the case of unregistered users,
information such as IP address, domain information etc is stored. All user transactions
are logged and stored in a separate database for various purposes (personalisation,
marketing analysis etc.).

3.2 Accelerating Document Filtering and Retrieval

Filtering and retrieval is based on an index structure that is based on a novel, high
efficiency signature file method. This method extracts the signatures (hash code bit
patterns) of product pages (represented by their set of keywords) and stores them in a
two level signature file in order to accelerate retrievals. We use superimposed coding
to create the signature of each product page. Each of the keywords yields a “word
signature” which is a pattern of size F with m bits set to “1” while the rest are “0”. F
and m are design parameters. The keyword signatures are “ORed” together to form the
page signature as it can be seen in table 1.

Table 1. The superimposed coding method for F =12 and m=5.

Keyword Signature
“Christmas” 001 010 101 100
“Santa Claus” 101 011 001 000

Web page 101 011 101 100

superimposed signature
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The m bit positions to be set to “l1” by each word are determined by a hash
function. The PWF Index is a multilevel signature file where the web page signatures
are grouped into partitions. More specifically the implementation uses the Parametric
Weighted Filter technique (PWF) [10]. PWF incorporates the descriptive nature of
multilevel organisations (and specifically the two-level organisation) and the partition
capabilities of efficient implementation techniques such as Quick Filter [11]. The
signature file is partitioned by applying linear hashing. The number of pages that a
partition can have is variable and its maximum value is controlled by parameters of
the scheme which are directly affected by the desired performance.

Each partition is characterised by a partition key. All signatures in the j-th partition
share the same partition key. For each signature in a partition, the index stores its F-
1_prefix where F is the fixed signature length, 1 denotes the current level of hashing
and 1_prefix the first 1 bits of the signature.

Every partition is organised using a two level method. The signatures in each
partition (figure 4) are grouped randomly into groups of b signatures (b is called the
grouping factor), which are called b_groups. Every b_group resides in only one disk
page and it is characterised by a representative. A representative consists of two parts:
the s_descriptor and the m_descriptor. The s_descriptor is formed by superimposing
(‘ORing’) the signatures of the b_group, whereas the m_descriptor is a [logF] - tuple
obtained by using the following procedure. Each signature of the b_group (figure 3) is
conceptually divided into [logF] parts each F/[logF] bits long, except for the last one
which is F- [F/[logF]([logF]-1) bits long (all logarithms are base-two). Then the i-th
component of the m_descriptor is the maximum number of 1’s (maximum weight), a
signature in the b_group has in its i-th part. All representatives belonging to the same
partition are stored into the same partition block. On the other hand, every partition
block contains representatives of the same partition (consequently there is one to one
correspondence between partitions and partition blocks). For each partition block (and
therefore partition), there is auxiliary information stored in the main memory in the
form of b_descriptor. A b_descriptor is formed by applying the same procedure
followed in the case of m_descriptors but this time on the m_descriptors of the
involved partition block, that is all signatures belonging to that partition are taken into
account. From an abstract point of view the index implementation consists of a
dynamically changing set of partitions organised as a forest of trees of height 1, with
signatures being clustered into partitions by applying linear hashing.

This representation enables the Retrieval agent to efficiently handle information
from two sources: the Product database and the PWF index. The Product database
stores all available product information (a portion of that information is not available
to the users) and the addresses (links) to product web pages. It must be noted database
records do not contain images. The agent handles requests to the index from the
Search, User and Ranking agents.

The Retrieval agent works as follows: the Search agent provides a set of keywords
and logical operators (AND and OR) and the type of operation to be executed (search,
expand or categorization). The Retrieval agent translates the query and initiates the
appropriate index search sequence. This sequence locates the corresponding products
by searching the PWF Index for the given set of keywords. The Index returns pointers
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0000 ! 0000 | 1100 ' 0010

0000 ! 0001 : 0000 : 0110

1000 | 1101 ; 0001 : 0100
1 3 2 2

Fig. 3. The m_descriptor of a 3_group.

to the records that satisfy the query and the agent generates a initial result set of
database records that satisfy the given query.

The basic retrieval algorithm is implemented as follows: given a query g, the
Retrieval agent compares the query signature and obtains a set of qualified partitions.
This set of partitions is restricted further by using the b_descriptors. Using the
m_descriptor and s_descriptor the agent finds the qualified b_groups and fetches the
corresponding record from the database. The algorithm is presented below:

1 S={i/ 1 (1 suffix(g)) = 1 suffix(q)}
/* Obtain potential partitions */

2 s, ={1 S, / b_descriptor (i) descriptor(q)}
/* Restrict partition set further */
3 s = {x is a b_group i/ (m_descriptor (x)
descriptor(q)) ((s_descriptor 1 prefix(qg))=
1 prefix(q))} /*Retrieve all

corresponding partition blocks*/

4 Return all pages contained in U, ° (S")

i i

During the insertion of a new product, its keywords are defined and the signature s
is derived. The agent uses the PWF index in order to locate the partition to which s
belongs. The signature s is inserted into the page of the partition with the least
representatives. If all pages are full, s is inserted into an overflow area dedicated to the
partition (each overflow area has only one representative stored in the partition block)
and the number of partitions N is increased by 1. The next step is to reorganise the
b_groups of the affected pages so that every page is full (except perhaps the last one).
Finally, the descriptors are updated. The Delete algorithm follows similar steps. The
Insert algorithm is presented below:

1 Find i where i = 1 suffix(s)
2 IF pages (i) are full THEN
3 Place s in the overflow area

4 N =N +1
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5 ELSE

6 Place s intg the page with the least number of
representatives

7 Reorganise the b _groups

8 Update the descriptors

3.2 A Context Based Method for Query Personalisation

There is an additional source of information that an agent filtering and retrieval system
can use in Electronic Commerce transactions and that is the preferences of the
users/customers, the opinion of the people that spend money on a e-shop. Users can be
grouped into communities based on their preferences. Recommendations (purchases)
of customers must be weighted accordingly and taken into account in any decision
making process (searching, restructuring marketing etc.).

But how can the User agent distinct user communities, assigh community weights
and what is the most appropriate method to use this knowledge? We use an adaptation
of Kleinberg’s algorithm [3] for authoritative pages on the web. This algorithm uses a
simple approach to take advantage of user opinions: if web document X has a link to
document Y then the author of the X document thinks that Y contains useful
information. Using the in-degree (authority score) one can measure the importance or
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¢ 00000100 0100 0001
000100100000 1001
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Fig. 4. A PWF index instance.
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quality of a web document. Documents like X that point to many others are called
hubs and documents that are pointed by many other are called authoritative. The main
motivation is that a document that points to many good authorities is a good hub and a
document that is pointed by many good hubs is a good authority. This way documents
that have relevant information, with regard to a specific query, can be distinguished by
their authority score. This algorithm can be used in search engines that retrieve
information from the Internet.

In our case, we replace web documents with products and customers that buy them
or access their web page. Similarly to Kleinberg’s algorithm we associate a customer
(hub) weight cust(p) with each customer and a product (authority) weight pr(p) for
each product.

The next step is to construct a GXN matrix A = [a,] which represents the directed
graph of figure 5, that is the connection between the i" customer and the j" product. N
can be the total number of products or the number of products of a specific category.
G is the total number of customers. If customer i has purchased product j then a, = 1
eliet.aij = 0. For every customer and product weight we apply the following update
relations:

cust(p)= pr(q) , pr(p)=  cust(q)
P >q q >p
Kleinberg proves that after a number of iterations (usually 3-4) cust(p) and pr(p)
converge and the algorithm terminates. Customer weights converge to the principal

eigenvector of the matrix AA" and product weights to the principal eigenvector of
A'A. The algorithm is as follows:

1 Let N be the set of products and G the set of
customers in the graph.

2 For every node in G define cust(p) as the
customer weight and for every node in N define
pr (p) as the product weight.

3 Set cust(p) =1 and pr(p)=1.

4 Repeat

5 For every node in G do cust(p)= pr(q)
P >q
6 For every node in N do pr(p)= cust(q)
q >p

7 Normalise cust (p) and pr(p)

8 Until cust(p) and pr(p) converge.
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Fig. 6. Partitioning non principal eigenvectors

By taking advantage of the information provided by the non-principal eigenvectors,
it is possible to compute pairs of communities (X,Y). Y denotes a community of
customers that have similar preferences and X their preferences and therefore the
products that they have purchased. Eigenevectors are paired based on an association
relationship. Each eigenvector of a pair is divided into two set of entries positive and
negative (figure 6). These sets are the X and Y communities. The algorithm for
computing these pairs is presented below:

. th . . .
1 Let X, be the i non principal eigenvector of
A'A
2 Compute ¥, = A * X,

i

3 For each pair (X, , Y,) do

k

4 For the eigenvectors X, .Y,

5 Compute pairs (X,, X,) and (Y, , Y, ) by
partitioning large positive and large negative
values.

6  Comstruct pair (X,", ¥,") and (X,

i

,Y)

7  Select the distinct pairs from all (X,", Y,")
and (X, , Y, ).

i

So, for each community of customers (Y) we have a set of values (X) that are
actually the product weights pr(p) assigned by the community. Each such value is a
community weight of a product.

The calculations of customer communities and community weights are performed
by the User agent off-line and not during queries (usually during periods with reduced
traffic). Each time a query is initiated, the User agent locates the community in which
the customer belongs to and retrieves the community weights for the products that are
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returned by the Retrieval agent. The Ranking agent uses a simple process to order the
returned set of products according to their community weights. A set of ranked links is
generated and the result is passed to the Search agent for presentation.

3.3 Catalogue Restructuring

Catalogue browsing is also a service adapting to customer needs. When needed,
restructuring is applied to the contents of thumbnail pages while the hierarchy of
categories and sub-categories remains untouched.

Thumbnail pages appear in a sequential order to the user. The first page contains k
links to the k most popular products of the category, the second the next k etc. Each
thumbnail page has a fixed position (first, second etc.) in a row and that position never
changes. The Catalogue agent continuously monitors customer weights by checking a
weight threshold. When customer preferences (product weights) change significantly,
then the product representation through the thumbnail pages is not ordered. The
threshold is exceeded and the Catalogue agent initiates the reconstruction sequence.

The agent locates the categories or subcategories that must be restructured and
reorders the links (figure 7). Thumbnail links, from all pages are retrieved and stored
in a binary tree. Ordering is achieved using the total community weight of each
product, that is the opinion of all customers for the product. For a total of N customer
communities, the total community weight for a product is calculated by the following
equation:

Wi
W= 4 , where w,is the community weight of community /
The ordered set of links is assigned to the thumbnail pages (k per page).

The restructuring algorithm is a heap based process with the following steps (let U be
the total number of products of the sub-category):

(A)

ﬁg/f‘@

Mode: dlalb]|c
Weight: g oo slo.sloa

Fig. 7. Assigning links to a binary tree (A), reordering (B) and restoring links (C) for k=4.
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1 For each thumbnail page store the link to a
binary tree (Root, Left child, right child)

2 For 1 = 1 to U do

3 Find the link of the product with the largest
Total Community Weight and place it at the
root by exchanging places with other links in
its path.

4 Traverse the tree (Root, Left child, right
child) and store links to the thumbnail pages,
k at a time.

4 Some Experimental Results

During the prototype implementation, only a portion of the product database was used
(10.000 signatures). The page size was 2K with a load factor of about 0.75, pointer
size 4 bytes and signature file size (F) 240 bits. The experiment included 1000 queries
for various values of the grouping factor. Table 2 shows the experimental results for
various values of the ratio of the average query weight L (number of bits of the query
signature that are set to 1). From the results the following conclusion is derived: the
higher the weights of the query signatures the better the performance of the Retrieval
Agent. So this indexing technique is well suited for product catalogues where entries
tend to be short and of similar length or multimedia data where items have many
attributes with a few distinct values.

Also the vocabulary of products is large making this implementation very
competitive in size. Furthermore storage requirements increase with higher values of
the grouping factor. These above observations give designers the capability to choose
a value suitable for different applications. For example, an implementation with small
space and with high retrieval gains requires grouping factor values equal or greater
than 4. Early experiments with a larger set of 100.000 signatures have shown that
3_groups are the more appropriate for balancing performance and space overhead.

Table 2. Storage requirements of the index (PWF) expressed in the form of partition pages.

L

Organisation 1 0.2 0.4 0.5 Storage

PWF 87.52 58.43 27.85 15.42 341
(2_groups)

PWF 124.61 42.50 21.52 13.08 295
(3_groups)

PWF 167.87 75.38 19.84 12.30 263
(4_groups)
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5 Conclusions and Future Work

The amount of information available through Internet based sales systems drives the
need for intelligent and adaptive systems. In this paper we presented a multi-agent
approach that uses cognitive and social filtering and retrieval methods in order to
achieve a balance between time efficiency and quality of results. By incorporating
new and adapting existing algorithms, we achieved to develop a framework that
covers most needs of a modern information retrieval and filtering system.

Future work includes the development of flexible query mechanisms that can
handle queries on both data and relationships. Further research includes new methods
for customer clustering and personalisation.
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Design and Implementation of a Novel Approach
to Keyword Searching in Relational Databases
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Abstract. The majority of the tools available for browsing and sear-
ching the Web is based on extracting information from structured docu-
ments. However, as information on the Web increasingly comes out of a
database, it is crucial to be able to search databases when working with
the Web. Due to the highly dynamic nature of the Web, it is unlikely
ever to know the underlying schemata of those databases. We remedy
this situation by introducing an extension of SQL called Reflective SQL
(RSQL) which treats data and queries uniformly. Queries are stored in
specific program relations and can be evaluated by a LISP-like operator
called eval. Program relations cannot only be constructed for given que-
ries, but their contents can also be generated dynamically based on the
current contents of the underlying database. RSQL serves as a basis for
a keyword-based search which renders it possible to formulate queries to
databases in the absence of schema-knowledge. It is shown how this lan-
guage can be exploited as a Web search engine that works on databases
instead of documents.

1 Introduction

The problem of finding information disseminated over the Web is well-known.
The current approach is mostly through keyword-based search engines that ope-
rate on suitable indexes. Their usage has shown that even inexperienced users
are capable of formulating keyword-based queries to access Web data, and even
though these queries may yield inexact results, users are willing to accept this
vagueness due to the quick and convenient method of entering queries. However,
as more and more Web sites are based on databases and generate their page
contents dynamically, it becomes increasingly desirable to query data stored in
databases. The language RSQL introduced in this paper serves this purpose, and
forms the basis of a novel search tool for the Web.

Most existing search tools for the Web are based on extracting information
from structured documents. A major problem is that, although database systems
get increasingly employed for serving the Web, it is not possible to query them
directly over the Web. The way of wrapping the database content in some kind
of structured document and then querying those documents seems to be an
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artificial technique; besides the fact that there is a vast amount of work in
defining the document structure, the major disadvantage is in the loss of the
semantics given by a database schema. In this paper, a solution to this problem
is described, which renders it possible to formulate keyword-based queries directly
to databases. We focus on relational databases and SQL, so our goal is to embed
in this setting a way to query Web-interfaced databases in a declarative fashion.

As a motivating example, consider the situation where information on a par-
ticular person is desired; suppose the question of interest is “what is known
about John?” (This query has repeatedly been studied in recent years, primarily
in the context of database languages that are capable of generating dictionary
queries dynamically [T2/22].) If we enter the string “John” into the search field
of a search engine, we will most likely be flooded with references to Web sites
of people, animals, companies, etc. that come by the name “John.” If we direct
this query to a database where we assume that John is a person, we first have
to inspect the dictionary for relations that may contain information about John,
such as his address, his profession, or his hobbies. Next, if we direct this query
to two databases simultaneously, we have to do the same for both database in-
dividually. Now suppose we do not have direct access to these databases, but
approach them over the Web. In this situation, there is hardly a chance we get
access to their respective dictionaries. So the best we can hope for is some form
of local index that accepts the keyword “John” and then searches the respective
site for relevant information. Several problems immediately arise: First of all,
formulating an SQL query requires schema knowledge, which even varies from
one database to the next. Also, experience with SQL shows that it is difficult
for inexperienced ad-hoc users to deal with relations, attributes, and the syntax
of SQL.

A way out of this situation (that bears resemblance with the idea of universal-
relation interfaces that were studied in the mid-80s) is to find a way of querying
relational databases without exact knowledge of the underlying schema. We pro-
pose such a way through our novel approach of keyword searching. A keyword
expression which returns all facts about John simply looks as follows: =’ John’,
i.e., like a common syntax used by search engines. When applied to a specific
database, correct SQL statements are generated dynamically from such keyword
expressions, using the respective data dictionary. Technically, this dynamic ge-
neration of queries is based on an SQL extension called Reflective SQL, which
extends ordinary SQL by the possibility of handling procedural data. Reflective
SQL is in turn a declarative counterpart of the Reflective Relational Algebra
that was originally described in [22]. It uses a specific program relation for sto-
ring SQL expressions; program relations can be evaluated by a specific operator
added to these languages; moreover, their contents can be created dynamically
based on the underlying database or on the dictionary of the database. The
keyword expressions are then processed by translating a given expression into
Reflective SQL; the resulting expression(s) is/are then evaluated on the under-
lying databases.

The rest of the paper is organized as follows: We review related work that
deals with searching information on the Web in Section 21 Section Bl lays the
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foundation for our keyword search, by dealing with reflection as a means to
extend the query capabilities of SQL. Section @lintroduces a keyword-based query
language, intended for accessing relational databases without schema-knowledge.
In Section Bl we sketch an exploitation of the keyword search based on RSQL
within a Web search engine that has been implemented in Java. The paper
concludes with a short summary and directions for future work.

2 Related Work

Work related to ours is concerned with the development of virtual systems that
integrate data for some specific purpose, and that are characterized by the fact
that data always remains in the respective sources, queries get shipped to and
operate on the sources, and the integration occurs during query processing. The
original approach to gathering information on the Web has been through search
engines like Alta Vista or Yahoo!, which build indexes of the contents of Web
sites, and use techniques from information retrieval to extract keywords from
structured HTML documents. A user can query those indexes by using Boolean
formulas which contain one or more keywords; the result will be a list of rele-
vant URLs. Due to the diversity of algorithms for extracting information from
documents and of strategies for searching Web sites, distinct search engines com-
monly supply different results. Unlike our approach, no search engine is able to
access information that is not stored in a document.

Multidatabase systems combine locally autonomous databases into a new
one [4IB]. For querying a multidatabase, a global schema is required which is
commonly built through several stages of integrating the local schemas of the
underlying databases. Schema integration requires knowledge of all schemata and
their semantics, which makes it difficult to exploit in the context of the Web, as
Web servers are autonomous information sources without global administration.
For being able to cope with schema heterogeneity, it is often left to the user
to address individual databases in a federation appropriately when issuing a
query. Indeed, multidatabase query languages are typically developed for specific
systems [TT16]). Schema-SQL [T32TT4] on the other hand allows to query meta
data and “ordinary” data in a uniform way, so one can build schema-independent
queries. However, the user still has to work with individual tuple, relation, and
database variables, so that some experience in database programming is required
for being able to use this language.

As an aside, we mention that the problem of accessing database contents over
the Web has technically been solved by all major database vendors by specific
software. Most of them use HTML templates which are enriched by database
queries. The queries are processed when accessing the templates so the user gets
the actual data. The obvious disadvantage is the absence of declarative query
capabilities.

A final approach to building virtual systems we mention is through mediated
integration systems [23], which decompose queries according to the sources they
wish to address, submit them individually, have them executed at local sites, ga-
ther results, and finally present them in a uniform way. Systems in this category
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include TSIMMIS [5] as well as Web-site management systems such as STRU-
DEL [9110], Araneus [320], or WebOQL [2]. These systems have brought along
interesting conceptual issues, whose study helps in developing database techni-
ques for the Web. Indeed, query languages like UnQL or LOREL [I] render it
possible to query data sources whose structure is irregular, unknown, or hidden
in the data itself. As the information available on the Web is also semi-structured
in this sense, each source has to be described in a specific way before it can par-
ticipate in an integration system; queries then work on such descriptions. Along
similar lines is the approach to designing webbases reported in [7].

All known methods for querying heterogeneous data (on the Web, in multi-
databases or in semi-structured data sources) are hence based on specific tools,
such as schema-integration or a source description in a semi-structured data
model. With every change in the underlying data this description has to be ad-
apted appropriately; in the worst case, a new integration needs to be performed.
This picture is easier for index servers, which process whatever they find when
they perform an access, but they ignore semantic aspects. Finally, languages like
Schema-SQL require detailed knowledge of the querying databases.

The language we are about to describe in the remainder of this paper bypasses
all of the approaches described above in that (i) no additional or specifically
prepared information is needed before a query to a hypothetical collection of
databases can be stated, and (ii) semantics that is established in a given database
schema is taken into account during query processing. As a result, whether the
user works with a multidatabase system or the Web (or both), the language
described here allows for a way of querying that retains the style of SQL, while
at the same time providing high flexibility and even added expressive power.

3 Reflection and Reflective SQL

We now present the foundations upon which our schema-independent and key-
word-based query language is based. We follow a bottom-up approach that first
describes the underlying implementation vehicle. In particular, we present Re-
flective SQL (RSQL), a declarative way of making the paradigm of reflection
available in a database query language. As will be seen, the main emphasis is
on the use of meta-programming as a method for schema-independent database
querying.

The central idea of reflection in the area of programming languages is the
uniform treatment of programs and data. For languages which are not computa-
tionally complete, e.g., the relational algebra or SQL, reflection can enhance their
expressiveness considerably. In case of the relational algebra this has been stu-
died in [22], where the Reflective Relational Algebra (R.A) was introduced. R.A
uses particular relations to store queries; these program relations are evaluated
by a new, LISP-style operator called eval. Program relations can be constructed
for given queries, and they can be generated dynamically based on the current
contents of the database. This makes it possible to show, for example, that boun-
ded looping can be simulated in R.A; more generally, R.A is capable of expressing
the PTIME queries over ordered databases [22].
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There are two drawbacks of R.A: First, it is an untyped language, meaning
in particular that an evaluation of a program relation yields the empty relation
in case the ewval operator does not encounter a well-formed relational algebra ex-
pression; as long as the contents of a program relation is created automatically,
however, this is not serious from a practical point of view. Second, programming
in R.A amounts to returning to some kind of “assembly-language programming.”
Indeed, writing even small programs can become a tedious task, so that a decla-
rative counterpart is desirable. Note that this is entirely in line with the classical
development that has led from relational algebra (as an implementation vehicle)
to SQL (as a declarative query interface).

The result of a “transfer” of the concepts of RA to SQL is Reflective SQL
(RSQL), a query language defined in the spirit of [6]: Queries are stored in pro-
gram relations through an application of the new operator REIFY; the process of
constructing data representations of programs and queries, respectively, is called
reification. Finally, EVAL P evaluates such a program relation P. The following
example informally explains the semantics of these new operators, details of
which can be found in [1]]:

REIFY P|sno pos SQL-op tlclopt2c¢2s n sno2
(SELECT R.A AS X, S.A 1 1 SELECTR A X
FROM R, S 1 2 SELECTS A
WHERE R.A = S.A 1 FROM R
AND R.B > 100 1 FROM S
OR S.C = ’Y?’ 1 1 WHERER A =S A
) 1 1 WHERER B > 100
INTO P 1 2 WHERE S C = Y

The RSQL statement on the left reifies the given SQL statement into P. P is a
program relation over the fixed scheme {sno, pos, SQL-op, t1, c1, op, t2, c2, s, n,
sno2}. A query is reified straightforwardly: It is decomposed into its individual
clauses (e.g., SELECT, FROM, WHERE), whose order is retained via appropriate sta-
tement numbers occurring in the first two columns of P; the clauses are identified
by the SQL-op attribute. Every clause is then split into individual expressions to
arrive at a representation which can be stored in a uniform way. Every expres-
sion has at most two tables to which it refers (t1, t2), and the same holds for
column names (c1, c2). If the expression contains a condition, the operator is
stored in the attribute op. If the second operand is another attribute, it is stored
in c2 (possibly with t2 as qualifying table name). If it is a constant numeric
value, it is stored in n; finally, a string is stored in s.

The use of attribute pos needs some explanation: In contrast to the expres-
sions of the FROM clause, the sequence of the expressions in the SELECT clause is
important because it constitutes the resulting schema. For example, if two rela-
tions are united they have to be relations over the same schema (i.e., the names,
types and the order of the attributes have to be same); so we can assure an
ordering using pos as an indicator of the position. In the case of a condition (in
the WHERE clause) the position means that all conditions with the same position
number are connected with AND, and different numbers indicate that subclau-
ses are connected using OR. More complex conditions like subexpression put in
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brackets can be reduced to the ones mentioned above, so there is no restriction
with respect to SQL expressions.

If more than one statement has to be reified into a single program rela-
tion, their ordering is established using the statement number sno that contains
strings. The result of such a program is the union of the individual queries; if
they do not have the same schema, the result will be the empty relation. Finally,
we describe the use of sno2: In the case of nested queries, e.g., subqueries in the
WHERE clause or when there are set operations like UNION, these subqueries need
to be linked. This is done using sno2 which refers to the statement number sno
of the corresponding statement.

The evaluation of a program relation P using the statement EVAL P evalua-
tes the queries stored in P in the order of their statement numbers in column
sno. Queries referenced by sno2 are evaluated in conjunction with the referring
statement. Moreover, program relations can be queried and manipulated like
ordinary relations: Searching all queries that access a specific relation is done by
analyzing t1 and t2; selecting B instead of A means changing the corresponding
value of c1 in a tuple where SQL-op equals >SELECT’.

We now return to the motivating example we gave in the Introduction and
show how to handle the query “what is known about John” for some database
for which we do not provide schema information in the query. The strategy
described next by way of this example will be the basis for evaluating keyword
expressions as described in the next section. Suppose we are given a database
with the following schema:

member‘name address age activity‘name sport

We are interested in all facts about “John” that are stored in this database.
Using standard SQL, a sequence of query expressions like the following would
be needed for finding these facts, provided we know what relations contain which
kind of information about persons:

SELECT * FROM member WHERE name = ’John’ OR address = ’John’;
SELECT * FROM activity WHERE name >John’ OR sport >John’;

The result of these SQL queries consists of relations with different schemas. We
are more interested in a uniform representation of results and imagine results
are returned as triples over attributes {rel, att, value}: rel contains the relation
name of a resulting tuple, att marks the corresponding attribute, and value
contains the value of this attribute.

We have to cope with the absence of schema-knowledge, and exploit the
reflective capabilities of our language to this end: We use the data dictionary to
dynamically generate queries from a query template. The results of those queries
supply the generic schema as shown in the sample result relation above. The data
dictionary DD of our sample database is shown below on the left. It contains the
names of the relations, their attributes, and the data types of these attributes.
The query template is shown on the right:
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DD|rel att type SELECT rel, att, [A] AS value
member name  string FROM DD_View, [R]
member address string WHERE rel = ’[R]’
member age  number AND att = ’[A]”
activity name string AND attl = ’[A1]
.. . AND [A1] = ’John’
activity sport string

For every relation [R], every attribute [A] of [R], and every alphanumeric at-
tribute[A1] of [R] a concrete query has to be derived from this template. The
parameters are instantiated using a view created from the data dictionary; this
view contains in each tuple one of the triples [R], [A], [A1] mentioned above.
The SQL query deriving the view is as follows:

CREATE VIEW DD_View AS
(SELECT DD.rel, DD.att, DDl.att AS attl FROM DD, DD DD1
WHERE DD.rel = DD1.rel AND DD1.type = ’string’)

The parameterized query is reified into an auxiliary program relation AP in the
style of the one shown earlier. Finally, we are ready to instantiate the different
parameters and build the concrete program relation using the view and the au-
xiliary program relation. An important aspect of dynamically creating program
relations is the generation of new statement numbers. In our case this is done by
using the unique tuples of the dictionary view: Each tuple serves as the identifier
of a query, i.e., attribute sno consists of a concatenation of the attributes of the
view in conjunction with the existing sno of the auxiliary program relation.

The concrete program relation is assembled with several subqueries: The first
six of the subqueries shown below select the tuples that contain parameters. Each
parameter is instantiated with the correct attribute value of the dictionary view
while performing a join involving the auxiliary program relation and the dictio-
nary view. With renaming the appropriate attribute of the view the parameter
is replaced. Next, all tuples that do not contain a parameter are selected and
“multiplied” for every tuple of the data dictionary. Finally, this program relation
is evaluated.

EVAL (
SELECT relllattl||attl||sno AS sno,pos,SQL-op,tl,att AS cl,op,t2,
c2,s,n,sno2 FROM DD_View, AP WHERE c1 = ’[A]’
UNION
SELECT relllattl||attl||sno AS sno,pos,SQL-op,tl,cl,op,t2,c2,
att AS s,n,sno2 FROM DD_View, AP WHERE s = ’[A]’
UNION
SELECT relllattl||attl||sno AS sno,pos,SQL-op,rel AS til,cl,op,t2,
c2,s,n,sno2 FROM DD_View, AP WHERE t1 = ’[R]’
UNION
SELECT relllattl||attl||sno AS sno,pos,SQL-op,tl,cl,op,t2,c2,
rel AS s,n,sno2 FROM DD_View, AP WHERE s = ’[R]’



178 U. Masermann and G. Vossen

UNION
SELECT relllattl||attl||sno AS sno,pos,SQL-op,tl,attl AS ci,op,
t2,c2,s,n,sno2 FROM DD_View, AP WHERE c1 = ’[A1]’
UNION
SELECT rell|attl||attl||sno AS sno,pos,SQL-op,tl,cl,op,t2,c2,
attl AS s,n,sno2 FROM DD_View, AP WHERE s = ’>[A1]’
UNION
SELECT relllattl||attl||sno AS sno,pos,SQL-op,tl,cl,op,t2,c2,
s,n,sno2 FROM DD_View, AP
WHERE c1 !'= °[A]’> AND c1 != ’[A1]’ AND t1 != ’[R]’
AND s != °[R]’ AND s != °[A]°> AND s !'= ’[A1]’)

The part of the concrete program relation referring to the tuple (member, ad-
dress, name) of the data dictionary view is shown next:

Sno pos SQL-op t1 cl opt2c2 s n sno2
member address name 1 1 SELECT rel
member address name 1 2 SELECT att
member address name 1 3 SELECT address value
member address name 1 FROM DD_View
member address name 1 FROM member
member address name 1 1 WHERE rel = member
member address name 1 1 WHERE att = address
member address name 1 1 WHERE attl = name
member address name 1 1 WHERE name = John

It represents the following SQL query:

SELECT rel, att, address AS value FROM DD_View, member
WHERE rel = ’member’ AND att = ’address’
AND attl = ’name’ AND name = ’John’

Notice that with this RSQL program, i.e., through (i) the statement to create
the data dictionary view, (ii) the auxiliary program relation, and (iii) the con-
struction/evaluation of the program relation, we achieve the goal of schema-
independent querying. None of the three components uses schema-knowledge
(besides the data dictionary), so this program can be applied to any database
to return available facts about John.

If a user wants to query further information, e.g., if the values “John” and
“Mary” shall both appear in one tuple, a different program has to be constructed.
In addition, the user needs detailed knowledge about SQL, program relations,
and meta-programming. Therefore RSQL itself is inconvenient for ad-hoc-users
as a means for schema-independent querying. This motivates to extend the tech-
nique of parameterized queries and parameter instantiation to a more complex
keyword search defined in the next section.
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TW
simple keyword expression: op keyword |—=

——=( simple keyword expression

keyword expression::

keyword expression

J keyword expression |—=

op € {=,LIKE, <,>,<=,>=}, A is an attribute name and keyword has a data type
known to the database.

Fig. 1. Syntax of keyword expressions.

4 Keyword Searching in Relational Databases

We now introduce an easy-to-use, yet powerful way of querying relational data-
bases using keyword-based search. The syntax of keyword expressions follows the
syntax of those Boolean expressions used as an interface for many of the search
engines. During processing, expressions are transformed into RSQL programs,
essentially along the lines exemplified in the previous section.

Our keyword search uses simple keywords combined with a preceding com-
parison operator. The sample query “what is known about john?” can be ex-
pressed by = ’John’, i.e., all tuples are returned where at least one attribute
equals 'John’. Other comparison operators may be LIKE, <, >, >= and >= with the
obvious meaning. If attribute names of a schema are known, they can be used to
indicate that this attribute has to comply with the given condition. Placing NOT
in front of a simple keyword expression means that none of the attributes (of
the same tuple) should meet the condition that follows. Two or more keyword
expressions may be combined using Boolean AND and OR. The complete syntax
is shown in Figure [l We give some examples next:

1. = >John’ represents the query “what is known about John” that we have
seen already.

2. NOT = ’John’ AND > 35 returns all tuples where none of the attributes ta-
kes the values ’John’ and another attribute of the same tuple has a value
greater than 35. In our example database none of the tuples of the rela-
tion activity can meet the latter condition because there is no numerical
attribute, so no query should be generated for this relation.

3. name like ’Mj%’ means all tuples of those relations which have an attribute
named ’name’ whose value begins with *M’.

4. = ’running’ OR = ’rowing’ AND NOT = ’Mary’ results in all tuples with
at least one attribute which takes one of the values >running’ or ’rowing’
but where no attribute takes the value *Mary’.
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We now show how keyword expressions are transformed into RSQL programs,
where we again follow the basic building blocks of their structure (see [18] for
more details):

— op keyword: The transformation of this expression has been shown earlier
with = as the comparison operator op and ’John’ as keyword.

— A op keyword: In case the attribute name to be queried is known, the trans-
formation becomes easy: the dictionary view contains all relation names and
their corresponding attribute names which have an attribute A. It is no lon-
ger necessary to keep the attribute to be queried as an additional attribute
in the view.

— NOT A op keyword: Placing NOT in front of a simple keyword expression with
known attribute A only changes the operator to its negation. The dictionary
view as well as the query template and the SQL statement for the generation
of the concrete program relation remain the same as above.

— NOT op keyword: In contrast to op keyword, where a query is generated for
each attribute which may satisfy the condition, we now have to generate one
query whose WHERE clause contains all attributes in question.

As an example of the latter case, consider the expression NOT = ’John’; for
which the query now looks as follows:

SELECT rel, att, name AS value FROM DD_View, member
WHERE rel = ’member’ AND att = ’name’
AND name != ’John’ AND address != ’John’

That means that the last two rows of the query template shown earlier have
to be handled in a different way than before: Row AND attl = ’[A1]’ will be
dropped whereas the last one has to be “multiplied” (and instantiated with the
correct attribute name) with the number of attributes in question. We use a
second data dictionary view DD_View_ NOT to gather the relevant attributes
for the last row. View DD_View is built like before (see op keyword), except
that is does not contain an additional attribute attl. The two queries which
establish both views are shown next.

CREATE VIEW DD_View_NOT AS CREATE VIEW DD_View AS
(SELECT DD.rel, DD.att (SELECT DD.rel, DD.att
FROM DD FROM DD) ;

WHERE DD.type = type_of_keyword);

Notice that in this simple case DD_View contains the entire data dictionary —
and we might use the original table — but as we will see during the transforma-
tion of complex expressions it will have to be restricted further.

We now look at the transformations relevant to complex keyword expressi-
ons. For every clause of a given disjunction the respective transformations to
RSQL programs are performed, i.e., there are several data dictionary views and
auxiliary program relations. One concrete program relation is generated for them
so that the results of the subexpressions will be united.
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Basically, transforming conjunctions may be done straightforwardly like for
disjunctions: The individual expressions involved are transformed; after the eva-
luation of the program relations the intersection of their results is built. However,
building the intersection of many sets with many tuples is costly and should the-
refore be avoided if possible. Furthermore it is unnecessary to generate queries
which yield the empty set, e.g., for expressions like = ’>John’ AND NOT = ’John’.
The same holds in case of tautologies where all tuples of all relations are building
the result (e.g., =\,’John’ OR NOT\,=\,’John’). These problems are solved
with a parser which analyzes the Boolean expression in advance.

Another example is a conjunction where n different keywords (of the same
type) are involved in the sense that m attributes are necessary to meet the
complete expression: No queries have to be generated for relations with less than
n attributes of this type. We have shown one example in the beginning of the
section: Relation activity does not have a numerical attribute, so the expression
>35 should not generate any query for this relation. On the other hand, one has
to distinguish other cases, e.g., the expression LIKE ’%a%’ AND like ’%r%’ can
be satisfied by only one alphanumerical attribute.

We next have to cope with the problem of reducing unnecessary queries by
reducing the number of tuples contained in the data dictionary view: For every
expression e; of the form op keyword which appears in the conjunction a new
attribute att; is appended to the data dictionary view performing an appropriate
join:

CREATE VIEW DD_View AS
(SELECT DD.rel, DD.att, DD_1.att AS att_1,... DD_i.att AS att_i...
DDn.att AS attn... FROM DD, DD DD_1,... DD DD_i..., DD DD.n
WHERE DD.rel = DD_1.rel AND ... DD.rel = DD_i.rel AND...
DD.rel = DD.n.rel AND DD_1.type = type_of keyword. 1 ...
AND DD_i.type = type-of keyword.i ...
AND DD.n.type = type_of keyword.n)

Though the execution of this view definition seems costly due the many joins, it
is much cheaper to perform those joins (which involve only the tuple of the data
dictionary, i.e., be far less than the “data tuples”) than performing the previously
discussed intersections. The query template is also expanded by AND [A_i] op
keyword AND Att_i = ’[A_i]’ and for the instantiation of those additional pa-
rameters the correct subselects have to be formulated correspondingly.

5 Implementation of a Web Database Search Engine

We now sketch our implementation. Our prototypical system, whose overall ar-
chitecture is shown in Figure[2], is written as a Java applet using JDBC to connect
to relational databases. It uses a Web/JDBC connection to query heterogeneous
databases without schema knowledge. A user can enter keyword expressions
which are then processed by the underlying RSQL/Java system. The SQL state-
ments generated are passed to the JDBC driver manager using JDBC methods
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User Interface: WWW-Browser
R

! result

query \L

RSQL/Java-Interface
(Parser, Implementation of REIFY and EVAL)

A
JDBC methods \L | tuples
|

Drivermanager

Driver 1 Driver 2

RDBMS 1 RDBMS 2

Fig. 2. Architecture of the RSQL/Java system.

so that all the connected databases are queried via their system-specific JDBC
drivers. We mention that not only relational databases can be queried using
JDBC, but any database having an ODBC interface; the only requirement for
integrating a new database into this environment is the availability of this driver.

Keyword search assumes a data dictionary named DD with the attributes
mentioned in the previous sections. Note that even though there is a data dic-
tionary in every relational database, their naming and schemata do not follow
uniform conventions. However, it is possible through specific JDBC methods of
the package java.sql to obtain the relevant meta data from the different da-
tabase systems in such a way that the required dictionary DD can uniformly be
created. The problem of type safety in the generic schema (i.e., attribute value
contains alphanumeric as well as numeric data) can also be solved with a JDBC
method: The ResultSet which contains the resulting tuples of a query provides
the method getString which converts every data value of the different attribu-
tes to a string value. This is sufficient for our goal of querying databases; if the
values returned by a keyword query should be used for a subsequent calculation
one has to find other ways of treating them appropriately.

The user interface of the search engine essentially has a query as well as a
message field, where the former takes user input in the form of keyword expressi-
ons, and the latter indicates the database to which a user is currently connected.
To which databases the client will connect is fixed by a user configuration file.
Our system can be integerated with “ordinary” search engines, so that the re-
sult can be used as another search engine that accesses data stored in Internet
databases. So far we have concentrated on querying the “original” data stored
in databases and not the ones wrapped in structured documents. However, if the
result should be presented as a structured document rather than a simple set
of tuples, a reasonable extension to our prototype would be a wrapper that can
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cast results into that form. Note that this will be done after query execution so
the database semantics will be preserved during the search. Another extension
would be the exploitation of information retrieval techniques in the context of
the keyword search in databases [IBI7]: we would have to add ranking func-
tions, do some linguistic work and define ontologies or thesauri to consider if
documents (or more general: data) are related.

6 Conclusions

In this paper, we have presented a novel technique of querying databases by
means of a keyword search. Importantly, our keyword search exploits reflection,
which has recently been identified as a means to augment the expressive power
of traditional relational query languages. In particular, languages such as the
Reflective Algebra [22] or the more recent Reflective SQL [6/1§] are able to
generate database queries based on the contents of the underlying database
itself. We here exploit this feature, among other things, for generating dictionary
queries on the fly; this yields schema information which is then integrated into a
dynamically generated ordinary database query implementing a given keyword
expression.

Situations where keyword search is relevant typically arise in the context
of the Web when searching for information that is kept in databases which in
turn are connected to the Internet. Our approach is among the first to directly
access database systems over the Web; moreover, our preliminary experience
shows that even novice users can easily handle the language and the interface
we have built for it. Since any number of databases can be addressed in one
stroke, an application beyond Web searching is multidatabase access, a problem
that has previously required complex query translation algorithms going through
a hierarchy of schema layers.

An extension of the work described in this paper appears in [T9]. There,
we put another layer of abstraction atop RSQL, which contains a “stripped-
down” version of SQL that is schema-independent, i.e., essentially can do without
a from clause and can do without attribute knowledge. Schema-Independent
SQL (SISQL) is a way to circumvent a search engine, and to query databases
connected to the Web directly through a browser interface. SISQL queries are
mapped to RSQL queries and then processed in the way described in this paper.
A net effect of introducing this additional layer is that query results obtained
from SISQL are often more precise than those obtained from RSQL.

Another extension of the work reported in this paper would be to base the
approach on XML-DTDs [I] instead of data dictionaries; this would render it
possible to generate relational schemas out of DTDs and subsequently generate
correct database queries from RSQL queries in a dynamic fashion.
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Abstract. Integration of heterogeneous information sources has been one of im-
portant research issues in recent advanced application environments. Today, va-
rious types of information sources are available. Dissemination-based information
delivery services that autonomously deliver information from the server sites to
users are among the useful and promising information sources. In this paper,
we present incorporation of dissemination-based information delivery into infor-
mation integration environments. The integration here has two goals: (1) Users
can utilize dissemination-based information services as other information sources
such as databases and the Web. Namely, they can be sources of information inte-
gration. (2) Users can obtain integrated information through dissemination-based
delivery. We explain this requirement can be met by a combination of an informa-
tion integration engine and event-driven rule processing scheme. We also explain
prototype system development.

1 Introduction

The recent development of network technology has enabled us to access various infor-
mation sources easily. Due to the need for the integration facility of heterogeneous infor-
mation sources, information integration (mediation) has been one of important research
issues in advanced application environments [3/416/78.9/12]13/14,18]]. An information
integration system provides an environment by which information in heterogeneous
sources, such as relations in RDBs, structured documents in document repositories, and
Web servers, can be uniformly treated. Most of the existing information integration
systems are based on the mediator/wrapper paradigm [18,23]], where information sour-
ces are “wrapped” so that uniform interfaces are provided to the mediator. A mediator
integrates such information sources and provides mediation services.

Although the recent development of technology has made it possible to integrate exi-
sting heterogeneous information sources, we still have to cope with a new kind of infor-
mation source—dissemination-based information services [5]11J17]20]]. Dissemination-
based information services that deliver information directly to the users are considered
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J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 185-199] 2000.
(© Springer-Verlag Berlin Heidelberg 2000
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to be useful and promising information sources. In dissemination-based information ser-
vices, servers actively deliver information to the clients. Therefore, the users can receive
up-to-date information automatically, and do not have to worry about where the infor-
mation services are located or when they are updated. Since the current dissemination-
based information services use various information delivery methods such as the In-
ternet and wireless data broadcasting, information integration systems that incorporate
dissemination-based information services have to take their characteristics into account
and deal with various information delivery methods.

We identify the following two types of features that information integration systems
incorporating dissemination technology should provide, and integrate them into our
unified framework.

1. Integration of dissemination-based services: Users can use dissemination-based ser-
vices via an information integration system without considering their dissemination-
based nature. Namely, they can regard the dissemination-based services as conven-
tional information sources such as databases and Web servers.

2. Dissemination-based delivery of the integrated information: Users can access an in-
formation integration system as if the system is a dissemination-based information
service. Namely, they can obtain the integrated information through the dissemina-
tion service.

The former enables user-specified selection of the delivered information incoming from
diverse dissemination-based information services and integration of dissemination-based
services with other information sources such as relations in RDBs and documents on the
Web. The latter enables effective information delivery of the integrated results from the
integration system based on the timing requirement specified by the users. Using these
facilities, we can access integrated information efficiently and can construct value-added
applications more easily. For example, it is possible to extract interesting portions from
the disseminated information, integrate them with existing information sources such as
relational databases, and then periodically deliver the integrated results to the users using
the dissemination facility.

Needless to say, the above two features are independent inherently. However, both
require “active” features such as event handling, support for timing constraints, and dyna-
mic rule invocation to integrate and deliver information. In this research, we realize these
features by adding ECA rule [15/24] handling function to an information integration sy-
stem InfoWeaver [[1J13]. InfoWeaver has been developed in our research group, and is
based on the mediator/wrapper paradigm. In this paper, we introduce wrapping facility
for dissemination-based information services, a dissemination subsystem, and an ECA
rule subsystem into the current InfoWeaver system. Features provided by the wrapping
facility and the ECA rule subsystem make it possible to integrate dissemination-based in-
formation services. Also, we can deliver integrated results using the ECA rule subsystem
and the dissemination subsystem.

The remaining part of this paper is organized as follows. In Sect. 2, we explain the
notion of dissemination-based information services, and show a motivating example to
integrate dissemination-based information services. The overview of our approach is
shown in Sect. 3. Section 4 describes the InfoWeaver system. Section 5 introduces three
new features, the wrapping facility for dissemination-based information services, the
dissemination subsystem, and the ECA rule subsystem. Section 6 illustrates specification
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of information integration in our prototype system using the motivating example in
Sect. 2. Section 7 discusses the related works. Finally, Section 8 presents the conclusion.

2 Integration of Dissemination-Based Information Sources

2.1 Dissemination-Based Information Sources

In this section, we first introduce the notion of dissemination-based information servi-
ces, on which this research is based. A dissemination-based information service actively
delivers information such as news articles to the clients so that the users can obtain the
latest information without any efforts. An information dissemination system generally
provides multiple information dissemination services (e.g., a stock price news and a pro-
duct information delivery service). In the following, we sometimes call each information
dissemination service a channel. We also use the term dissemination-based information
source, when we regard a dissemination-based information service as an information
source.

We can characterize each dissemination-based information service (channel) from
the following three viewpoints. First, we can classify information dissemination servi-
ces according to the types of data they deliver. For example, PointCast [17] mainly uses
HTML documents for its service. Castanet [11]] can deliver binary data such as Java
programs in addition to documents. Second, we can characterize a dissemination-based
information service by the granularity of the delivered data items (e.g., a document, a
set of documents, and so on). We call the granularity of the data sent at an information
delivery event a delivered item. Third, we can use delivery methods to classify dissemi-
nation services; current dissemination services use a variety of delivery methods such as
e-mails, delivery based on the Internet technology, and data broadcasting using electric
waves.

2.2 Motivating Example

As described in Sect. 1, our goal in this paper is to incorporate information dissemination
features into an existing information integration system InfoWeaver. The enhanced In-
foWeaver system will have two types of additional facilities: (1) integration of channels
(dissemination-based services) as information sources, and (2) dissemination-based de-
livery of the integrated information. The next motivating example is based on the above
two additional features and used throughout this paper.

Figure[Dlillustrates our motivating example. We assume that there exist two channels:

1. Product information news channel: This channel periodically sends new product
information to the clients using e-mails. It uses XML [22] as its news document
format.

2. Stock price information feed channel: This channel provides the latest stock price
information over the Internet. The delivery of stock price information is not periodic
(i.e., irregular), and the delivery is performed on a per-company base. Namely, it
sends a record that consists of a company name, its category of business, and its
current stock price on each delivery.
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In addition to these channels, we assume the existence of the following information
source:

3. Stockholder database: For each stockholder, the information of the stock items that
he or she owns is managed in a relational table. A tuple in the relational table contains
information such as the company name, the purchase price, the number of stocks,
and a threshold value specified by the owner (described below).

<NotifyInfo>
<CorpName>..
<StockPrice>...

<News
<Ar‘t}|{cﬁe>
<Info>

e -

<Article>

</NotifyInfo>

lRDBI

ProductInfo StockPricelnfo

i [1D[CorpName BuyPrice] .
ZAT(;IE) Name :A
nlo: .
<Title>The ...| | Category :IT
<Date>1999/.. StockPrice: 9500

Fig. 1. Motivating Example

To show an information integration example, suppose a user owns stocks of compa-
nies in the IT (information technology) category, and their information is managed in
the stockholder database. Assume that the user has the following demands:

— When a new stock price for an IT category company has arrived, check it and send
a notification to the user if it exceeds its threshold value. The threshold value is
specified by the user for each IT stock item and stored as an attribute value in the
stockholder database table.

— The notification should include the product information of the company, extracted
from the product information news articles within the last one week, and the stock
item information for the company, which is stored in the stockholder database table.

To satisfy the above demands, we need to provide a unified framework that has the
following functions to:

1. Detect an event such that a new stock price has arrived.

2. Access the underlying information sources (e.g., databases), check whether the spe-
cified condition is satisfied or not, and trigger a dissemination process if the condition
is satisfied.

3. Archive the delivered items (e.g., product information news articles) while they have
the possibilities of use, and extract the specified portions from them on demand.

4. Integrate information obtained from multiple information sources (including chan-
nels), and deliver the integrated result to the user based on the specified method.

In the next section, we describe our approach to realize these functions.
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3 Overview of Our Approach

3.1 Requirements and Our Approach

As described in the previous section, the aim of this research is to extend an existing
information integration system by incorporating the information dissemination function
and to provide two new features: integration of dissemination-based information sources
and dissemination-based delivery of the integrated information. The required additional
facilities to realize the goals and the approaches adopted in this research are as follows:

1. Wrapping facility for dissemination-based information sources: The information in-
tegration system used in this research (InfoWeaver) is based on the mediator/wrapper
paradigm, which is commonly used in various information integration systems. We
also employ this paradigm to incorporate dissemination-based information sources
and provide the wrapping facility. A wrapper for a dissemination-based information
source “wraps” the non-essential details of the source and provides a uniform inter-
face for the mediator. Besides, the wrapping facility has an additional function to
provide a common abstract interface for dissemination-based information sources,
such as an event generation function to support the notification service.

2. Dissemination-based delivery of the integrated information: To support this facility,
we introduce a dissemination subsystem that delivers the integrated information to
the user based on the specified delivery method.

3. Event and time management: An event generation and processing function is required
to support the notification service. In our approach, a wrapper for a dissemination-
based information source generates arrival event], and they are handled in the rule
processing facility described below. In addition, the event facility is also used in the
timer module. It generates timer events according to the given timer specification
to trigger information delivery such as sending information at a specified time and
periodic delivery.

4. ECA rule processing: To specify the processing instructions for targeted events,
the enhanced InfoWeaver system allows ECA rule-based declarative descriptions
of event handling. ECA rules are commonly used in active databases [15/24] and
consist of event, condition, and action parts. Specified ECA rules are handled in the
rule subsystem.

3.2 System Architecture

The system architecture enhanced to incorporate information dissemination features is
shown in Fig. Pl The core of the architecture is the InfoWeaver information integra-
tion system based on the mediator/wrapper paradigm. We have introduced additional
modules such as the wrapping facility for dissemination-based information sources, the
dissemination subsystem, and the rule subsystem to extend InfoWeaver’s basic functions.

Using the motivating example shown in Subsect. 2.2, we briefly illustrate the function
of each subsystem.

! Our model can easily be extended to allow wrappers of any type to generate events depending
on states of the underlying information sources.
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1. When a new stock price has arrived, the wrapper for the stock price information
feed channel detects the arrival as a new event, and notifies the event to the rule
subsystem.

2. The rule subsystem invokes the ECA rule corresponding to the notified event, and
sends a query to the mediator to evaluate the condition part of the rule to check
whether the company belongs to the IT category and whether the price exceeds the
threshold value.

3. If the condition part is satisfied, the rule subsystem issues another query to the
mediator to integrate the user’s stock information about the company and the the
product news articles on the company delivered within the last one week.

4. The mediator processes the query to integrate information. When its query proces-
sing is finished, the mediator notifies the completion to the rule subsystem.

5. Then, the rule subsystem orders the dissemination subsystem to deliver the integrated
result to the user.

6. The dissemination subsystem receives the integrated result from the mediator, trans-
forms it into an appropriate format, and then delivers it to the user.

Client
e |

| Events Deliver Data items
requests

—

issemination Mediator [
f Rule subsystem | Ved . WebNR/SD
Integration :
! requests Integrated -
: Events reslt Wrapper |~ Wrapper |——{ Wrappeﬂ—{%\/rapper P
\ Mediator
\\ Information integration system ::;\tir:t *

Dissemination-based
wrapper

Wrapper

Fig. 3. InfoWeaver

Data items

’Information Dissemination Server

Fig. 2. System Architecture

4 InfoWeaver

In this section, we describe the core part of the system, the InfoWeaver information
integration system. InfoWeaver can integrate heterogeneous information sources such
asrelational databases, structured documents (XML and SGML), and Web pages (Fig.B3).
Information integration in InfoWeaver is performed based on its common data model
WebNR/SD. In the following, we introduce some notions and terminology related to this
paper. See [7)12] for more details.

4.1 WebNR/SD Data Model

Figure @lillustrates data representation in the common data model WebNR/SD. WebNR/SD
is based on the nested relational data model [19] and provides nested relational al-
gebra operators shown in Fig.[3l A feature of WebNR/SD is that it provides an abstract
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data type, called SD type (Structured Document type), to store and manipulate structured
documents such as XML, SGML, and HTML. An instance of SD type is called an SD
value and treated as an attribute value in a nested relation. An SD value consists of a DTD
(Document Type Definition) representing the document structure and a structured docu-
ment (e.g., XML) that conforms to the DTD (Fig. B). WebNR/SD provides a selection
operator to manipulate SD values and converter operators (described below) to transform
SD value structures. In addition, WebNR/SD has special SD values to represent Web
link structures. It enables navigation and manipulation of Web data.

Data integration in the mediator is based on WebNR/SD, and wrappers translate
data in the underlying sources into nested relations which may contain SD values. The
mediator can maintain temporary relations to store intermediate integration results if
necessary.

A paper = seq (title, authors, pub-info, pages) SCICC[IOI’I Jp (T)
pub-info = or (proc-info, j-info) : .
B C D j-info = seq (j-title, vol, no, date) PI'OJCCUOD 7TA1 s An (T)
E|] F authors = rep (author) Cartesian product 7y X 72
<paper><title>Integration of Web, DB</title>
<authors><author>Tanaka</author></authors> Nest Va= (B1, ..y Bm) ('I')

<pub-info>...</pub-info><pages> Unnest Hna (’I")

</pages></paper> Union T1 U T2
Difference reo— o

Fig. 4. Data Representation in WebNR/SD (right: an SD Fig, 5. Nested Relational Algebra
value) Operators

4.2 Converter Operators

WebNR/SD provides two converter operators, Unpack (U) and Pack (P), to attain bi-
directional conversion between SD values and nested table structures. Unpack decom-
poses SD values and constructs nested subrelations. On the other hand, Pack composes
SD values by embedding given subrelations into “template” SD values.

The following examples illustrate the usage of Unpack and Pack, where the relations
r1 and 7o are shown in Fig.[6l We omit DTDs and only present document instances in
this figure to simplify the presentation.

Tro 1= UArticlesﬁAS(O, Article) (7“1) (1)
r o= PAS(O, Article as z)— Articles (T2) (2)

In Eq. (1), Unpack decomposes the SD value in the Articles attribute. The resulting
relation 75 contains extracted articles in the As.Arficle attribute. To preserve the original
document structures, 5 contains reference values (e.g., &x . 1 ;) that point the correspon-
ding nested tuples in the As attribute. These reference values are called SD references.
Eq. (2) plays the inverse role and recovers r; using the Pack operator. It uses the Ar-
ticles attribute values of r, as templates, and embeds each referenced subtuple into the
corresponding position.

Composite operators are defined as combinations of the primitive operators. Some
composite converters are as follows. They are used for specifying data integration in the
motivating example.
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T2:
U As
A Articles A Articles Article
i
“<articles><article>Al...</article> = - = - T o
1 <artlic1e>A2 1</article><//artlicles>” 1 <articles>&x.1; 1|“<article>Al..</article>
c &x.2;</articles>”[2|“<article>A2..</article>”

Fig. 6. Sample Relations 1 and 72

= U4, 5(Bijer] as 1, ..., Bulen] as )+ 1t is an extended version of Unpack, and re-
presents a sequence of primitive Unpacks. Figure [7] shows an example, where
Ty 1= UB—>(C[author] as x, D[title] as y) (7"3)

- Pa,, .. A,)=B, gt Itis an extended version of Pack, and creates new SD values in
attribute B using SD values in attributes A;, ..., A;. P(c, py—~p, ¢(rs) yields the
relation r3 in Fig. [7]

- P4, (p)-B, ¢: Itis another extended version of Pack, and creates new SD values in
attribute 53 using SD values in attribute D. For example, r7 := P g(c)—p, ¢(76) in
Fig.[1

A B
<info><author>Lee</author>
<title>XML</title></info>”

—_

T4:
[A] B [ C [ D ]
[ 1[*<info>&x.1;&y.1;</info>”  [“<author>Lee</author>” [*<title>XML</title>” |
T5:
[A] c l D
[1]"*<author>Lee</author>"[“<title>XML</title>"[info|
. r7l
Te: 5 -\ D
A C G <authors>
“<author>Lee</author>” |,y 1 2:3:2§§§¥§§;i:3;:§€;or>
“<author>Thomas</author>”
</authors>”

Fig. 7. Composite Operators

5 System Enhancements

In this section, we describe the enhanced portions to incorporate information dissemi-
nation features into the InfoWeaver system.

5.1 Wrapping Facility for Dissemination-Based Information Sources

A wrapper for a dissemination-based information source translates delivered items into
the WebNR/SD model and provides them to the mediator. Also, it generates an arrival
event when a new delivered item has arrived. The wrapper provides an abstract uniform
interface to the wrapped channel so that every channel in our framework is modeled as
a stream relation.

Figure[§] illustrates the idea of a stream relation. A stream relation is a special kind
of relation and holds the latest delivered item. When a new item arrives, the content
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of a stream relation is totally replaced by the incoming item. A stream relation has an
additional attribute 7S to store the timestamp value of information delivery.

As shown below, some rules are usually specified to process arrival events. They may
trigger actions of the mediator to check the contents of the new delivered items and/or
to copy them into temporary relations in the mediator for storage and archival.

Di: ination-based wrapper
L Stream relation
— lient Contents | TS
: PR
C

Fig. 8. Stream Relation

5.2 Dissemination Subsystem

The dissemination subsystem receives a delivery request from the rule subsystem, and re-
trieves the information to be delivered (represented as nested relations which may contain
SD values) from the mediator. It converts the obtained information into an appropriate
delivery format and then delivers it to the user. To describe delivery specifications, we
introduce a new operator, the delivery specifier Deliver. The following example shows
a delivery specification for a relation R.

Deliver’MAIL’(’hiro@x.ac.jp’, "Notify From Rule’, C) [B]

It is intended that an e-mail notification is used for delivery, and the content value of
attribute C'in relation R is delivered. Other parameter values, “hiro@x.ac.jp” and “Notify
From Rule”, are the destination address and the e-mail subject, respectively.

5.3 Rule Subsystem

In this subsection, we first describe ECA rules used in the system, and then show some
examples of rules.

ECA Rule An ECA rule consists of three parts: the event, condition, and action parts.
Each part is described below.

Event There are two kinds of events: primitive event and composite event. The current
system allows the following three primitive events:

1. arrival(.S): this event notifies an arrival of a new delivered item through the channel
S.

2. interval(int): this event represents that the time interval ¢nt has passed since the
alarm was set; it is used to represent a timer event.

3. alarm(7T): this event alarms when it is time 7.

A composite event is constructed from primitive events and/or other composite events.
Details are omitted here.
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Condition The condition part of an ECA rule is evaluated by the mediator when the
rule is invoked. We can use any conditions specifiable as a selection condition in the
selection operator and a join condition in the join operator in WebNR/SD. For example,
the condition R.Name = A’ becomes true if the Name attribute in relation R contains
the value A.

Action In the action part, we can use WebNR/SD algebra expressions to specify in-
tegration instructions. These expressions are evaluated by the mediator. We can also
specify manipulation of temporary relations using notations shown in Fig. Ol They de-
note assignment of relations and append/deletion of tuples. The action part may include
specification of dissemination-based delivery. The delivery specifier Deliver is used for
this purpose.

R1 := R> Assign relation R to relation Ro.
R1 += R> Tuples of R» are appended to relation R;.
R1 -= R> Tuples of R are subtracted from relation R;.

Fig. 9. Additional Notations Allowed in an Action Part

Example of Rules Now we explain how ECA rules are specified. To denote an ECA
rule, we use the following syntax: a rule name is specified after the keyword Rule, and
the event, condition, and action parts are specified in on, if, and do clauses, respectively.
We can include multiple actions in a do clause, and they are sequentially executed. When
an if clause is omitted, we assume that the condition true is specified.

First, we show the rule Receiving_ ACorpStock:

Rule Receiving_ ACorpStock
on: arrival(StockPricelnfo)
if: StockPriceInfo.Name = A’
do: SelectA += oName — * o’ (StockPricelnfo);
SelectA := 0TS > now — 1day (SelectA);

In this rule, StockPricelnfo plays two roles: the one in the on clause represents the stock
information feed channel, and these in the if and do clauses denote the stream relation
corresponding to the channel. This rule is invoked when a new item has arrived through
the StockPricelnfo channel. Then, we can access the delivered item as a new tuple in the
stream relation StockPriceInfo. Actions in the do clause are executed when the current
StockPricelnfo relation contains a tuple with the value A in attribute Name (meaning
that the stock price is for the company ’A’). If the condition is met, first, the tuple is
appended to the temporary relation SelectA. Then, only tuples delivered within the last
24 hours are selected and maintained in SelectA.
The following rule gives an example of periodic delivery.

Rule Disseminating_ ACorpStock
on: alarm(8 am)
do: Deliver’DailyStock’(’ACorp.’, TS, Price) [SelectA];

Based on the on clause, the action part of this rule is executed at 8 o’clock every morning.
The rule sends the latest stock price information accumulated in the temporary relation
SelectA, described above, through the DailyStock channel. Namely, the two ECA rules
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shown here implement the task to send a daily report that contains the stock price
information of the company A delivered within the last 24 hours at 8 o’clock every
morning.

6 Running Example and Its Implementation

In this section, we show rule specifications for the motivating example in Sect. 2 using
the enhanced InfoWeaver functions. Then, we describe some implementation details.

6.1 Rule Specifications

Before showing rule specifications, the underlying assumptions are described. First, we
assume that the data in the stockholder database is stored in the relation StockInfo, whose
schema is shown in Fig.[T0l Second, we assume that the documents delivered through the
product information news channel are XML documents conforming to the DTD shown
in Fig.[TTl The wrapper for this channel creates a stream relation whose tuples have SD
values corresponding to the XML documents. Third, we assume that the wrapper for the
stock price information feed channel encapsulates the channel as a stream relation with
the schema shown in Fig.[I2 Finally, we assume that the stockholder has the demands
of information integration and notification described in Subsect. 2.2.

To specify the integration and delivery requirements, the stockholder writes the first
rule in Fig. It archives the news articles delivered within the last one week through
the product news information channel. Next, the stockholder specifies the second rule to
integrate three information sources and to deliver the integration results using e-mails.
In the second rule, delivery is performed only for the companies such that their delivered
stock prices are higher than the corresponding threshold values stored in the StockInfo
relation.

article = seq(info, body)

[ID[CorpName[BuyPrice[Amount[Threshold] info = seq(title, date, thors) lName[CategOry[SlOCkPI‘iCe[Ts]
[ ‘ ‘ C-name, authors ‘

authors = rep(author)
body = rep(p) Fig.12. Stream Relation

Fig. 10. Relation StockInfo StockPricelnfo

Fig. 11. Productinfo DTD

6.2 Prototype Implementation

We have implemented the additional modules of the enhanced InfoWeaver system in Java
programming language (the original InfoWeaver system is also implemented in Java),
and developed an integrated prototype including information sources. Figure[T4l shows
the screen shot of the prototype system. Along the motivating example, the information
sources in the current implementation consist of two dissemination-based information
sources and a relational database.

Oracle is used as the underlying relational database system. The mediator uses JDB-
CWrapper to access Oracle relational databases through the JDBC protocol. For the
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Rule OneWeekProductNews
on: arrival(ProductInfo)
do: #Archives product information news articles
#within last one week
LastOneWeekNews += Productlnfo;

LastOneWeekNews := 0TS > now — 1week (LastOneWeekNews);

Rule NotifyStock
on: arrival(StockPricelnfo)
if: StockPricelnfo.Category = "IT’
A StockPricelnfo.StockPrice > StockInfo.Threshold
do:#Integration of three information sources
CorpNews :=
Pns(News) — CorpNews (Vns = (News) (7TC—name, News(
P (Title, Date, Body) — News (fes (
UInfo — (Title, Date, C—name)(
Uarticle — (Info, Body) (LastOneWeekNews)))))));
NotableStockInfo :=
TCorpName, StockPrice, BuyPrice (StockInfo
NThreshold < StockPrice A CorpName = Name (
OCategory = 'IT (StockPricelnfo)) );
NewsAndStockInfo := mNoifyInfo
P(CorpName, StockPrice, BuyPrice, CorpNews) — Nolifylnfo(
NotableStockInfoXcorpName = C-name CorpANews);
#Delivery of integrated results by e-mails

DeliverMa.il(’hiro@x.ac.jp’, *StockPrice has changed’, NotifyInfo) [NewsAndStockInfo] ;

Fig. 13. Rule Specifications for the Motivating Example
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product information news channel, we simulated its role by e-mail services. MailPop-
Wrapper for e-mail-based channels obtains delivered information (e-mails) by the POP
protocol. To simulate the stock price information feed channel, we constructed DS-
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Wrapper. It can handle information feed services that deliver uniform data items over
the network, and provides a stream relation view to the mediator. We also implemented
the information dissemination facility to deliver integrated information. The current im-
plementation only supports e-mail-based delivery; when the dissemination subsystem
obtains integrated information (represented as a relation), it converts the information
into text strings and sends it using the SMTP protocol.

The rule subsystem is also implemented in Javal. The event handling service in
this subsystem works as follows. Given an ECA rule, it analyzes the event part of the
rule and generates an event listener. If the event is an arrival event, the event listener is
registered in the corresponding wrapper that will generate arrival events. If the event is
a timer event, the generated event listener is registered in the timer module. When an
event occurs, the corresponding event listener notifies the event to the rule subsystem
by pushing it into the event queue.

7 Related Works

In this research, we have realized a unified framework that provides the following two fea-
tures: (1) integration of dissemination-based information sources and (2) dissemination-
based delivery of the integrated results. To the best of our knowledge, there is no work
that can support both of them.

PointCast [17] and Castanet [11], described in Sect. 2, are commercial dissemination-
based information services. Although these services can deliver information autono-
mously to users, they cannot issue queries to extract interesting information from various
dissemination-based services.

DBIS [112] and Muffin [16] aim to extract information from multiple dissemination-
based information services. DBIS use a software module called Information Broker to
access multiple dissemination-based sources transparently and to select information ba-
sed on user profiles. Muffin can create a new virtual channel based on the user profile.
An interesting feature of Muffin is its support of multiple rating criteria. To select infor-
mation from multiple information services, it uses frequency of delivery, freshness, and
popularity as well as similarity. In contrast to our approach, these two researches only
consider information selection from multiple dissemination-based information sources,
and do not support integration of dissemination-based services with other existing in-
formation sources.

OpenCQ [10] is an information integration system for distributed heterogeneous
information sources. This system is based on the event-driven approach and supports
continual queries. A continual query consists of three components, a query, a trigger
condition, and a termination condition. Whenever a trigger condition such as update in
an information source becomes true, this system repeatedly executes the query until the
stop condition holds. As a result of the query, the difference between the current query
execution and the previous one is reported. This work is related to our approach because
it follows an event-based approach and discusses the issue of information integration.
However, OpenCQ considers only a particular case of the dissemination-based delivery
of the integration results. Moreover, its mediator cannot store integration results. The-
refore, OpenCQ cannot support integration of dissemination-based information sources

% Java-based rule engine shells could have been used as a core engine.



198 H. Mizuguchi et al.

or complex delivery requirements shown in this paper, and its functionality is limited
compared to our approach.

Tapestry [21] also supports continual execution of queries for append-only relational
databases. A continual query in Tapestry is an SQL query including time conditions in
the WHERE clause. Like OpenCQ, this system reports the difference from the previous
result to the user. Although an append-only database can be seen as a dissemination-based

service, the queries allowed in Tapestry is limited to special cases. Moreover, Tapestry
does not provide event-driven data processing and information integration facilities.

8 Conclusions

In this research, we have incorporated information dissemination features into an exi-
sting information integration system InfoWeaver. We set two goals: (1) integration of
dissemination-based information services as other conventional information sources,
and (2) dissemination-based delivery of the integrated information. To achieve these
goals, we used ECA rules to describe processing instructions. Also, we enhanced the
InfoWeaver system to support event handling and rule processing functions. Using ECA
rules, the user can specify event-driven integration of information sources and delivery
of the integration results.

In this paper, we have described our approach to realize the goals, the enhanced
system architecture, and the rule system to specify integration and delivery require-
ments. We have also shown the overview of the prototype implementation. We introdu-
ced additional modules, wrappers for dissemination-based information sources, the rule
subsystem, and the dissemination subsystem, into the existing InfoWeaver system. In
short, this work provides a novel framework of information integration by incorporating
dissemination features, and has realized it by constructing a prototype system.

The InfoWeaver project is ongoing in our group. The future work includes more
sophisticated management of information delivery scheduling and maintenance of ar-
chived data items. Development of a user-friendly specification scheme of integration
requirements is another important research issue.

Acknowledgment. This research was supported in part by the Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sports and Culture, Japan.
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Abstract. In this paper we propose a framework for the materialisation of
method results in object—oriented views. When the result of a given method is
materialised, then it has to be kept up to date after objects used to compute the
value of this method were updated. To this end we use additional data structures
representing links between materialised methods and objects used to compute
these methods. When such an object is updated, the system examines an
appropriate data structure in order to find out which materialised methods have
to be recomputed. When a given method m is materialised, it may be reasonable
to materialise also the intermediate results of methods called from m. We call
this technique hierarchical materialisation. When an object used to materialise
the result of m is updated, then m has to be recomputed. This recomputation can
use unaffected intermediate materialised results, thus reducing the
recomputation time.

1 Introduction

Views in relational, object-relational, or object—oriented database systems are
important mechanisms which provide among others: logical data independence,
simplification of a database schema, shorthand for queries, and which are used for
hiding data and implementing security policies.

Another important task performed by views is the integration of information
coming from different homo— and heterogeneous distributed sources. Contemporary
enterprises collect large amounts of data of different format and complexity (e.g.
relational, object-relational, and object—oriented databases, on-line multimedia data
stores, HTML and XML data, spreadsheets, flat files etc.). Therefore, one of the
important issues is to provide an integrated access to all these heterogeneous data
sources.

* This work is partially supported by the grant No. 8T11C04315 from the State Committee for
Scientific Research (KBN), Poland
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© Springer-Verlag Berlin Heidelberg 2000



Hierarchical Materialisation of Method Results in Object—Oriented Views 201

There are two basic approaches to data integration: the mediated approach and the
data warehousing approach [7]. In both of these approaches views are applied to data
integration. As the information being processed is of a complex structure and
behaviour, traditional relational database and data warehousing systems are not
sufficient. Therefore, more and more often object—oriented or object-relational
databases are used. The next step towards storing, processing, and analysing data of a
complex structure is the development of object-relational data warehousing systems.
In such systems object—oriented views are important mechanisms providing an
integrated access to data of an arbitrary complex structure and behaviour. Due to a
powerful object—oriented data model, object—oriented views are well suited for
transforming other models to a common model used by an integrating database.

Views serve also as the means of data materialisation, which is an important
technique used in: (1) distributed databases in order to reduce access time to remote
data and to tackle the problem of temporary unavailability of data sources; (2) in data
warehousing systems in order to speed up the execution of complex analytical queries
[6]. Data materialisation requires mechanisms that will propagate modifications of a
database to materialised views. A lot of work has been done to maintain relational
materialised views, where efficiency is achieved by using incremental propagation
[6]. Much less work has been done to support object—oriented views materialisation
[4] and maintenance [9, 10]. Moreover, the existing approaches to materialised object—
oriented views so far considered only the structural parts of view objects.

In this paper we propose a framework for the materialisation of method results in
object—oriented views. This framework extends our previous work on the
materialisation and maintenance of structural parts of views [13].

The materialisation of a method consists in computing the result of this method
once, storing it persistently in a database, and then using the persistent value when the
method is invoked, rather than computing the result each time the method is called. On
the one hand, this technique allows to reduce access time to the result of a method. But
on the other hand, when a method result is made persistent it has to be kept up to date
when data used to compute this result change. To this end, we use additional data
structures representing links between materialised methods and objects used to
compute these methods. When such an object is updated, the system examines an
appropriate data structure in order to find these materialised methods that have to be
recomputed. Methods invocations form a graph of dependencies. When method m is
materialised, it may be reasonable to materialise also the intermediate results of
methods called from m. We call this technique hierarchical materialisation. In order
to maintain the chain of methods invocations we introduced a data structure, called the
Graph of Method Calls. When an object used to materialise the result of method m is
updated, then m has to be recomputed. This recomputation can use unaffected
intermediate results that has already been materialised, thus reducing the time spent on
recomputation.

This paper is organised as follows: Section 2 discusses related approaches to
object—oriented views materialisation and methods materialisation. Section 3 outlines
our concept of views. Sections 4 and 5 describe our framework of materialisation and
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maintenance of structural and behavioural parts of views, respectively. Section 6
summarises the paper and points out the area for future work.

2 Related Work

Several approaches to object-oriented views have been proposed in scientific
publications (see [11] for an overview). As it concerns materialised object—oriented
views few approaches have been proposed so far that support their materialisation [4]
and maintenance [9, 10]. In [4] an arbitrary portion of a source database schema can
be replicated (together with associated class instances) into a materialised view, called
replica. However, the system does not keep consistency between a database and
replicas. The MultiView system [9, 10] supports incremental view maintenance. But
the system materialises only pointers to base objects, and, therefore, it may not be
suitable either for distributed databases or for data warehousing systems where
integrated data should be stored/materialised locally in a warehouse for the sake of
efficiency, rather than accessed remotely.

The materialisation of methods and their maintenance was investigated in the
context of indexing techniques and query optimisation, c.f. [1, 3, 8]. The main
problem with materialised methods concerns the consistency maintenance between a
materialised result of a method m and objects used to compute the value of m. To this
end, these approaches use additional data structures that store references from objects
used to compute a given method to this method. The concept of [8] uses the so called
Reverse Reference Relation, which contains the tuples in the form of: [object used to
materialise method m, the name of a materialised method, the set of objects passed as
arguments of m]. Furthermore, this approach maintains also the information about the
attributes, called relevant attributes, whose values were used to materialise method m.
Method m has to be recomputed only when the value of a relevant attribute of an
object used in m was updated.

Another approach to methods precomputation was discussed in [5]. The authors
developed the concept of the so called inverse methods in order to alleviate the need to
compute a given method for each instance of a given class. The result of an inverse
method is stored in the memory and is accessible only for the current query.

3 The Concept of an Object—Oriented View Schema

In our approach, an object—oriented view is defined as a view schema of an arbitrary
complex structure and behaviour. A view schema is composed of view classes. Each
view class is derived from one or more base classes, i.e. classes in a database schema,
called base schema. View classes in a view schema are connected by inheritance and
aggregation relationships. Several view schemas can be created from the same base
schema. A view schema creation process was described in [12].
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Example 1. Let us consider a base schema composed of eight classes. The class
diagram, in UML notation, is presented in Figure 1. The Computer class is composed
of three classes, namely CDDrive, Disk, and MainBoard. MainBoard, in turn, is
further composed of CPURadiator, CPU, and RAMSIot. RAMSlot references another
class, i.e. RAMModule.

1 Disk

disk : Disk ‘1" capacityGB : Integer

power_cons()

CDDrive Computer

*

cddr : CDDrive

power_cons() power_cons()

mb : MainBoard

| 0-1 CcPU

CPURadiator 1 type : char*

rad : CPURadiator

0..1

power_cons()
set_freq()

get_freq()

power_cons() |1 power_cons()

‘ ram_slot : RAMSIot ‘
¢
RAMModule 1.7

access_time : Integer | ¢ 4 0.1 RAMSiot
capacityMB : Integer

power_cons()
power_cons()

Fig. 1. An example of a database schema

A view schema composed of six view classes was derived from this base schema
(cf. Figure 2). V_Computer, V_CDDrive, V_Disk, and V_CPU view classes were
derived from Computer, CDDrive, Disk, and CPU base classes, respectively.

V_CDDrive 0.1/ v_computer | V_Disk
# cdr : V_CDDrive disk : V_Disk V
power_cons() | 0.." power_cons() 1..* power_cons()
‘ mb : V_MainBoard ‘
V_RAM 1
= o..1?
slot_no : Integer -
bank_no : Integer 0.* ‘ V_MainBoard ‘ 1 V_CPU
access_time : Integer ram : V_RAM ‘ cpu_radiator_power ‘ cpu:V_CPU
capacityMB : Integer 1 power_cons()
power_cons()
power_cons()

Fig. 2. An example of a view schema derived from a base schema in Figure 2

V_RAM merges information from two base classes, i.e. it takes some attributes
from RAMSlot as well as from RAMModule. V_MainBoard merges information from
two base classes, namely MainBoard and CPURadiator. The V_MainBoard view class
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was derived from base class MainBoard with the predicates allowing to access only
these main boards that are of ATX type and use Intel processors, i.e. mb_type="ATX’
and cpu.type="Intel’. Additionally, V_Computer was derived with the predicate
allowing to access only these computers that use hard disks with the capacity grater
that 10GB, i.e. disk.capacityGB>10. O

A view class is derived and placed in a selected view schema by the OQL-like
command:

create view class vc _name ...;

that allows to define the structure of a view class, its behaviour, and the set of
instances. The full syntax of this command is presented in [13]. Due to space
limitations we shall not describe it here.

4 The Structural Part of a View Schema Materialisation

The persistence of base as well as view objects is realised by the so called roots of
persistence. The root of persistence is a schema element that attributes persistence to
objects. An object becomes persistent only when: (1) it is explicitly attached to the
root of persistence or (2) it is referenced by another persistent object, otherwise an
object is temporary.

Instances of a view class are called view objects. View objects are not persistent by
default and they are recomputed each time the application (query) addresses a view
class. A given view schema can be explicitly materialised, meaning that the instances
of view classes become persistent. In order to materialise a view schema the following
command is used:

materialise view schema vs name;

In our approach we use the object generating semantics of all view classes, i.e., the
instances of each view class are new objects and each view object is assigned new
view object identifier — vOid. This policy is required when performing complex
restructuring of base objects in a view class. Furthermore, object generation is suitable
for materialising instances of view classes.

In order to propagate changes from base objects to their materialised counterparts
in view schemas, two additional data structures have to be maintained by the system.
These structures, which are briefly described below, are called Class Mapping
Structure and Object Mapping Structure cf. [13].

4.1 Class Mapping Structure

When view classes are derived from a given base class C, the system maintains
mappings between C, and all view classes that were derived from it. The structure
used to store derivation links is called Class Mapping Structure. It is used among
others while propagating changes from base to materialised view objects.
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Class Mapping Structure (shortly CMS) is defined as the set of tuples having four
fields. The first field stores the name of a base class C,, the second field stores the
array of attribute names of C, that are used in the definition of view class V.. The third
field stores the name of view class V, derived from C, and the fourth field stores the
array of attribute names used in V, (details can be found in [13]).

4.2 Object Mapping Structure

The update of base object o, should be propagated only to those view objects that were
created from o,. Therefore, one important issue that must be solved is the identification
of these materialised view objects that are affected by the update of o,. To this end the
Object Mapping Structure is used.

Object Mapping Structure (OMS for short) provides the mapping between a base
object and all view objects created from it. The OMS is created and maintained by the
system for each base class C.. All view classes derived from C, also have access to
OMS. This structure is organised as the set of tuples where the first field stores base
object identifier (oid) and the second field stores the set of all view object identifiers
(vOid) created from this base object. The system examines the content of a given
Object Mapping Structure among others while propagating changes from base to view
objects (details can be found in [13]).

5 The Behavioural Part of View Schema Materialisation

By default, methods defined in a view class are computed each time they are invoked.
In order to make the result of a method persistent (materialise the method), a database
designer has to explicitly invoke the following command:

materialise method view class name::method name
in view schema vs name;

After that, the result of the first invocation of a method m, for a view object vo, is
stored persistently. Each subsequent invocation of m, for the same object vo, uses the
already materialised value. The materialisation of methods in a given view schema is
allowed only when this schema was previously materialised (cf. Section 4).

We assume the full encapsulation of view objects, i.e. the value of each attribute g,
of a view class V, is accessed by a readA, method, called read method. The
information about a read method and an attribute whose value is provided by this
method is stored in each view class. Read methods are not materialised, as they simply
provide the value of an attribute. The readMethod(attribute_name) function returns

the name of a read method for an attribute passed as the argument.
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5.1 Method Persistence Structure

The information about methods whose results have to be persistent is stored in
additional data structure, called Method Persistence Structure (MPS for short). Each
instance of MPS is a tuple with the following fields:

[method name, view class name, view_ schema_ name]

For example, the following command is used to make persistent the result of the
power_cons method in the V_CPU view class (defined in view schema VS7T).

materialise method V_CPU: :power cons
in view schema VS1;

However, no method result is materialised yet. The command informs the system
that the next invocation of this method for a given object vo, should be materialised.
To this end, appropriate information is inserted to MPS, i.e.:

[power cons,V_CPU, VS1]

When the power_cons method is invoked for the instance vo, of the V_CPU view
class, the system checks whether the result of this method should be made persistent
by examining Method Persistence Structure. To this end the following function is
used:

CheckMPS (method name,view class name,view schema name)

CheckMPS returns true if the result of a given method (passed as the first
argument) in a given view class (passed as the second argument) in a given view
schema (passed as the third argument) should be made persistent. Otherwise the
function returns false.

5.2 Materialised Method Results Structure

As the same method can be invoked for different instances of a given view class and
the same method can be invoked with different values of input arguments, the system
has to maintain the mappings between: (1) the materialised value of a method, (2)
object for which it was invoked, and (3) values of input arguments. We use here the
mechanism similar to those proposed in [3, 8]. The mappings are represented in the
structure, called the Materialised Method Results Structure (MMRS). Each instance of
MMRS is a tuple with the following fields:

[method name,
{input_argument value}, {[v0id, result]}
view_class_name, view schema name]

The second field of this structure represents the set of input argument values that
can be simple values or view objects. A given method can be invoked with the same
set of input argument values, but for different objects, therefore, the third field is
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defined as the set of tuples [vOid, result]. vOid is the view object identifier for which a
given method was invoked, and result is the result of the method.

For example, let us assume that the power_cons method in the V_CPU view class
may be invoked with the argument representing the frequency of a processor clock.
The invocation of power_cons(233) for the instance identified by vCpu, (results in
21W) and vCpu,, (results in 25W) causes that the following tuple is inserted in
MMRS:

[power cons, {233}, { (vCpu,, 21), (vCpu 25)},V_CPU,VS1]

237

5.3 The Graph of Method Calls

A method defined in one view class can invoke other methods defined in other view
classes. For example, in order to compute the consumption of power by the instances
of V_Computer, the power_cons method (in V_Computer) calls power_cons methods
defined in V_Disk, in V_CDDrive, and in V_Main_Board.

The chain of method dependencies, where one method calls another, is called the
Graph of Method Calls (GMC for short), i.e. GMC = (M, E), where M is the set of
nodes, each of them representing a method defined in a view class, in a given view
schema VS, and E is the set of edges. An edge is a pair of nodes (m, m,) where m, calls

n.
J

The GMC is implemented as a structure whose entries are tuples of the following
format:

[calling method name, calling class name,
called method name, called class name,
view schema name]

Such a representation allows to traverse the graph in both directions. The direction
from a called method to its calling method is used while finding these calling methods
whose materialised values became no longer valid (cf. Section 5.5).

For a given method m, being called from other methods, the findCallingMethods
function is used in order to find all the names (preceeded with view class name) of
methods calling m,. The name of the called method name is passed as the first
argument of this function.

findCallingMethods
(called method name,view class name,view schema name)

Example 2. As an example let us consider the view schema presented in Figure 2.
Each view class in this view schema has a method called power_cons that returns the
consumption of electricity power by a computer component. The consumption of
power by each composite instance of V_Main_Board is computed as the sum of power
consumed by each component object, i.e. instances of V_RAM and V_CPU. Similarily,
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the consumption of power by each instance of V_Computer is the sum of power
consumptions by the component instance of V_CDDrive, V_MainBoard, and V_Disk.

The example of the Graph of Method Calls for the view schema presented in Figure
2 is shown in Figure 3. The name of each method is preceded with the name of a class

in which it was defined.
< > VComputer.ijowercons( < >

V_CDDRIive::power_cons() V_Disk::power_cons()
— —

=~ — o -
P

V_RAM::power_cons() V_CPU::power_cons()

Fig. 3. An example of the Graph of Method Calls
O
The extraction of GMC nodes and edges should be performed automatically by the
system during the creation of view methods. However, we do not provide the method
for doing it automatically. So far we considered a database designer as a person
responsible for managing the GMC. The automatic maintenance of GMC is the
subject of further investigation.

5.4 Hierarchical Materialisation

When method m is materialised, it may be reasonable to materialise also the
intermediate results of methods called from m. When a view object vo, used to
materialise the result of method m, is updated, then m has to be recomputed. This
recomputation can use unaffected intermediate materialised results, thus reducing the
recomputation overhead.

We call this technique hierarchical materialisation. In order to maintain the chain
of method invocations the system uses the Graph of Method Calls. In our framework
all the intermediate results up to leaf nodes are materialised.

Example 3. Figure 4 presents, in the UML notation, the materialised instances of the
view schema from Figure 2. One instance of V_Computer was materialised, namely
the object identified by OID vCom,. It is further composed of objects vCD, (the
instance of view class V_CDDrive), vD,, (the instance of view class V_Disk), and
vMB,,, (the instance of V_MainBoard), which in turn is composed of: vR,,, VR,,,, VR
and vP .

As an example illustrating the concept of hierarchical materialisation and its
advantage let us consider the materialisation of methods initiated by the command:

2007 201 202>

materialise method V_Computer::power cons
in view schema VS1;



Hierarchical Materialisation of Method Results in Object—Oriented Views 209

As it was pointed in Section 5.1, the result of V_Computer::power_cons is
materialised for the instance of V_Computer only when this method is invoked for this
instance. Furthermore, all the methods called from V_Computer::power_cons are also
materialised.

vCom1 :
1: power_cons() V_Computer 2: power_cons( )
<z — $
vCD1 : 3 vD20 :
V_GDDrive + power._cons() V_Disk
vMB100 :

4: power_cons() V_MainBoard

5: power_cons( )

A

vP10:
V_CPU

Fig. 4. An example of materialised view schema instances

Let us assume that the power_cons method was invoked for vCom,. In our example
the hierarchical materialisation mechanism results in materialising values of the
following methods: V_RAM::power_cons for objects identified by vR,,, VR,,. VR,
V_CPU::power_cons for object vP,, V_MainBoard::power_cons for object vMB,,,
V_Disk::power_cons for object vD,,, V_CDDrive::power_cons for object vCD,, and
finally V_Computer::power_cons for object vCom,.

The contents of Method Persistence Structure, Materialised Method Results
Structure, and Graph of Method Calls are presented below.

107

Table 1. Method Persistence Structure

method name view class name view schema name
power_cons V_Computer V§,
power_cons V_CDDrive A\A
power_cons V_Disk A\A
power_cons V_MainBoard A\AT
power_cons V_RAM \A
power_cons V_CPU VS,

Having materialised the methods mentioned in Example 3, let us assume that the
component object vD,, was replaced with another disk instance, say vD,,, with greater
consumption of power. Thus, the materialised result of V_Computer::power_cons is
no longer valid and it has to be recomputed. However, during the recomputation of
vCom .power_cons the unaffected materialised results of methods can be reused, i.e.
vCD,.power_cons, vMB,,.power_cons did not change and they can be used to compute
a new value of vCom,.power_cons.
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Table 2. Graph of Method Calls

calling method calling class called method called class
power_cons V_Computer power_cons V_CDDrive
power_cons V_Computer power_cons V_Disk
power_cons V_Computer power_cons V_MainBoard
power_cons V_MainBoard power_cons V_RAM
power_cons V_MainBoard power_cons V_CPU
power_cons V_RAM readU V_RAM
power_cons V_RAM readl V_RAM
power_cons V_CPU readU(int frequency) V_CPU
power_cons V_CPU readI(int frequency) V_CPU
power_cons V_CDDrive readU V_CDDrive
power_cons V_CDDrive readl V_CDDrive
power_cons V_Disk readU V_Disk
power_cons V_Disk readl V_Disk

readU and readl functions are read methods for voltage and current_intensity

attributes, respectively.

Table 3. Materialised Method Results Structure

method name {input argument {vOid, value} | view class view schema
values} name name

power_cons null VR 00, 2 V_RAM VS,

VR0, 2

VR0, 2
power_cons 233 vPio, 25 V_CPU VS,
power_cons null VMB g, 71 V_MainBoard VS,
power_cons null vCD,, 15 V_CDDrive VS,
power_cons null vD,, 22 V_Disk VS,
power_cons null vCom;, 108 V_Computer VS,

O

Without having materialised the power consumption of each component object, all
the methods called from V_Computer::power_cons would have to be computed.

In our approach we assume that the decision whether a method should be
materialised or not is explicitly made by a database designer/administrator during the

system tuning activity.
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5.5 The Maintenance of Materialised Methods

View objects in a materialised view schema have to be kept up to date with their
corresponding base objects. The framework that we developed in [13] allows to
propagate updates to each view object immediately after the corresponding base object
was updated.

When the result of a given method is materialised, then it also has to be kept up to
date after objects used to compute the value of this method were updated. The result of
materialised method m, becomes obsolete when:

e m, defined in view class vc, uses the attribute (by means of invoking its read
method) of an instance of vc, whose value was changed;

e aview object vo,, used as the input argument of m,, was updated;
e the materialised value of any method called from m, was changed.
The update of a base object o, triggers the following actions: (1) the propagation of

an update to a view object vo, that represents o, in a view, (2) the invalidation of these
materialised method results, whose values depend on vo,.

The invalidation of a materialised method result has to be propagated up to the top
of the Graph of Method Calls. Assuming that an update to an attribute a, of the
instance vo, of view class vc, in view schema VS, was updated, the following actions
are taken.

1. The read method for attribute g, is found by invoking:

rMname: string;
rMname = readMethod (a,) ;

2. All the materialised methods that directly call the above read method are found
by invoking:
callingMeth: array of string;
callingMeth = findCallingMethods (rMname, vc,, VS]) H

3. For an updated view object vo, the list of composite objects referencing vo, is
checked.
In order to find a composite object vo, for a component vo, the system must
maintain additional links from component objects to their composite objects. In
our framework each view object has the so called inverse relationship
associated with it (cf. [2]). The list of composite objects referencing vo, is
returned by invoking the findReferencingObj function:

composite ref object: list of OID;
composite ref object = vo,.findReferencingObj () ;
4. The following entries are removed from MMRS:
a) for a view object vo,, if a read method and a method calling it are defined in
the same view class:

for each m in callingMeth
removeMMRSentry (m, vo,, vc,, VSj);
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The removeMMRSentry procedure requires four input arguments: the name
of a method, whose materialised result is to be removed, the identifier of a
view object for which m was materialised, the name of a view class in
which m is defined, and the name of a view schema in which this view class
is defined.

b) for a component view objects referencing vo, if a read method is called
from a composite view class:

for each m in callingMeth
{ for each vo, in composite ref object
removeMMRSentry (m, vo_, getViewClass(vo,), VSj);}

In this case, removeMMRSentry removes from MMRS the materialised
result of method m, for a composite object vo, that is composed of vo,. The
name of a view class is fetched by function getViewClass that requires the
identifier of a view object as an input argument.

5. Steps 2-4 are repeated recursively for each method in callingMeth until the root
of GMC is reached.

Having removed all the invalid entries to MMRS, the next invocation of a
previously materialised method m, results in a new materialisation of its result.

6 Conclusions and Future Work

The support for view materialisation and maintenance is required when applying
object—oriented views in data warehousing systems or in distributed environments. In
this paper we presented a framework for object—oriented view materialisation and
maintenance with respect to behavioural parts of view classes. To the best of our
knowledge, the materialisation of methods in object-oriented views has not been
considered so far in scientific research.

In our framework, we proposed the mechanism of hierarchical materialisation of
methods. This technique allows to reduce the maintenance cost of materialised
methods, as unaffected intermediate results do not have to be recomputed and can thus
be reused during the recomputation of another affected method. However, the
maintenance of materialised methods requires look—ups to MPS, GMC, and MMRS
structures. Accessing them and searching for the information consume additional time,
slowing down the process of method maintenance and computation. Indexing
techniques can be used in order to reduce the time of accessing information in these
structures.

The decision which method to materialise is made by a database
designer/administrator during the system tuning process. He or she has to carefully
select the methods for materialisation. Good candidates are those methods that do not
have input arguments or have input arguments with a small, discrete domain.
Otherwise, the Materialised Method Results Structure may grow rapidly and diminish
the system performance.
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Another factor that deteriorates the system performance is the frequency of updates
to these objects that were used to materialise methods. When the immediate
maintenance strategy is used, the more frequently object are being updated, the more
time is spent by the system on maintaining materialised methods.

The issues that need further investigation are as follows:

the development of a mechanism that would allow to construct automatically
the Graph of Method Calls by analysing the codes of view methods;

the optimisation of data structures (MPS, MMRS, and GMC) and techniques of
accessing these structures;

the implementation of our framework in the ObjectStore system;

the experimental evaluation of our mechanism of methods materialisation and
maintenance in order to: (1) measure how far the method materialisation can
speed up the access to data, with comparison to non materialised methods
approach, (2) measure additional time used for maintaining the materialised
results of methods.
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Abstract. Conducting data mining on logs of web servers involves the
determination of frequently occurring access sequences. We examine the
problem of finding traversal patterns from web logs by considering the
fact that irrelevant accesses to web documents may be interleaved within
access patterns due to navigational purposes. We define a general type of
pattern that takes into account this fact and also, we present a level-wise
algorithm for the determination of these patterns, which is based on the
underlying structure of the web site. The performance of the algorithm
and its sensitivity to several parameters is examined experimentally with
synthetic data.

1 Introduction

Log data which are collected by web servers contain information about user
accesses to the web documents of the site. The size of logs increases rapidly
due to two reasons: the rate that data are collected and the growth of the web
sites themselves. The analysis of these large volumes of log data demands the
employment of data mining methods.

Recently, several methods have been proposed for mining web log data [101,
T4IT6]. Following the paradigm of mining association rules [I], mined patterns
are considered to be frequently occurring access sequences. An example of this
kind of pattern is a sequence (D, ..., D,) of visited documents in a web site. If
such a sequence appears frequently enough, then it indicates a pattern which can
be useful for designing purposes of the web site (advertising), users motivation
with dynamic web documents, system performance analysis, etc.

The transformation of web log files to a data format similar to basket data is
discussed in [9]. Each user session is split into several transactions, requiring that
all accesses inside each transaction are close in time. Then, existing algorithms
for mining association rules (e.g. Apriori) are used over the derived transactions.
In [7], a more sophisticated transformation (algorithm MF) is proposed which
identifies inside a transaction all maximal forward sequences, i.e. all sequences
comprising accesses which have not been made by a backward movement. In

* Work supported by a national PABE project.

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 215-228, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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the same paper, a variation of mining association rules with hash filtering and
transaction trimming is proposed (algorithm Full Scan—FS). Also, by exploiting
main memory, another algorithm is proposed (Selective Scan — SS), which is able
to skip several database scans and count candidates belonging to many phases,
within the same database scan. Finally, a different approach is followed in [5].
More specifically, one database scan is performed and the number of occurrences
of each pair of accesses is determined, i.e. for each pair of web documents A
and B the number of times pair AB occurred is counted. Then, the notion of
composite association rule is defined which is based on the frequencies counted at
the previous step. Two algorithms are proposed (Modified DF'S and Incremental
Step) for finding composite association rules.

Although all previous approaches mine patterns from access information con-
tained in a log file, these patterns differ significantly. For the first approach, the
patterns are standard association rules which are mined with existing algorithms.
These rules do not take into account the web site structure. Thus, this approach
may overevaluate associations, which do not correspond to the actual way of
accessing the site. The method of maximal references finds frequently occurring
sequences of consecutive accesses. As will be presented in more detail in Section
2.2, this approach is sensitive to noise, since patterns which are corrupted by
noisy accesses, loose the property of consecutiveness. The composite-association
rules method counts the frequencies of sequences of length two and, based on
these frequencies, estimates the remaining ones of larger sequences, without ve-
rifying the estimates with the database contents. This approach is based on the
assumption that the probability of an access depends only on the previous access
(first-order markov property), which does not hold in all cases.

In this paper, we give a definition of traversal pattern, adopting the meaning
given in [[7], but we do not pose the constraint that accesses should be conse-
cutive inside the patterns during the frequency counting procedure. These diffe-
rences from the existing approach require the development of a new algorithm
for finding such traversal patterns. We present an algorithm for generating and
counting the support of candidate patterns that is level-wise, as the Apriori-like
methods, which takes into account the underlying web site structure. Although
the general structure of the proposed algorithm is Apriori-like, the data struc-
tures and the procedures for support counting and candidate generation differ
significantly and these operations are performed efficiently by considering the
site structure. The performance of the algorithm is examined experimentally,
using synthetic data.

The rest of this paper is organized as follows. Section 2 gives background
information and a brief overview of algorithms Full Scan and Selective Scan [7].
The problem statement is given in Section 3. Section 4 presents the level-wise
algorithm, whereas Section 5 contains the performance results of the algorithm.
Finally, Section 6 gives the conclusions and directions of future work.
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2 Background

2.1 Definitions

A web site can be abstractly viewed as a set of web documents connected with
hypertext links. The site can be represented by a simple unweighted directed
graph, which is a finite set of vertices and arcs. A vertex corresponds to a docu-
ment and an arc to a link. Each arc joins an ordered pair of vertices. The graph
contains no loops (i.e. arcs joining a vertex with itself), no parallel arcs (i.e. arcs
joining the same ordered pair of vertices), whereas no weight (e.g. distance, cost,
etc.) is associated with any arc. Since traversal patterns contain information ab-
out user access, no quantitative (e.g. weights) or duplicate (e.g. loops, parallel
arcs) information has to be considered [ An example of a simple, directed graph
is illustrated in Figure [T

D B

<

E C

Fig. 1. A directed graph.

A traversal in the site is a sequence of consecutive arcs, i.e. links, that can be
represented with the sequence of the terminating vertices of each arc. The length
of the traversal is defined by the number of contained vertices. The traversals
are contained in the log file. Each entry in the log is of the form (userID, s,
d), which denotes the user identification number, the starting position s and
the destination position d. Although the actual representation of a log may be
different, since it contains additional information, for the purpose of mining
traversal patterns, the log can be abstractly viewed as described previously. The
beginning of a new traversal is marked with a triplet (userID, null, d). All pairs
corresponding to the same user identification number are grouped together to
form a traversal.

In many cases, duplicate arcs or vertices inside the traversal do not contain
useful information, like backward movements [7]. This type of traversal where
each arc and vertex is distinct, is called a path. In the example of Figure [
(A, B, D, C) is a path, whereas (B, D, E, B,C) is not.

! In case the graph structure is not simple, a simple graph can be derived by omitting
loops, multiple edges and weights
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Definition 1 Any subsequence of consecutive vertices in a path is also a path
and is called a section. A section is contained in the corresponding path. If P
represents a path (p1,...,pn), then S = (s1,...,8m) is a section of P, if there
exist a k > 0 such that pjyr = s; for all1 < j < m. O

In the example of Figure [l (A, B, D) is a section of path (A, B, D,C). The
criterion of section containment requires that the vertices (and the corresponding
arcs) are consecutive in the path. If this is not required then we define a subpath.

Definition 2 Given a path P = (p1,...,pn) in a graph G, we call subpath of
P, the sequence SP = (sp1,...,8pm) for which:

— Vsp;, € SP=sp;, e P
—spi=prandsp;=pandi <j=k<I[,Vi<j O

In other words, the vertices (and arcs) of the subpath belong also to the corre-
sponding path and the order of their appearance in the path is preserved in the
subpath. Additionally, the subpath itself is a path in the corresponding graph.
In the example of Figurel (A, B, C) is a subpath of (4, B, D, C). The following
lemma shows that the notion of subpath is a generalization of that of section.

Lemma 1 If P = (p1,...,pn) is a path and S = (s1,...,8m) a section of P,
then S is also a subpath of P.

Proof. Since P is a path, S is also a path. Also, since S is a section of P,
then it holds that: V s; € S = s; € P. Finally, there exist a £k > 0 such
that: pjyr = s; forall 1 < 7 < m. If s; = pj4r and S;11 = pjyr+1, then for
j<j+1=j+k<j+k+1, whichis true for all 1 <j <m. O

Next, we present some quantitative conclusions regarding the number of sub-
paths. The proofs can be found in [12].

Lemma 2 A path P = (p1,...,pn) of length n has at least n — k + 1 and at
most () subpaths of length k. ]

Corollary 1 A path P = (p1,...,pn) of length n has at least two and at most
n subpaths of length n — 1. a

Corollary 2 A path P = (p1,...,pn) of length n has exactly two sections of
length n — 1. o

2.2 Overview of Maximal Reference Sequences

In algorithm MF [7], a preprocessing of the log file is performed to extract mazi-
mal forward references. First, each user session is identified. A session is further
decomposed into a number of transactions, ] which are the paths resulting after

2 In the sequel, terms transaction and path are used interchangeably.
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discarding all backward movements. After this step, a modified algorithm for
mining large itemsets is used. This algorithm is called Full Scan and resembles
DHP [13], an Apriori-like algorithm which uses hash-pruning and transaction
trimming. Also, algorithm Selective Scan is proposed, which exploits the availa-
ble main memory and merges several phases of the Apriori-like algorithm.

Algorithms Full Scan and Selective Scan do not find the supports of arbitrary
sets of vertices, as the standard algorithms for association rules do, but they take
into account the ordering of vertices inside the transactions. These algorithms
determine all large reference sequences, i.e. all sections (see Definition 2) of the
graph contained in a sufficient number of transactions. Recall that a candidate S
is contained as section in a path (transaction) P, if S is a section of P, i.e. pj1t =
s; for some k > 0. For the candidate generation, a candidate S = (s1, ..., Sk+1)
of length k+1 is generated by joining S’ = (s1,...,8;) and S” = (s9, ..., Skt1),
if both these sections of S with length k& were found large. With respect to
Corollary [2, S has only two sections of length k, i.e. S’ and S”. In [7] it is not
explained if any candidate pruning takes place, like in Apriori and DHP where
every subset is tested if it is large. Since S’ and S” are the only sections of S,
any other combination of k vertices of S, even if it is a path in the graph, will
not be supported by the same transactions which support S. If a transaction
P contained S and a combination of k vertices S”’ from S, then S”" would be
contained as a section by S, which contradicts with Corollary 2. Therefore, no
further candidate pruning can take place.

Fig. 2. A transaction corrupted by irrelevant accesses during navigation.

The resulting patterns are all large maximal reference sequences, i.e. all pa-
ths with the maximum possible length, contained as sections in a number of
transactions which is larger than minSupport. Compared to standard associa-
tion rules, maximal reference sequences are traversal patterns. However, pat-
terns may be corrupted by noisy accesses which are random accesses, not parts
of a pattern, which are done during user navigation. Thus, inside a user tra-
versal, patterns are interleaved with noise. Figure 2] illustrates a transaction
T = (AE,B,C,F,G,D). If P = (A,B,C, D) is the pattern (maximal refe-
rence sequence), then P is not a section of T and thus, it is not supported
by transaction T'. If many transactions are corrupted, then pattern P will not
have adequate support and will be missed. Therefore, irrelevant accesses for na-
vigational purposes have an impact on the support of the patterns and their
determination.
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3 Mining Access Patterns Based on Subpath Definition

3.1 Problem Statement

Given a collection of transactions which are paths in a web site represented by
a graph, all paths contained as subpaths by a fraction of transactions which is
larger than minSupport are found. Following the notation of standard associa-
tion rules, this fraction is called support and all such paths are called large. As
described in Section 2.1, in the sequel we use the terms of vertex and arc in-
stead of web document and hypertext link. Finally, as a post-processing step, the
large paths of maximal length can be determined. Since this is a straightforward
operation, it will not be considered any further.

The database consists of paths in the given graph which can be derived
from the log file using algorithm MF [7]. A candidate path P is supported by
a transaction T, if P is a subpath of T. Thus, vertices corresponding to noisy
accesses in T' do not affect the support of P. In the example of Figure 2] pattern
P = (A, B,C, D) is a subpath of transaction T = (A, E, B,C, F, G, D) although
it is not its section. Recall that P is a path in the graph and the ordering of
vertices in T is preserved. Following Lemma [[ the set of all large paths with
the subpath-containment criterion is a superset of all large references sequences
with the section-containment criterion. Figure [3 illustrates an example with a
database of five path transactions from the graph of Figure [l with minSupport
equal to two.

Cs
Database Ch -
1D Path Candidate|Sup. - L1 Candidate|Sup.
T 4, B,0) ) 5 Can(jl;date Sl;p. (fl, g) ?
2 (B, D, E, C, A) (B) | 4 g ; ; éB’oi :
3 (C, A, B) (C) 5 () 5 (B7D> 1
4 (D,C, A) (D) 2 (D) 9 (C: A) 4
5 (B,C, A) (E) 1 (D.C) 9
Lo Cs
Candidate|Sup.| |Candidate|Sup. L3

(A, B) 2 (A,B,C) | 1 Candidate|Sup.

(B, C) 3 (B,C,A) | 2 (B,C,A)| 2

(C, A) 4 (C,A,B) | 1 (D,C,A) | 2

(D, C) 2 (D,C,A) | 2

Fig. 3. Example of large path generation.

The differences in mining large paths compared to mining standard associa-
tion rules and reference sequences, require the development of a new algorithm
which has to be based on the graph structure and take into account the notion
of subpath containment.
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3.2 Pruning with the Support Criterion

Apriori pruning criterion [I] requires that a set of items I = {iy,...,d,} is
large only if every subset of I of length n — 1 is also large. In case of a path
S ={(s1,...,8n), pruning can be performed based on the following lemma:

Lemma 3 A path S = (s1,...,8,) is large only if every subpath S’ of S, with
length n — 1 is also large.

Proof. See [12]. ]

With respect to Corollary [[] a path of length n has at least two and at most n
subpaths of length n — 1. Notice that in case of mining large reference sequences
[], only the two sections of the path are considered (see Corollary 2]). For the
determination of large paths, only the subpaths have to be tested, whose number

may be less than (, " ) = n, as it is the case for itemsets. Therefore, not any

n
other combination of vertices, besides the subpaths, should be tested.

4 Determination of Large Paths

The determination of large paths can be performed in a level-wise manner, as
in the Apriori algorithm [I]. The general structure of the algorithm is given
bellow. The minimum required support is denoted as minSupport. Cj denotes
all candidates of length k, Ly, the set of all large paths of length k, D the database
and G the graph.

Algorithm 1: Level-wise determination of large paths over a graph G

1) C; « the set of all paths of length 1

2) k=1

3) while (Cy, /0) {

4) for each path p € D {

5) S = {s|s € Cf, s is subpath of p}
6) for each s € S, s.count++

7)

8) Lj, = {s|s € Cy, s.count > minSupport }
9) Cry1 + genCandidates(Ly, G)

10)  k++

11) }

Although the general structure of the level-wise algorithm is similar to Apri-
ori, its components for

a. candidate support counting (steps 5 and 6), and
b. the generation of the candidates of the next phase (step 9)

differ significantly since the problem of determining large paths, as stated in
Section 3.1, presents several differences compared to the one of finding large
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itemsets. First, candidates have to be paths in the graph and not arbitrary com-
bination of vertices. Thus, the procedure of candidate generation (step 9) has to
form only valid candidates. It also has to perform apriori pruning with respect
to Lemma [3 For support counting (steps 6 and 7), the subpath containment
has to be performed with respect to Definition 2. These differences require an
algorithm which takes into account the graph structure. Additionally, although
existing data structures like the hash-tree and hash-table can be used for de-
termining large paths, as in [1J7], we use a trie data structure for counting the
supports and for storing the large paths. The procedure of generating candidate
paths for the next phase of the algorithm is performed with an efficient recur-
sion manner over the trie. It is necessary to notice that all improvements to the
Apriori algorithm, as in [T3], are also applicable to Algorithm 1. Therefore, they
are not used in order to make the differences more clear.

4.1 Data Structures

First, we need to store the graph in a main memory data structure. Although
several approaches for the representation of graphs in secondary storage have
been reported [8I11], however, we assume that the graph size is such that the
graph can fit in main memory. The reason is that for the typical example of a
web site, the total number of graph vertices is less than a few thousands. The
graph is represented with its adjacency lists, which hold a list with all vertices
connected with an arc starting from graph vertex v, for each v. This list is
denoted as NT(v) and is called the positive neighborhood of v B. The adjacency
list representation is more appropriate for less dense graphs, i.e. graphs with not
many arcs.

The candidate paths are held in a trie, an approach which is also followed in
[6/15] for itemsets. An important difference is that the fanout (i.e. the number
of branches from a trie node) in the case of paths is much smaller, compared
to the case of itemsets where any combination of items forms an itemset. This
way, the trie occupies less space. Large paths remain in the trie to advocate the
procedure of candidate generation.

4.2 Support Counting

The support counting for candidate paths (steps 5 and 6 in algorithm) is the
most computationally intensive part of Algorithm 1. At the k-th database scan,
the support of candidates of length & is counted. For each transaction P with
length n that is read from the database, all possible subpaths of length k have
to be determined (if P’s length is less than k, it is ignored). P is decomposed

into all its () possible combinations of vertices (see Lemma ) and each one

is searched. For those which exist in the trie, i.e. they are subpaths of P, their

3 The negative neighborhood N~ (v) consist of all vertices w for which there is a vertex
from w to v.
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support is increased by one. For example, if path P = (4, B,C, D) and k = 3,
then (A, B,C), (B,C, D), (A, B, D) and (A, C, D) are searched.

Since, in general, P has less than () subpaths, an unsuccessful search is
performed for each combination which is not a subpath. In the previous exam-
ple, (A, B,C) and (B, C, D) are definitely subpaths (see Corollary [I]), while the
remaining two may not be subpaths. In the worst case, the complexity of each un-
successful search is O(k). Thus, the total cost in the worst case is O(k-[(}) —2]).
The search for those combination of vertices, which are not subpaths, could be
avoided only if for any combination of k vertices, it can be known that there
exist a path in the graph connecting these vertices. Algorithms which find the
closure of the graph can recognize if there exist a path connecting only two verti-
ces. Since the determination of the path existence would perform a search in the
graph with cost O(k) at the worst case, the total cost would again been equal
to O(k - [(}) —2])-

As mentioned earlier, the advantage of the trie over the hash-tree, is that,
since candidates in hash-tree are only at leafs, at best k and at worst k + k- m
comparisons are required for looking up a candidate, where m is the number of
candidates stored in a leaf of the hash-tree [1]. On the other hand, in case of a
trie, this operation requires & comparisons at the worst case. Apparently, hash-
tree requires less memory but, as explained, by storing only paths instead of
all arbitrary vertex combinations, memory requirements for the trie are reduced
significantly.

4.3 Candidate Generation

After having scanned the database, all large candidates of this phase have to be
determined (step 8) and all candidates for the next phase have to be generated
(step 9). In Apriori [I], these two steps are performed separately. First, all large
candidates Ly at phase k are determined and stored in a hash table. Then, a
join Ly X Ly is performed, using the hash table, for the generation of candidates
of phase k + 1. For each candidate of length k + 1, which belongs to the result
of Ly X Ly, all its k subsets of length k are searched whether they belong to Ly,
(using again the hash table).

Joining Lj X Ly is done with respect to the first k — 1 items of the itemset.
For example, if k = 3 and two itemsets I; = {1,2,3} and Iy = {1,2,4} are large,
then they are joined to form a possible candidate C' = {1,2,3,4}. If I; or I
does not exist, then C will not be a candidate since not all its subsets are large
(I1 or I are not large). Therefore, joining is performed for avoiding generating
candidates which will be pruned by the apriori-pruning criterion. As it is easy
to show, it is equivalent as if joining on any fixed k — 1 items was done, instead
of the first £ — 1 ones.

In case of path candidates, their generation cannot be based on joining
L X Lg, on a fixed combination of & — 1 vertices, because each candidate
path C has a different number of large subpaths. For example, the first £ — 1
vertices (as in Apriori) may not be present in any other subpath besides the
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one of the two sections of C' (see Corollaries [I] and [). Moreover, this joining
in Apriori is performed to reduce the number of examined possible candidates,
since any item can be appended to a candidate of length k to produce a possible
candidate of length k + 1. On the other hand, for candidate paths, only the
extensions from the vertices in the positive neighborhood of the last vertex are
considered, whose number is much less compared to the case of itemsets.

Therefore, for the generation of candidates of the next phase for Algorithm 1,
a different approach is followed and steps 8 and 9 are performed together. By
visiting all trie leaves, if a candidate L = (¢1,...¢) is large, then the adjacency
list of N (¢) (last vertex) is retrieved. For each vertex v in the adjacency list,
which does not belong to path L and subpath L' = ({s,... 0, v) is large, a
possible candidate C' = ({1, ..., g, v) of length k + 1 is formed by appending v
at the end of L. Then, all subpaths of C of length k, besides L', are searched
in the trie and if all are large, then C' is considered to be a candidate of length
k + 1 by adding a branch in the trie from vertex ¢ to vertex v. The following
algorithm describes the candidate generation procedure.

Procedure: genCandidates(Ly, G)
/ /Ly is the set of large paths of length k and G is the graph
for each large leaf L = (¢1,..., /) of trie {
N*(¢) = {v | there is an arc {, — v in G}
for each v € N*(¢;) {
if (v not already in L) and L' = ({3, ..., ¢, v) is large {
C={1,...,00)
if (V subpath S £L' of C = S € Ly)
insert C' in the trie by extending ¢ with a branch to v

}

Correctness. See [12]. ]

All k — 2 possible subpaths S AL’ of length k of a candidate C' have to be
searched in the trie structure to verify if they are large. During an unsuccessful
search of a possible subpath S, it has to be determined if it is not in the trie be-
cause it is not large or because it is not a valid subpath. Thus, if S = (s1,..., sk)
and vertex s; is not present, then it has to be tested if there is an arc s;_1 — s;
in the graph. If not, then S is not a valid subpath and is ignored. Otherwise, S
does not exist, because vertex s;_1 was not expanded in a previous phase since
subpath (sq,...,8;—1) was not large therefore, S is also not large and thus, C is
pruned.

With regards to the efficiency of the procedure genCandidates we notice the
following. For testing if the subpaths of a candidate are large, there is no need to
create a separate hash table (as in case of Apriori) because large candidates are
already present in the trie. Testing if a vertex from the adjacency list is already
present in the candidate path is done by using a temporary bitmap, which is
maintained during the visit of the trie leaves. This way, testing containment is
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done in O(1). The way trie leaves are expanded by using the adjacency list of
their terminating vertex justifies the selection of the graph representation with
its adjacency lists. Finally, the trie grows dynamically with simple leaf extensions
and there is no need to create a hash-tree from the beginning, as in Apriori.

5 Performance Results

This section contains the results of the experimental evaluation of Algorithm 1
using synthetic data. The experiments were run in a workstation with one Pen-
tium IIT processor 450 MHz, 256 MB RAM, under Windows NT 4.0.

5.1 Synthetic Data Generator

First, the site structure has to be generated. Two significant parameters are the
total number N of web documents and the maximum number F of hypertext
links inside a document. Following the results of [3[4], each web document has
a size (in KB) which follows a mixed distribution: Lognormal, for sizes less
than 133 KB and Pareto for larger ones. This way, as presented in [4], 93%
of the documents are html documents and the remaining ones are large binary
objects (images, sounds, etc). For each document, its fanout, i.e. the number
of its hypertext links, is determined following a uniform distribution between 1
and F'. Documents with sizes larger than 133 KB do not have links because we
assume they correspond to large binary objects.

Table 1. Symbols representing parameters of synthetic data.

Symbol|Definition

number of vertices
maximum fanout
average pattern length
total number of patterns
corruption level

Qo=

Large paths are chosen from a collection of P paths which represent the
patterns. The length of each path pattern is determined by a Poisson distribution
with average length L. For the formation of each transaction, representing a
user traversal, one of the P path patterns is chosen with uniform distribution.
The corruption of patterns is represented with the corruption level C, which is
the number of vertices from the path pattern which will be substituted. This
number follows a Poisson distribution with average value C. Table [1 presents
all the symbols used in the following. Datasets are characterized by the values
for parameters L, F' and D. For example, L5FF3D100K denotes a dataset with
average path pattern length 5, maximum fanout 3 and 100,000 transactions.
More details for the synthetic data generator can be found in [12)].
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5.2 Results

First, we examined the scale-up properties of Algorithm 1 with respect to the
number of database path transactions. Figure Bh illustrates the execution times
for databases with 1 x 106, 2.5 x 105 and 5 x 10° transactions. For this expe-
riment, the average pattern length L = 7, the number of patterns P = 1,000,
the maximum fanout F' = 15, and the corruption level C' = 25%. Thus, these
sets can be denoted as L7TF15D1M, L7TF15D2.5M and L7TF15D5M . Results
are represented for three characteristic values of minSupport. As it can be noti-
ced from Figure [@h, Algorithm 1 presents a linear scale-up with respect to the
database size.

Also, we examined the scale-up properties of Algorithm 1 with respect to the
site size, i.e. the number of the graph vertices. We used P = 1,000, L = 7 and
D = 100,000 transactions. The maximum fanout F' = 15, since for large graphs
we would like that they are not very sparse, whereas C = 25%. The dataset is
denoted as L7F15D100K and Figure @b illustrates the results for three number
of vertices: 1000, 2500 and 5000, again for the same three minSupport values.
As it can be seen, the execution times increases with respect to the number of
vertices since there are more candidates to be examined.

P=1,000, L=7, F=15, D=100,000 P=1,000, L=7, F=15, D=100,000
500 T 14 T >
minSupport=0.25 —%— | minSupport=0.25 —x="
minSupport=0.15 e« | minSupport=0.15 e

- minSupport=0.05"---&---

450

minSupport=0.05 ->-&-

time (sec)
time (sec)
®
T
L

50 L 2 L
1000 2500 5000 1000 2500 5000
number of transaction paths (in '000s) number of vertices

Fig. 4. Scale-up results w.r.t.: a. number of transactions, b. number of web documents
(graph vertices).

Then, we examined the properties of Algorithm 1 with respect to the pattern
length. For this experiment, P = 1000 patterns, N = 1000 vertices, D = 100, 000
transactions, the maximum fanout F = 15 and the corruption level C' = 25%.
Figure Bk illustrates the results for three average pattern lengths: 5, 10 and 15.
As shown, the execution time increases for larger lengths, especially for lower
minSupport values, since more phases and thus, database scans are required.

Finally, we tested the impact of the corruption level. Recall that this para-
meter represents the expected number of vertices within a pattern which are
corrupted with other vertices (i.e. not part of the pattern). Figure[Hb illustrates
the number of large paths founded in the result with respect to three values of
corruption level: 0.1%, 0.25% and 0.4%. The dataset was L7F15D100K with



Finding Generalized Path Patterns for Web Log Data Mining 227

P = 1000 patterns. As it is expected, the number of large paths reduces with
respect to the corruption level because patterns are changed. However, the re-
duction is not remarkable since pattern identification is not affected significantly
by the corruption.

P=1,000, N=1,000, F=15, D=100,000 P=1000, L=7, N=1000, F=15, D=100,000
40 - 16000 T
minSupport=0.25 —*— . minSupport=0.25 —*—
minSupport=0.15 e [ e minSupport=0.15 e
35 - minSupport=0.05 —>&—-- 14000 T minSupport=0.05 ---&--
N L R
30 [~ B 12000 [ R 4

25 g 10000 | |

8000 —

time (sec)

20 Bl

6000 ;- 1

number of result patterns

4000 - - P

2000f ]

. .
5 10 15 0.1 0.25 0.4
average pattern length Corruption factor

Fig. 5. a. Execution time w.r.t. average pattern length. b. Number of large paths w.r.t.
the corruption level.

6 Conclusions

We examined the problem of determining traversal patterns from web logs. These
patterns take into account the fact that irrelevant accesses, made for navigational
purposes, may be interleaved with accesses which are not part of the pattern.
We presented a level-wise algorithm for counting the support of these patterns.
This algorithm differs from the existing Apriori-like algorithms because it has
to take into account the graph structure which represents the web site. The
performance of the algorithms is tested experimentally with synthetic data which
are produced following several results on recent web statistics.

The quality of the patterns can only be tested within the framework of a
specific application. In the future, we plan to test the proposed patterns for the
purpose of web prefetching, i.e. the prediction of forthcoming web document
requests of a user. For such an application, the impact of noise, as defined in
this paper, will be tested more precisely.

Acknowledgments. We would like to acknowledge the effort of Mr. Dimitrios
Katsaros on the development of the synthetic data generator.
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Abstract. In this paper we provide a theoretical framework for estima-
ting the size of the intersection join between two line segment datasets
(e.g., roads, railways, utilities). For real datasets, it has been pointed
out that the line segment lengths and slopes are distributed according to
specific mathematical laws [I4]. Starting from this result, we show how
to predict the size of the intersection join between two line segment data-
sets. We evaluate our formula through several experimentations, showing
that the estimation is accurate, as compared to that obtained by using
a naive uniform model.

1 Introduction

The spatial join between two spatial datasets is one of the most popular spatial
operation. It can be defined as follows: Given two datasets S and S’ of spatial
objects and a binary spatial predicate § : S x 8’ — {false, true}, find all
pairs of objects (s,s") € § x &’ such that 6(s,s’) = true. Among the most
common spatial predicates, we recall intersects, crosses, contains, near, adjacent,
northwest, meets and many others [7]. Among them, the most popular is certainly
the intersects predicate, since it plays a crucial role for the computation of all
kinds of joins [g].

In the past, several processing techniques of the intersection join have been
developed. In particular, these techniques deal both when S and S’ are indexed
through an R-tree [2], and when S and &’ are not indexed [11l]12]. Recently,
attention has been posed towards the more general problem of optimizing the
processing of multiway spatial join [13], where the number of datasets involved
in the join operation is larger than 2.

In recent years, line segment datasets (e.g., roadmaps, drainage systems, rail-
ways, utility networks and many others) are appearing more and more frequently
in numerous applications involving spatial data, such as GIS [8J10], multime-
dia [4], and even traditional databases. This is especially true with the advent
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J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 229-238, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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and the rapid growing of spatio-temporal databases, where, for instance, mo-
ving points can be represented by means of polylines [5l6]. Therefore, database
management systems are usually concerned with intersection join operations in-
volving two datasets of this category, like for instance “Find all the roads that
are crossed by a drain in a given area”.

Since usually data are stored through their minimum bounding rectangles
(MBRs), together with a pointer to the corresponding database entry contai-
ning a detailed description of the object, the first step in order to optimize the
operation is to retrieve all possible candidates to the output of the join, through
a join performed over the MBRs of the objects: this is the so-called filter step.
Afterward, a refinement step takes place, where candidate objects retrieved from
the filter step are selected on the basis of effective intersection.

Therefore, to the aim of characterizing the computational effort required by
an intersection join and to optimize it as a whole, it is of primary importance
to estimate the size of the output of the refinement step, that is the number
of mutual intersections between the objects in S and S’. Known techniques for
solving this problem generally assume that objects in S and S’ are uniformly
and independently distributed, although it is well known that this assumption is
too restrictive when dealing with real spatial datasets [3]. In this paper we aban-
don this assumption, and we instead make use of an exponential law discovered
in the past [14], and concerned with the complementary cumulative distribution
functio (CCDF) of the line segment lengths (expressing the number of line
segments F'(¢) having length at least ¢). We will show that using such a law, we
can obtain good estimations, by knowing only few and easy-to-retrieve parame-
ters. More precisely, we will present a large collection of experiments on several
line segment datasets, showing that our prediction is usually 40% far from the
reality, while the uniform model provides unreliable estimations, with a relative
error of up to 5000%. Since the intersection join is the most popular join ope-
ration, and given that line segment datasets are among the largest commonly
appearing spatial datasets, we conclude that we move an important step forward
in the hard task of estimating the size of spatial join operations.

The paper is organized as follows: Section P recalls some results achieved
in the past on the topic of query optimization and data modelling for multi-
dimensional data, and gives a short insight into the mathematical laws that
are used throughout the paper. In Section B] we develop two formulae that can
be used to estimate the size of an intersection join between two line segment
datasets: the first one is based on a uniform model, while the second one is based
on the above mentioned laws. Section @ provides a collection of experimental
results on real datasets, performed to measure the quality of the estimation
provided by our model as compared to the uniform model, and suggests some
ideas for a possible future improvement of our model. Finally, Section [l contains
some open problems and concluding remarks.

! Remember that the cumulative distribution function of f(x) : ® — R is defined
as F(z) = [*_ f(t)dt, while the complementary cumulative distribution function is

defined as F(x) = f;m f()dt.
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2 Previous Work

The main topic within the spatial database field which is related to our present
work is query optimization, and, more specifically, size estimation of the inters-
ection join between two line segment datasets. As we will show in the following,
we will develop an analytical formula based on a non-uniform distribution of the
underlying data. In fact, the uniformity assumption generally lead to pessimistic
results [3].

Whereas for one-dimensional data some developed non-uniform distributions
(like for example the Zipf distribution [16]) have met with success, for multi-
dimensional data difficulties have not been overcome yet. Most of the previous
analysis efforts have focused on point data [I]. In fact, for point data, the count
and the fractal dimension of the dataset are sufficient to accurately estimate
selectivities for window queries, spatial joins and nearest neighbor queries. For
region data, novel results have been proposed in [15], where the authors deve-
loped a realistic statistical model, and showed how to use it to compute the
selectivity of window queries.

Concerning line segment data, the selectivity of window queries has been
estimated making use of an exponential law for the CCDF of the segment
lengths [T4]. More formally, given two points p1 = (21,y1) and ps = (22,y2) in
the Euclidean plane E2, a convex combination of p; and py is a point p = (x,y)
such that

r=01-a)- z1+a-z2 and y=(1—-a) y1+a-ys,

with @ € R;0 < a < 1. A line segment (or simply segment) s = pips is the set
of convex combinations of its endpoints p; and py. Without loss of generality, we
will assume in the rest of the paper that z1 < zy (if 1 = 22, then we assume
that y; < y2). The length of s is

((s) = /(21 — 22)2 + (y1 — 1),

while its slope 6(s) is the angle that s forms with the horizontal ray

p(s) = {(z,y) € E?|z > w1,y = }.

Therefore, we have —5 < 0(s) < 7. Let S = {s1,52,...,5,} be a real dataset
of line segments. In [T4], it has been observed that the CCDF of the segment
lengths, say F(¢), obeys to the following exponential law

F(E):n-(nﬁ)ie >0, (1)

where £p,.x is the length of the longest line segment in S. Hence, the CCDF of
the lengths of S can be synthetically described by means of a mathematical law
(named SLED law) containing only two constants that can be easily determined:
the count of objects n and the length ¢, of the longest line.
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Moreover, in the same paper it has been observed that in many real line
segment datasets the orientation of the segments is uniformly distributed. This
has been named the SUD law. In the next section, we will use both the SLED
and the SUD law to predict the size of the intersection join between two line
segment datasets.

3 Proposed Method

In this section, we first give the problem definition, and we then propose two
estimations of the intersection join between two line segment datasets: the first
one is based on a naive uniform model, while the second one makes use of the
above mentioned laws.

3.1 Problem Definition

Let us rigorously state the problem we are concerned with. For the sake of clarity,
we focus on the 2-dimensional space, but all the results can be extended to the
d-dimensional space.

PROBLEM: size of the intersection join between two line segment

datasets
Given: In the address space U = [0,1] x [0,1], two line segment datasets
S={s1,82,...,8,} and &' = {s], s, ..., s}, whose longest segments have

length £pax and €7, respectively;

Find: the size of the intersection join between S and &', that is the number of
mutual intersections between segments of S and &', say Size(SNS’).

3.2 A Naive Estimation Based on the Uniform Model

Assuming that S and &’ obey to a uniform model, we have that each segment
in S has length £,,x, while each segment in S’ has length ¢/ . . The following
can be proved:

Theorem 1. Let be given in U = [0,1] x [0,1] two line segment datasets S =
{81,82,...,8n} and &' = {s},sh,...,s.}, whose longest segments have length
lmax and £l ..., respectively. If we assume that segments in S and S’ are distri-

buted according to a uniform model, then we have

2
Size(SNS') = —-n-m- Crnax * Lo (2)

Proof. To estimate Size(S N'S’), we handle the spatial join operation as a se-
quence of intersection queries posed on 8’ of each segment belonging to S. Firstly,
observe that given two segments s and s’ in U, the probability they intersect is
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8/

Fig. 1. Two segments s and s intersect iff the right endpoint of s falls into the grey
area.

p(sNs') = L(s) - £(s") - | sin(B(s) — 6(s"))].

In fact, this is the probability that the right endpoint of s falls into the grey
polygon depicted in Figure [l

It follows that the expected number of segments in S’ intersected in U by s1,
say T'(s1,8), is

T(s1,8") :Zp(sl, s7) = £(s1) ZE ) - Isin(6(s1) — 6(s}))]-
j=1 j=1
Analogously, when considering the i-th segment in S, we have that
T(Si,S,) = Zp(szy = {(s;) ZZ < | sin(6(s;) — 0(39)”
j=1 j=1

Therefore, we have that

n

Size(SNS') = ZT(si,S') Z ZZ ) - Isin(@(si) = 0(si)| ] - (3)
i=1

=1

Since segments in S and &’ are oriented according to a uniform model, we
have that the average value of |sin(6(s;) — 0(s}))| equals the average value of
sinf in [0,7/2], that is 2/7 [14]. Moreover, since segment lengths in S and &’
are uniformly distributed as well, we have that £(s;) = £y and £(s}) = £},
for all ¢ and j. Hence, we eventually have that

Size(SNS') = % 1M Aax - (4)
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3.3 A More Accurate Estimation

A more accurate estimation for real line datasets can be obtained by assuming
that segments in S and S’ obey to the SLED and to the SUD law. Let F(¢)
and F’(¢) be the CCDFs associated with & and &', respectively. jFrom our
assumptions, we have that

1

) 1 N4
Ft)y=n- (nm) F'(t)y=m- (m’fﬁnax) ¢>0. (5)
The following can be proved:

Theorem 2. Let be given in U = [0,1] x [0,1] two line segment datasets S =
{s1,82,...,8n} and &' = {s!,s5,...,s},}, whose longest segments have length
Lrnax and ! respectively. If we assume that segments in S and 8’ are distri-

max’

buted according to the SLED and to the SUD law, then we have thatE

!

Size(SﬂS’)%%-élrgr~fgl—an’;-(m—lnm—1)-(n—lnn—l). (6)

Proof. The proof is based on the approach used for Theorem 1. Without loss of
generality, let us assume that the segments in S and S’ are sorted in decreasing
order according to their length, that is £(s1) = fmax and £(s}) = £.,... (From
the inverse relatio of (), we have that

UF) = ¥~ln

In (nﬁ)

‘emax
= In i

n
F lan F

and analogously for ¢(F”)

Cnax 1. M

Following (@), and given that S and &’ obey to the SUD law, we have that

Size(SNS) = % SOS s - £(5)). (7)

i=1 j=1

To estimate Size(SNS’), we replace the above summation by an integral. This
approximation is based on the Euler’s summation formula, which for sufficiently
smooth functions (like F(¢) and F’(¢) are) turns out to be very accurate [9].
Therefore, we have that () can be rewritten as follows

2 In the rest of the paper, all logarithms are natural.
3 Remember that given a one-to-one function f(z) : R — R, its inverse f~'(z) is

defined by f(f~'(z)) = f~"(f(x)) = 2.
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2 n m
Size(SNS) ~ 2. / / U(F) - ((F')dF dF' =
Vs
glnax El

. . Jmax / / nidF dF' =
Inn Inm

2
™
2 gmax l
™

max (

. Inm —lnm—-1)-(n—Ilnn—-1).

4 Experiments on Real Datasets

To assess experimentally the accuracy of our formula (@), we have tested it on
different line segment datasets scattered all around the world (Italy, Germany,
Japan, California, Russia, etc.), available at http://www.gisdatadepot.com.
More precisely, we have downloaded all the line segment datasets available for
several different countries. Afterwards, we have computed the intersection join
between all pairs of datasets of each country, since it does not make much sense
to intersect two datasets from two different countries. Due to space limitations,
we here provide a small subset of the experiments, concerned with the following
data of North Italy:

Drainage system (DRAIN), consisting of 18,923 segments;
— Railways network (RAIL), consisting of 4,469 segments;
Roadmap (ROAD), consisting of 9,732 segments;

— Utility network (UTIL), consisting of 2,070 segments.

All the datasets were stored in vectorial format on a Digital DEC 3000 run-
ning UNIX V4.0B. Preliminarily, we have computed all the relevant features
needed for checking our results. Such a computation is very fast, since it can be
performed by means of a single scan of the datasets. These data are summarized
in Table[Il Figure Pldepicts the datasets, along with the CCDF of their segment
lengths. Notice that CCDF's are plotted in a log-linear diagram: The pictures
confirm that the CCDFs follow very well an exponential law, since they appear
as straight lines in the log-linear diagram.

To ascertain the accuracy of our formula (6) as compared with the estimation
provided by the uniform model (@), we have opposed them to the real size of the

Table 1. Datasets features.

lDataset‘Count‘ Uonaw ‘Image Space Area‘

DRAIN|18,923|0.09961 23.842
RAIL |4,469 |0.15468 23.242
ROAD |9,732|0.14578 23.529
UTIL |2,070 |0.41221 22.342
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Fig. 2. Used datasets, together with their CCDF plots.
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Table 2. Experimental results: real size of the joins versus estimated ones using the
proposed technique (NEW) and the uniform model (OLD), together with their respec-
tive relative errors.

Dataset Actual NEW| OLD |% Err NEW|% Err OLD
DRAIN N RAIL 625 |367.1(30482.9 -70.1 4777.2
DRAIN N ROADI|| 1202 [683.9(61956.2 -75.7 5054.4
DRAIN N UTIL 875 [510.8(38593.0 -71.2 4310.6
RAIL N ROAD 601 |347.0|26861.3 -42.2 4369.3
RAIL n UTIL 385 [250.2(16155.2 -38.5 4515.7
ROAD N UTIL 675 |489.6(34493.6 -27.5 5010.0

intersection joins between all possible pairs of datasets. The intersection join has
been performed by using segment trees implemented in C language. Given the
size of some datasets (of the order of several thousands of line segments), the
results have been obtained by paying a severe cost in terms of CPU time (up
to a hour). This confirms that the size estimation of spatial join operations is
a very crucial step in query optimization. Table[J contains the obtained results
and their relative errors, both for our model (NEW) and the uniform one (OLD).

A first comment on the results is that our estimation maintains the error
within 75%, achieving an accuracy of 27%, while the uniform model is totally
unreliable, with an error in the (over)estimation up to 5,000%. Notice that our
model tends to underestimate the actual size of the intersection. Our explanation
for this fact is that the datasets from a given country tend to overlap (given that
they are defined over the same geographic space and therefore there is a strong
correlation among them). In some sense, we could interpret the deviation from
the predicted value as a measure of the correlation between the datasets!

We leave as a future study the problem of correcting our formulas so that
they take into account from the beginning of the correlation between the two
datasets that are going to be joined.

5 Conclusions

The main contribution of this paper is the estimation of the size of the intersec-
tion join between two spatial datasets containing line segments.

We showed that very few measures are needed (essentially the count of seg-
ments and the length of the longest segment), to achieve quite accurate results.
Our experiments on diverse, real datasets, scattered around the world showed
that our approach achieves estimates pretty close to the reality, while a straight-
forward estimation based on a uniform model provides result totally unreliable.

Promising future directions include the study of the intersection join on spa-
tial datasets other than line datasets, the extension to the case of multiway
intersection join, and the analysis of other spatial join operations. We also look
forward to improve our formulas by taking into account of a correlation factor
between the datasets.
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Abstract. In this paper we consider the dictionary problem in the scala-
ble distributed data structure paradigm introduced by Litwin, Neimat
and Schneider and analyze costs for insert and exact searches in an amor-
tized framework. We show that both for the 1-dimensional and the k-
dimensional case insert and exact searches have an amortized almost
constant costs, namely O (log(1 14 n) messages, where n is the total
number of servers of the structure, b is the capacity of each server, and
A= g. Considering that A is a large value in real applications, in the
order of thousands, we can assume to have a constant cost in real distri-
buted structures.

Only worst case analysis has been previously considered and the almost
constant cost for the amortized analysis of the general k-dimensional case
appears to be very promising in the light of the well known difficulties
in proving optimal worst case bounds for k-dimensions.

Keywords: distributed data structure, message passing environment,
multi-dimensional search.

1 Introduction

The constant increase of PCs and workstations connected by a network and
the need to manage greater and greater amount of data motivates the research
focusing on the design and analysis of distributed databases. The technological
framework we make reference to is the so called network computing: fast commu-
nication networks and many powerful and cheap workstations. There are several
aspects making this environment attractive. The most important one is that a
set of sites has more power and resources with respect to a single site, inde-
pendently from the equipment of a site. Moreover the network offers a transfer
speed that is not comparable with the magnetic or optical disks one. Therefore
this framework is a suitable environment for the newer applications with high
performance requirements, like, for example, spatio-temporal databases [T4/3].

In this work we consider the dictionary problem in a message passing distri-
buted environment and we follow the paradigm of the SDDS (Scalable Distributed
Data Structure) defined by Litwin, Neimat e Schneider [§]. The main properties
of SDDS paradigm are:

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 239-250}, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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1. Keep a good performance level while the number of managed objects chan-
ges.
2. Perform operations locally.

We assume that data are distributed among a variable number of servers and
accessed by a set of clients. Both servers and clients are distributed among the
nodes of the network. Clients and servers communicate by sending and receiving
point-to-point messages. We assume network communication is free of errors.
Servers store objects uniquely identified by a key. Every server stores a single
block (called bucket) of at most b data items, for a fixed number b. New servers
are brought in as the volume of data increases to maintain the performance level.

The fundamental measure of the efficiency of an operation in this distributed
context is the number of messages exchanged between the sites of the network.
The internal work of a site is neglected. In order to minimize the number of
messages, in a search operation it is possible to use some index locally to a site
to better address the search towards another site. The search process in the local
index performed by a site is not accounted in the complexity analysis.

The clients are not, in general, up-to-date with the evolution of the structure,
in the sense they have some local indexing structure, but do not know, in general,
the overall status of the data structure. Different clients may therefore have
different and incomplete views of the data structure.

In an extreme case we can design the following distributed structure: there
is a server root knowing all the other servers. When a split occurs, the new
server which is brought in sends a messages to root to communicate its presence.
When a server is not pertinent for a request, it sends the request to root, that
looks for the correct server in its local index and sends it the request. Each
access has thus a cost of at most 2 messages. But with this solution root is a
bottleneck, because it has to manage each address error, and this violates the
basic scalability requirement of the SDDS paradigm.

However, the above example shows that we can have, within this distributed
computing framework, a worst case constant cost for the search process, while
in the centralized case the lower bound is well known to be logarithmic.

There are various proposal in the literature addressing the dictionary problem
within the paradigm of the SDDS: LH* [§], RP* [9], DRT [7], lazy k-d-tree [10],
RBST [1], BDST [] distributed B+-trees [2.

In this work we propose a variant of the management technique for distribu-
ted data used in the DRT [[7]. We conduct an amortized analysis of the proposed
strategy showing it has an almost constant cost for insert and search and we
show how to adapt the strategy to the multi-dimensional case.

2 Description of the Structure

2.1 Split Management

Servers manage their bucket in the usual way. We say a server goes in overflow
when it is managing b keys and a new one is sent to it, where b is the capacity
of a server. For the sake of simplicity, we assume b is even. When a server goes
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in overflow it has to split: it finds a new server to bring in (for example asking
to a special site, called Split Coordinator), and sends it half of its keys.

The interval of the keys managed by s is divided by the split in two sub-
intervals. From now on, the server s manages one of this sub-intervals (the one
that contains the keys remaining in s), while s’ manages the other one. We
assume that after a split the splitting server s always manages the lower half
of the two intervals resulting from the split and the new server s’ manages the
upper half. Also, after this split, s knows that s is the server brought in by itself.

After a split, one of the two resulting servers manages % keys and the other

one % +1 keys. Let A = g. Whit m requests, it follows directly that we can have
at most L%J splits.

2.2 Local Tree

The clients and the servers have a local indexing structure, called local tree.
From a logical point of view this is a tree composed by an incomplete collection
of servers. For each server s the managed interval of keys I(s) is also stored.
The local tree of a client can be wrong, in the sense that in the reality a server
s is managing an interval smaller than what the client currently knows, due
to a split performed by s and unknown to the client. In particular, given the
split management policy above described, if I, = [a,b) is the real interval of s,
and Iy = [c,d) is the interval of s in some local tree, then a = ¢ and b < d.
For example in reality I.(s) = [100,200), while in a local tree we could have
Ii:(s) = [100,250). The local tree can be managed internally with any data
structure: list, tree,etc.

Note that for each request of a key k received by a server s, k is within the
interval I that s managed before its first division. This is due to the fact that if
a client has information on s, then certainly s manages an interval I’ C I, due
to the way overflow is managed through splits. Therefore if s is chosen as server
to which to send the request of a key k, it means that k € I' = k € I.

The local tree of a client c is set up and updated using the answers of servers
to request of c¢. The local tree of a server s is composed at least by the servers
generated by s through a split. In particular, since a server always knows the next
ones brought in by itself through its splits, this always guarantees the existence
of a path between the initial server and any other server. A server always adds
its local tree in every message to update clients with information about its view
of the overall structure.

2.3 Requests Management

A client ¢ that wants to perform a request chooses in its local tree the server s
that should manage the request and sends it a request message.

If s is pertinent for the request then performs it (see figure [[la). In general,
if the request is a search operation then an answer is always sent back to the
client; if it is an insert no answer is sent.

If s is not pertinent we have an address error. In this case s looks for the
pertinent server s’ in its local tree and forwards it the request.
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Since also s’ can be not pertinent, thus forwarding the request to still another
server, in general we can have a series of address error that causes a chain of
messages between the servers s1,ss,..,55. Finally, server s is pertinent and can
satisfy the request. Moreover, s, receives the local trees of the server sq,s9,..,5x_1
which have been traversed by the request. It first builds a correction tree C' ag-
gregating the local trees received and its own one, and then sends Local Tree
Correction (LTC) messages with C' to the client (even if it was an insert opera-
tion) and to all servers s1,82,..,8k—1, S0 to allow them to correct their local trees
(see figure[Ih).

In figure [T the possible cases of search process are shown. We have that each
request has a cost, without counting the initial request and the final answer
messages, either 0 (case a) or 2(k — 1)(case b).

This strategy to manage the distributed structure, is very similar to the one
defined by Kroll and Widmayer for DRT [7] and therefore we call it DRT*.

request

AnsSwer,

b) forwards
m "
a NN A

k
nswer+LTC \ .

LTCs

Fig. 1. Possible cases of the search process.

2.4 Split Tree

From the description above of the local trees and how they change due to the
distribution of information about the overall structure through LTC messages,
it is clear that the number of messages needed to answer a request changes with
the increase of the number of requests. To analyze how changes in the content
and structure of local trees affect the cost of answering to requests we associate
to each server s of DRT* a rooted tree ST'(s), called the split tree of s. The
nodes of ST'(s) are the servers pertinent for a request arriving to s. The tree has
an arbitrary structure except that the root is s. An arc (s1, s2) in ST(s) means
that s is in the local tree of so. When a server updates its local tree using LTC
messages the structure of ST'(s) changes.

We call STy(s) the split tree of server s obtained from a sequence of requests
over a DRT* without applying the correction of the local trees of the servers
using LTC messages, i.e. STy(s) is shaped only by splits of the servers. Initially
STy(s) is made up only by s. Whenever s splits, with s’ as new server, the node
s’ and a new arc (¢, s) are added to STp(s). The same holds for the splits of
servers which are nodes in STy(s) (for example, in figure Btcenter, the split of
server e adds the node s’ and the arc (s',e) in STy(a)).
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Since each server s’ in STp(s) was created by a chain of splits emanating
from s, then s’ manages a sub-interval of the initial interval managed by s.

If we consider the correction of local trees, the structure of the split tree of s
changes. Infact, due to the correction, after a request to a server d, s adds all the
servers in the path between s and d in its local tree. The consequence is that now
s can address directly these servers in the future. In order to describe this new
situation in the split tree of s, we delete the arcs of the traversed path and add
to s the arcs between s and the traversed servers. The result is a compression of
the path between s and d (see figure Zright).

We denote with ST'(s) the split tree of s whose structure has been determined
by the use of LT'C messages. We denote with T(s’) the sub-tree of ST'(s) rooted
at server s’. We give some immediate properties of split trees:

Lemma 1. Each request arriving to s is pertinent for a server in ST(s).

Lemma 2. Let s’ be a server in ST(s). Let Qs(s") be the set of servers in the
sub-tree of STo(s) rooted at s, but for ' itself. Let p(s',s) be the set of servers
belonging to the path in STy(s) from s’ (excluded) to s (included).

As long as no request pertinent for a server x € Q4(s') arrives to a server
y € p(s,s), it is ST(s") = Ty(s).

For example, by comparing figure ZHeft and figure Zright, you can check
that ST'(c) does not correspond anymore with the sub-tree T, (c) of ST (a) after
the request pertinent for d arrives to a and is forwarded to d.

We use the split trees to takes into account in the amortized analysis the use
of LTC messages to reduce the cost of satisfying the request.

Fig. 2. The splits build up STy(a) (e splits, with s’ as new server)(left and center).
The effect of a compression after a request pertinent for d and arrived to a (right).
ST(c) does not correspond anymore to the sub-tree T,(c) of ST(a). The same for b.

3 Amortized Analysis

Since the way local trees change during the evolution of the overall structure is
similar to the structural changes happening in the set union problem we now first
briefly recall it and then analyze amortized complexity of operations in DRT*.
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3.1 The Set Union Problem

The set union is a classical problem that has been deeply analyzed [13|[15]. Tt
is the problem of maintaining a collection of disjoint sets of elements under the
operation of union. All algorithms for the set union problem appearing in the
literature use an approach based on the canonical element. Within each set, we
distinguish an arbitrary but unique element called the canonical element, used
to represent the set. Operations defined in the set union problem are:

— make-set(e): create a new set containing the single element e, which at the
time of the operation does not belong to any set. The canonical element of
the new set is e.

— find(e): return the canonical element of the set containing element e.

— wunion(e,f): combine the sets whose canonical elements are e and f into a
single set, and make either e or f the canonical element of the new set. This
operation requires that e A~f.

We represent each set by a rooted tree whose nodes are the elements of the
set and the root is the canonical element. Each node z contains a pointer p(x)
to its parent in the tree; the root points to itself. This is a compressed tree
representation [6].

To carry out find(e), we follow parent pointers from e until the root, which is
then returned. While traversing parent pointer, one can apply some techniques
for compressing the path from the elements to the root: compression, splitting,
and halving (see figure B)).

To carry out union various techniques can be applied: naive linking, linking

by rank and linking by size.
i L
S %
c b

Fig. 3. The compression (i), the splitting (ii), and the halving (iii) of a path a,b,c,d,e,f

In [15], Tarjan and Van Leeuwen have conducted a worst-case analysis on the
set union problem. In particular, they have shown that naive linking coupled with
any of the three above described path compression techniques gives a worst-case

running time of the set union problem of © (m 108 (1410 /m) n), where m is the
number of finds and n is the number of elements, and it is assumed that m > n.
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3.2 Upper Bound

For shortness of space, in this paper we suppose to operate in an environment
where the clients work slowly. More precisely, we suppose that between two
requests the involved servers have the time to complete all updates of their
local tree. This restriction can be easily overcome through the introduction of a
suitable lock mechanism [5] providing similar complexity result.

The cost of a sequence of operations is the sum of the cost of each operation.
For the complexity analysis we can view insert and search operations as compo-
sed by two parts: the request part, possibly with forwarding and LTC messages,
and the split part. Then the cost of an operation is the sum of the cost for the
request part and of the cost for the split part. The cost of the request part is
the number of messages needed to answer it. We do not count the two messages
of request from the client and of answer to it, since these are always present in
any operation and add only a constant term to the analysis. For the cost of the
split part we assume that a split takes 4 messages (like in the DRT [7]).

In order to give an upper bound on the complexity of queries on DRT*, we
show an equivalence between split trees and the compressed trees used for the set
union problem solved by means of naive linking coupled with the compression
technique. In particular we show that there is an equivalence between:

— A server and an element.

— A compressed tree CT'(s) with canonical element s and the split tree ST'(s)
of the server s.

— A find(s'), where s’ is in the compressed tree CT'(s) with canonical element
s, and a request (insert or search) pertinent for a server s’, where s’ is in the
split tree ST'(s), and arriving to a server s.

— A make-set(s’) and a split of a server s, where s’ is the new server.

Please note that in union(e, f) with the naive linking technique we always make
e point to f. We now show that for each sequence of requests in a DRT* there
is a specific sequence of finds, make-sets and unions in the set union problem
whose complexity bounds the DRT* one.

Let us consider a request arrived at server s and pertinent for s’. This can
be a search or an insert of a key in a server s’. We can view this request as the
search of the server s’ in ST'(s) and we call this view server search(s’,s). Please
note that a request and its view as a server search in the split tree have the
same cost. Therefore, in order to calculate the cost of a sequence of requests in
a DRT* we can consider a corresponding sequence of operations in split trees,
made up by server searches and splits, and calculate the cost of this sequence.

Lemma 3. Let o be a sequence of requests in a DRT* and o’ the corresponding
sequence of splits and server searches in split trees. Let o' be a permutation of
o', keeping the relative order between the splits and between the server searches,
and such that all the splits are at the beginning of the sequence. Then o' and o
have the same cost.

Proof. Note that since split is a local operation its cost does not depend on its
position in the sequence of operations on the split tree. Moreover its advance in
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the sequence of operations on the split tree does not affect the cost of any server
searches.

Lemma 4. Let ¢’ be a sequence of operations in split trees, where all splits
are at beginning. The cost of the sequence does mot change if the order of two
consecutive server searches is inverted.

Proof. Let p(x,y) be the set of nodes in the path from node z to its ancestor y
in a split tree. Let |p(x, y)| be the number of arcs in p(z, y). Let search(s’, s) and
search(t’,t) be two consecutive server searches for server s’ (resp. t') in ST(s)
(resp. ST(t)). If p(t',t) N p(s’,s) = 0, then the two server searches do not affect
each other and their position can be exchanged. Let us assume p(t',t) (p(s', s) =
p A0 and without loss of generality let ¢ € p(s’,s) and search(s’, s) precedes
search(t',t). Then search(s’, s) costs |p(s', s)| and search(t',t) costs 1+|p(t',t)—
p|, because of the compression of path from s’ to s in ST(s) and of path p
in ST(¢t). Let us now exchange the position of the two server searches. Now
search(t',t) costs [p(t',t)| and search(s’,s) costs 1+ |p(s’, s) — p|, because of the
compression of path from ¢ to ¢ in ST'(¢) and of path p in ST(s). In both cases
the total cost of the two server searches is the same.

Lemma 5. Let 0" be a sequence of operations in split trees, where all splits are
at beginning. We say a server search(s',s) in " is of height h(s), where h(s)
is the height of s in STy(sp), assigning height 0 to so. Let h be the height of
the highest server in STy(so). Let o’ be a permutation of o, obtained through
exchanges of adjacent server searches, where all server searches of height k pre-
cedes all server searches of height k — 1, fork=h,h—1,....1. Then ¢" and "’
have the same cost.

Proof. We reorder ¢” exchanging consecutive server searches. For lemma B each
exchange does not change the total cost.

We now show how to build a sequence p of operations for the set union
problem that is equivalent to ¢/”’. We can write ¢’/ = o*, 0,, 0,1, ..., 09, Where
o* is the initial sub-sequence of splits and o denotes the sub-sequences of server
searches of height k, for k = h,h — 1,...,0. We start p with a sequence of make
set, each corresponding to a split in o*. Then we add to p a find for each server
search in oj,. Then for each server s’ at height h — 1 and satisfying the condition
that s’ is the parent of s” in ST(s¢) we add to p operation union(s”,s’). Now,
foreach k =h —1,h —2,...,1 we repeat the above process of adding to p a find
operation for each server search in o) and a union for each server at height k—1
satisfying the above condition. Finally we add to p a find for each server search
in agg.

Note that since the sequence ¢’ has been reordered according to server
heights, each server search(s’,s) is executed when s satisfies the hypothesis of
lemma 2l Hence it is ST'(s) = Ts,(s) and the cost of server search(s’,s) can be
analyzed in ST (sg).
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Let por(s',s) = (s = x1,22,...,2. = s) be the path connecting s’ to
its ancestor s in CT'(s). Let psr(t',t) = (t' = y1,y2,...,yr = t) be the path
connecting ¢ to its descendant ¢’ in ST'(sg). We say por(s’,s) and pgr(t',t) are
isomorphic if elements x; corresponds to server y; for i = 1,2, ...,r.

Lemma 6. Let server-search(s’, s) belong to oy, (k =h,h—1,...,0) and find(s)
be the corresponding operation in p. Then find(s') is executed in a compressed
tree C'T(s), which has the same structure of Ts,(s), and after its exzecution CT(s)
has the same structure of Ty, (s) after the execution of server-search(s’,s).

Proof. Lemma is trivially true for server searches in oy, since CT'(s) and Tg,(s)
are made up only by s.

Let us now assume, by induction, that lemma is true for all k = h — 1,h —
2, ..., 7. Let us consider unions in p following the finds corresponding to server
searches in o;. The execution of each of these union links an element of the
set union problem corresponding to a server s of height j — 1 to the sets of the
set union problem corresponding to servers s’ children of s in ST(sg). The new
CT(s) is made up by the compressed trees CT(s") and the arcs (s/,s). Then
CT(s) has the same structure of T, (s) (see figure H)).

We now have to show that after the execution of server-search(s’, s) belon-
ging to o;_1 and the corresponding execution of find(s") CT(s) has the same
structure of Ty, (s).

Since the execution of server-search(s’,s) in T, (s) follows a path psr(s’,s)
and the corresponding execution of find(s’) follows a path por(s',s) in CT(s)
and pgr(s’,s) and per(s’,s) are isomorphic, due to the fact that CT(s) and
T, (s) have the same structure before the execution of the operation, then their
executions compresses the two paths in an isomorphic way and we have the
thesis.

Theorem 1. Let C(m,n) be the cost in terms of number of messages of a se-
quence of m requests over a DRT* starting with one empty server and with n
servers at the end. We have:

C(m,n) =0 (m 108 (14m/n) n) .

Proof. We always have m > n, because of the result in section [Z11

From lemma [ we have that server-search(s’,s) and the corresponding
find(s’) have the same cost. Let Cs be the cost of the n — 1 splits that have
produced the n servers. Let C,,, be the cost of the n make-sets, and C; be the
cost of all the unions, which are at most n — 1. It is Cs = O(C,,, + C}), hence:

C(m,n)=0 (m 108 (14-m/n) n) .

Since in DRT* there is a relation between m and n (see section [ZT]), namely
n < 7, then we have:
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DRT*
after seq™ after seq, after links

height 0 S

height 1

height 2

height 3

height 4

Fig. 4. The evolution of ST (so) in the DRT* and the set of compressed trees in the
set union problem (SUP) during the server searches in theorem [T}

Corollary 1. Let C(m,n) the cost in terms of number of messages of a sequence
of m requests over a DRT* starting with one empty server and with n servers
at the end. We have:

C(m,n) =0 (m 10g(14 4 n) .

Please note that for A = 10 we have log(;; 47 < 4 for n < 10"servers. We
therefore can assume to have an amortized constant cost in real SDDSs.

4 Extension to the Multi-dimensional Case

In the multi-dimensional case we use as indexing structure a distributed version
of k-d tree called lazy k-d tree, introduced in [10] and extensively analyzed in [11]
12|, with index on clients and servers. The local tree is also a lazy k-d tree.
Therefore for the multi-dimensional case we modify the search process of lazy
k-d trees as in the case of DRT*. More precisely, with reference to the figure [
when a request generates a chain of address error, the pertinent server builds up
the correction tree C' and sends it within the LTC messages to each server in the
chain. In this case C is a connected portion of the overall k-d tree. It contains
the whole path from the node associated to sy to the one associated to sp. A
server simply adjusts its local tree adding the unknown portion of the tree. The
analysis of previous section exactly applies to the multi-dimensional case.
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5 Conclusions

We have introduced and analyzed a variant, called DRT*, of the addressing
method for SDDSs used in DRT [[7]. Our variant, DRT*, has a very good behavior
in the amortized case, close to the optimality.

The method is also extendible to the multi-dimensional case, applying the
same variation to the lazy k-d tree [I0J12].

In particular for a real SDDS (made up by hundreds or thousands of servers)
we can assume to have an almost constant amortized cost for the insert and
search operations.

To prove the result we used a structural analogy between DRT* and compres-
sed trees used in the set union problem [T3T5]. A deeper analysis of this analogy
might suggest other protocols, possibly more efficient, for the management of
distributed data.

In the k-dimensional case only worst case analysis was previously considered
and the almost constant cost for the general k-dimensional case appears to be
very promising in the light of well known difficulties in proving optimal worst
case bounds for such a case.
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Abstract. With the recent and rapid advance of the Internet, management of struc-
tured documents such as XML documents and their databases has become more
and more important. A number of query languages for XML documents have been
proposed up to the present. Some of them enable tag-based powerful document
structure manipulation. However, their contents processing capability is very limi-
ted. Here, the contents processing implies the similarity-based selection, ranking,
summary generation, topic extraction, and so on, as well as simple string-based
pattern matching. In this paper, we propose an extensible XML query language
X2QL, which features inclusion of user-defined foreign functions to process docu-
ment contents in the context of XML-QL-based document structure manipulation.
This feature makes it possible to integrate application-oriented high-level contents
processing facilities into querying documents. We also describe an implementation
of an X?QL query processing systemon top of XSLT processors.

1 Introduction

With the recent and rapid advance of the Internet, management of structured documents
such as XML documents and their databases has become more and more important [[1]-
[10]. A number of query languages for XML documents have been proposed up to the
present [3]]-[8]].

XML-QL [3] and XQL [4] are well-known XML query languages. Although Lorel
[151, UnQL [6], StruQL [[7], and YATL [[8] are proposed as query languages for semistruc-
tured data, XML documents are their potential targets. They allow the user to describe
queries in a declarative manner. Especially, XML-QL and many query languages for
semistructured data enable tag-based powerful document structure manipulation such
as restructuring element hierarchies and joins. However, they are very weak in document
contents processing.

Here, the document contents processing implies the similarity-based selection, ran-
king, summary generation, topic extraction, and so on [11]]-[14]. Some of the aforemen-
tioned query languages have certain kinds of string-based pattern matching facilities.
However, they are not enough to perform, for instance, summary generation.

Requirements for document contents processing vary depending on applications,
target document types, and target element types. For example, several techniques have

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 251-264] 2000.
(© Springer-Verlag Berlin Heidelberg 2000
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been proposed for summary generation [11]]. Even in similarity-based search, measures
proposed so far have their own strong and weak points [12]]. Thus, it is very difficult
to provide a complete set of contents processing facilities in advance to cope with the
variety of requirements. A promising approach to this difficulty is to make a query
language extensible to adopt user-defined contents processing functions.

In this paper, we propose an extensible XML query language X2QL, which features
inclusion of user-defined foreign functions to process document contents in the context
of XML-QL-based document structure manipulation. XML-QL is the most well-known
XML query language featuring tag-based powerful document structure manipulation.
This is the reason we have designed X?QL taking XML-QL as a starting basis. Foreign
functions are given as external programs written in programming languages. By inclu-
ding appropriate user-defined foreign functions, each user can extend the processing
power of X2QL. This extensibility makes it possible to integrate application-oriented
high-level contents processing facilities into querying documents. We also describe an
implementation of an X2QL query processing system on top of XSLT [[15]-[16] proces-
sors.

The remaining part of this paper is organized as follows. In Section2] we show some
examples of queries, in which inclusion of document contents processing is beneficial.
Section Bl gives a brief overview of XML-QL. Section Hlexplains the main constructs
of X2QL, and shows its query examples. Section Bl gives an overview of XSLT. Section
describes implementation of the X?QL query processing system on top of XSLT
processors. Section[Zlsummarizes related work. Finally, we conclude this paperin Section
&l

2 Motivating Examples

In this section, we show two examples of XML queries, in which inclusion of document
contents processing is beneficial. These query examples are specified in X?QL in Section
4l

Suppose that an XML document including newspaper articles is given, in which
each article consists of its publication date, headline, and news body. Its DTD is given
as follows.

<!-- DTD of the input document -->
<!ELEMENT Document Article+>
<!ELEMENT Article (Date,Headline,Body)>

<!ELEMENT Body Paragraph+>
<VELEMENT Date (Year,Month,Day)>
<!ELEMENT Year #PCDATA>
<!ELEMENT Month #PCDATA>
<!ELEMENT Day #PCDATA>

<!ELEMENT Headline #PCDATA>
<!ELEMENT Paragraph #PCDATA>

Example 1 We generate a new XML document in which articles published after 1999 are
selected and grouped by the publication dates, and their summaries are added. The DTD
of the output document is shown below. This query requires both the document structure
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manipulation to select Article elements published after 1999 and group them by the
Date values and the document contents processing to generate summaries of Article
elements.

<!-- DTD of the output document -->

<!ELEMENT Document DateGroup+>

<!ELEMENT DateGroup Article+>

<!ATTLIST DateGroup Date CDATA #REQUIRED>

<!ELEMENT Article (Date,Headline,Summary,Body)>

<!ELEMENT Summary  Paragraph+>

<!-- Body, Date, Year, Month, Day, Headline, and
Paragraph elements are the same as above. -->

Example 2 We give a set of keywords and get the top N articles related to the keywords.
The rank of each Article element is determined by the similarity with the keywords.
The similarity measure is given by the contents processing function.

3 XML-QL

As mentioned in Section[I, X?QL is based on XML-QL [3].. In this section, we give a
simplified overview of XML-QL.

3.1 XML-QL Query

The basic syntax of an XML-QL query as follows.

where patterns [in sourcel [,patterns [in sourcel]*[,predicate] *
[order-by keys of output [descending]]
construct construction of each output

For example, given the sample XML document in Section 2| the query to generate
a new XML document in which articles published after 1999 are selected and grouped
by the publication dates can be specified as shown below. This query corresponds to
Example 1 except for the summary generation.

where <Document></> content_as $x
construct <Document>
where <Article>

<Date> <Year> $y </> </> content_as $d
</> element_as $a in $x, Sy >= 1999
order-by $d
construct <DateGroup ID=DateID($d) Date=$d> $a </>
</>
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Where clause: This specifies the element patterns, predicates, and variable bindings.
Element patterns are given by XML-like forms. Each variable is bound to either an
element, the content of an element, an element name, an attribute name, or an attribute
value. The expression element_as $x binds the variable $x to the preceding element,
and the expression content_as $x binds $x to the content of the preceding element.

In the above example, $x is bound to the content of a Document element in the first
where clause. Variables $a, $d, and $y are bound to an Article element, the content
of a Date element in the Article element, and the content of a Year element in the
Date element, respectively, in the second where clause. Moreover, the Year value must
be greater than or equal to 1999.

Construct clause: This clause specifies how to construct an output element for each set
of bound variables. The query result is a sequence of output elements. As shown in this
example, the where- - -construct clauses may be nested.

Each output element can be given its ID attribute value by a Skolem function. The
Skolem function gives one-to-one mapping from a set of arguments to an ID attribute
value. In the query result, elements which have the same element name, parent node,
and ID value are grouped into a single element. This feature can be utilized for grouping
elements.

The above query returns a Document element which contains the result of the sub-
query. The subquery returns a sequence of DateGroup elements. Each DateGroup ele-
ment has a one-to-one correspondence to a Date value, and contains Article elements
of the day. The Date value is given by $d, and each Article element is given by $a.

Order-by clause: This clause specifies the ordering of output elements. They are sorted
by the sort key. In the above query, the output elements are sorted in the ascending order
of the value of $d, namely the Date value.

3.2 Function Definition

In XML-QL, canned queries can be defined as functions as follows.

function function-name( argument-list )
XML-QL query
end

Namely, each function is a query which can include unbound variables given in function
arguments. The return value of a function is the result of the query.

4 X2QL: An eXtensible XML Query Language

The syntax of X2QL is similar to that of XML-QL. However, X?QL can incorporate user-
defined foreign functions. The implementation of foreign functions is given as external
programs. First, we give the syntax of X?QL in Subsection .1l Then, we explain foreign
functions in Subsection[4.2] In Subsection[4.3] we show how example queries in Section
Rlare specified in X?QL.
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4.1 Opverall Syntax
As aforementioned, the syntax of X2QL is based on XML-QL as follows.

where patterns [in source] [,patterns [in source]llx*[,predicate] *
[rank-by keys of input top number]

[order-by keys of output [descending]]

construct construction of each output

The where, order-by, and construct clauses are same as in XML-QL, except that
they can contain foreign function calls as explained in Subsection[4.2]

The extension here is the rank-by clause. This clause is used to specify at most the
top number sets of variable bindings are selected based on the value of the keys of input.
This selection is performed before the construct clause is executed, and the order of
output elements is not affected by this clause. In the document contents processing, it
is often necessary to rank target elements by some similarity or importance measure
derived by the foreign function and to select the top N elements based on their ranks. To
facilitate such processing, we have included the rank-by clause as an extension.

4.2 Foreign Functions

As explained in Subsection 3.2}, functions defined in XML-QL are just canned queries.
In X2QL, users can define foreign functions whose implementation is given as external
programs. In the current version of X?QL, we assume that they are written in Java.

Foreign functions are classified into general functions and methods. A method is
associated with a specific element type. Therefore, methods of the same name can be
defined for different element types. When a foreign function is called, the element type
of the target element is checked, then an appropriate method is invoked depending on
the target element. Functions other than methods are general functions.

Let us consider foreign functions required for the examples in Sectionl For Example
1, we need a method (named abstract ()) associated with the Article element type
to summarize each Article element and to return a Summary element. The method
generates a summary of an Article element considering the target dependent property
such that terms appeared in its Headline element are important.

For Example 2, we need a function to measure the similarity between the given
keywords and an element content. Here, let us define it as a general function, z say
sim_cosine (), that calculates similarities based on the traditional cosine measure [[13].
By applying the function to an Article element, its similarity value is returned. [T

In our environment, foreign functions are defined as follows.

function type function-name( argument-list )
defined-by "URI of the implementation"

function ftype element-type-name.method-name( argument-list )
defined-by "URI of the implementation"

argument-list ::= type argument-name [, type argument-name] *

! Similarity measures often need document-dependent global factors (e.g. idf). The implemen-
tations of foreign functions are responsible to calculating them in their first invocation.
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In the definition of a foreign function, the data types of arguments and return values
are specified. The data types number, string, element, and content are allowed.
Variables bound by element_as and content_as are associated with element and
content, respectively.

The definitions of abstract () and sim_cosine() are given as follows.

function element Article.abstract()
defined-by "http://fqdn/path/pkg.article#abstract"

function number sim_cosine( content )
defined-by "http://fqdn/path/common.vecspace#cosine"

As mentioned before, the implementations of foreign functions are written as Java pro-
grams. In Java mapping, data types number, string, element, and content corre-
spond to Number, String, Element, and Content interfaces in the package provided
for X2QL. When a method is to be implemented, a Java class is created and the im-
plementation is given as its method. When a method is invoked for an element, the
element is added as the first argument self in the argument list of the Java function.
For example, the Java implementation for the method abstract () is given as below.
The query processor checks the element type of the element bound to self before the
method invocation.

// a class located at http://fqdn/path/

package pkg;

class Article { Element abstract(Element self) { ... } }
4.3 Query Specification Examples

The query specification for Examples 1 and 2 in Section [Zlare given as follows.

where <Document> $x </>
construct <Document>
where <Article>

<Date> <Year> $y </> </> content_as $d

<Headline></> element_as $h

<Body></> element_as $b

</> element_as $a in $x, Py >= 1999

order-by $d
construct <DateGroup ID=DateID($d) Date=$d>

<Article> <Date> $d </>

$h $a.abstract() $b

</>
</>
</> .
Query Specification 1
where <Document> $x </>

construct <Document>
where <Article> </> element_as $a in $x
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rank-by sim_cosine($a,keywords)

top N
construct $a
</>

Query Specification 2

In Query Specification 1, the method abstract () associated with the Article
element type is used. The query returns a Document which is a sequence of DateGroup
elements. The DateGroup elements are sorted by the Date values. Each DateGroup
element groups Article elements with the same Date value. A Summary element is
created by abstract () and inserted between the Headline and Body elements.

In Query Specification 2, a general function sim_cosine() is used. It gives the
similarity of an Article element with respect to the given eywords. With the use of
the rank-by clause, only the top N Article elements are contained in the result. They
appear in the same order as in the source document.

S XSLT

XSLT is an XML transformation language for XSL (XML stylesheet language) and a
recommendation of W3C [15]. Today, several XSLT processors are available, and their
use has become popular in the context of XML document processing. We have developed
an X2QL query processing system on top of an XSLT processor. The rationale here is
three-fold. First, the approach contributes to rapid development of the prototype of an
X2QL query processing system. Second, an implementation on top of XSLT processors
assures certain level of portability. Third, X?QL can work as a front end to XSLT pro-
cessors. As shown below, XSLT specifications are low-level and procedural, and they
are difficult for novice users. With X?QL, we can specify document manipulation more
declaratively.

We give a simplified overview of XSLT in this section, and explain the query pro-
cessing scheme on top of XSLT processors in Section [l

5.1 Template Rules

A transformation expressed in XSLT is an XML document, called a stylesheet, whose
root element is xsl:stylesheet containing a set of template rules. We explain tem-
plate rules by describing how document manipulation by the following X2QL query is
expressed in XSLT. This query extracts Item elements whose Number element values
are less than 100. Its result is a Document element consisting of the Item elements sorted
by the Number value.

where <Document></> content_as $d
construct <Document>
where <Item> <Number> $n </> </> element_as $i in $d,
$n < 100
order-by $n

construct $i
</>
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A template rule corresponding to the query is as follows.

<xsl:template match="/Document">

<xsl:variable name="4" select="."/>
<Document>
<xsl:for-each select="Item/Number[ . < 100 ]">
<xsl:sort select="."/>
<xsl:variable name="n" select="."/>
<xsl:for-each select="..">
<xsl:variable name="i" select="."/>

<xsl:copy-of select="$i"/>
</xsl:for-each>
</xsl:for-each>
</Document>
</xsl:template>

Element whose tags are in the namespace xs1 are called instructions. A template rule
is represented as a nested structure of instructions. Each XML document is modeled as a
tree whose nodes are elements, attributes, texts (#PCDATA), and so on. Each instruction
in the body of a template rule is applied to the nodes selected by a path expression called
location path [[16] (for example, “/Document”, “.”, and “Item/Number [.<100]”). The
selected nodes and their set are called context nodes and context node list, respectively.

Location paths may be relative or absolute. Relative location paths are evaluated
based on the current context node. Location paths which appear in this paper are as
follows: (1) “.” selects the current context node itself, (2) “..” selects the parent node, (3)
a/b selects the child bnodes of a, (4) a/@b selects the attribute b nodes of a, and (5) a [x]
selects a nodes which satisfy the condition x. The condition x is given by location paths
and predicates combined by and/or. Note that these are abbreviated notations, and more
sophisticated location paths can be specified. We omit explanation for those notations.
In following, we briefly explain the major instructions. Then, we give interpretation of
the above template rule.

xsl:template A template rule is an element whose tag is this instruction. The match
attribute specifies a location path to identify the target nodes to which the rule
applies. When an element matches the location path of a template rule, the content
of the rule, which is a sequence of instructions, is instantiated as the output.

xsl:variable This instruction is used to bind a variable. The variable name is given
by the name attribute, and its value is given as the content of the element or the
location path specified in the select attribute. In XSLT, the value of a variable is
denoted by its name with a prefix “$”.

xsl:for-each This instruction is used to select the context nodes specified by the
select attribute, and to construct the output for each context node in a similar way
to xsl:template.

xsl:sort This instruction is used to sort the context nodes. It must occur first in an
xsl:for-each element.

xsl:copy-of This instruction is used to copy a node set selected by the select attri-
bute.
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xsl:if This instruction is used for conditional processing. When the condition given
by the test attribute is true, the content is instantiated.

When the template rule given at the beginning of this subsection is applied to a
Document element in a source XML document, a Document element is created as an
output. It contains the result generated by other instructions in the template rule. The
first xs1: for—each instruction selects Number elements whose values are less than 100,
and the xsl:sort instruction sorts them. Then, the second xs1:for-each instruction
selects the parent Item element of the current Number element, and the xs1:copy-of
instruction copies the current Item element. The result document is what the X2QL
query specifies.

5.2 Extension Functions

The XSLT specification mentions the use of extension functions [15]. Essentially, they
are external programs written in programming languages. However, the availability and
the usage of extension functions depend on the underlying XSLT processor, because
their details are left to the implementation.

In this study, we use LotusXSL [[I7], which is an XSLT processor developed by
IBM alphaWorks. Extension functions in LotusXSL are defined by 1xs1t : component
elements as follows.

<lxslt:component prefix="namespace"
functions="list of the extension functions">
<lxslt:script lang="javaclass" src="URI"/>
</1xslt:component>

Example: Suppose we define an extension function head () in the namespace my-space.
It is implemented as a method of MyHead class in Java. It returns the head part of the
given string whose length is less than or equal to the specified length.

<lxslt:component prefix="my-space" functions="head">
<lxslt:script lang="javaclass" src="MyHead"/>
</1xslt:component>
In template rules, we can call extension functions, for example,

<xsl:value-of select="my-space:head( string( . ), 10 )"/>.

6 Query Processing on XSLT Processors

Query processing in our prototype system is shown in Figure[Il The translator translates
each X2QL query into XSLT template rules in stylesheets. Then, the XSLT processor
executes the query by interpreting the stylesheets.

The current implementation has the following restrictions.

— The query does not include joins of multiple documents.

— No regular path expressions containing closures of tag names are used.
— No subblocks] are used.

— No elements with IDs specified by skolem functions are nested.

2 A subblock is an XML-QL subquery enclosed ‘{’and ‘}’, and is used for outer joins.
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Fig. 1. Query Processing Scheme

6.1 Query Translation

First, we describe the translation of queries without rank-by and order-by clauses. In
this case, a query is translated into a stylesheet with a corresponding template rule.

Basic Translation Basic constructs in where and construct clauses in X?QL are
translated into their counterparts in XSLT as illustrated in Subsection [5.1] Basically,
template rules are generated along the element structure specified in construct clauses,
because template rules describe the output document structure. Namely, the tags used in
the outermost construction enclose the others. Element hierarchy patterns given in where
clauses are expressed as location paths, and variables are bound as occasion demands.

Variable binding is done with xs1:for-each and xs1:variable instructions. Ge-
nerally, in template rules, some auxiliary variables are introduced in addition to ones
specified in the given query. They are used to simplify the location path derivation, and
to keep values depending on the current context node list.

The order of variable bindings primarily coincides with the order in which they are
used in the output construction in the query. When it gives the same order to multiple
variables, their usage in Skolem functions and sorting keys is taken in consideration.

Grouping by Skolem Functions The return value of the Skolem function has a one-to-
one correspondence to the set of values given in arguments. Based on this, a grouping
specifyied using the Skolem function is translated as shown below.

Here, Article elements are grouped by the Date values. First, an Article element
is selected. Its Date value is bound to the variable $d. The xs1:if instruction says that,
if itis the first Article element having a Data value, the DateGroup element, collecting
Article elements sharing the same Date value, is the output. If this condition is not
met, no DateGroup element is created. Thus, a grouping of Article elements by the
Date values is attained.
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<!-- a given query fragment -->

where <Article> <Date> $d </> </> element_as $a

construct <DateGroup ID=DateID($d)> $a </>
(a) Query Fragment

<!-- the template rule to group Articles -->

<xsl:variable name="x" select="."/>
<xsl:for-each match="Article">
<xsl:variable name="d" select="Date"/>
<!-- grouping by using Skolem function: apply to
only the first Article with each Date value -->
<xsl:variable name="pos" select="position()" />
<xsl:if test="count( ( $x/Article[ position() < pos ] )
[ Date = ¢4 1 ) = 0">

<DateGroup>
<!-- select the Articless with same Date value -->
<xsl:for-each select="$x/Article[ Date = $d ]1">
<xsl:copy-of select="."/>
</xsl:for-each>
</DateGroup>
</xsl:if>

</xsl:for-each>
(b) Translation Result

6.2 Mapping of Foreign Functions

Foreign functions in X?QL are mapped to extension functions. As mentioned before,
implementation of extension functions depends on the underlying XSLT processor. In
this study, we concentrate on the implementation on LotusXSL to make our discussion
concentrate. The implementation of foreign functions of X?QL are written in Java.

The definition of each foreign function is processed before the stylesheet generation.
This is done by the adaptor module inside the translator. Implementation of the adaptor
module depends on the underlying XSLT processor.

The LotusXSL adaptor module refers to the foreign function definitions and generates
stub classes in Java. A stub class is created for each element type associated with method].
A stub class has stub methods which work as extension functions in LotusXSL. Foreign
function calls in X2QL queries are translated into calls for appropriate stub methods.
When a certain stub method is called, the stub method translates the argument type in
LotusXSL into the Java type according to the Java mapping for the X2QL, and calls
the implementation of the corresponding foreign function. (See Figure 21) The type of
the return value is translated in the reverse direction. We have also developed a class
loader to load the implementation of foreign functions through the network, and the Java
Reflection API is used to manipulate classes and methods dynamically.

? In the current implementation, general functions are treated as if they were methods associated
with a dummy class.
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Fig. 2. Mechanism of a Method Invocation

6.3 Translation of Rank-by and Order-by Clauses

Generally, queries with rank-by and order-by clauses are translated into two and three
stylesheets, respectively. They are interpreted in the XSLT processor one by one, and
the controller in Figure[l controls the interpretation.

Queries having only order-by clauses are processed in the following two steps, and
a stylesheet is associated with each step.

1. Construct the output as explained above. The difference is that the sort key values
are added to elements to be sorted.
2. Sort the target elements, and remove the added sort key values.

Queries having rank-by clauses are processed in three steps. They are translated
into three stylesheets, each with a template rule. Here, we show how Query 2 in Section
Hlis translated. Tthe first stylesheet is shown below. Other two stylesheets are omitted.

The template rule in the first stylesheet generates an x2q1: order element for each
Article element. It has rank and pos attributes. The rank attribute gives the similarity
of the Article element calculated by the foreign function sim_cosine(). The pos
attribute has the relative position of the Article element. It has the Article element
as its sub-element. Moreover, we generate an x2ql:sort element which contains the
x2ql:order elements. It is used in the second and third steps.

<!-- first template rule -->
<xsl:template match="/Document">
<Document>

<x2ql:sort>
<xsl:for-each select="Article">
<xsl:variable name="a" select="." />
<xsl:variable name="p" select="position()" />
<x2ql:order rank="{sim cosine( $a )}" pos="{$p}" >
<xsl:copy-of select="$a" />
</x2ql:order>
</xsl:for-each>
</x2ql:sort>
</Document>
</xsl:template>

The second template rule selects the x2ql:order elements, and sort them by the
rank value. Then, we output the first N x2ql:order elements.

The last template rule sorts the remaining N x2q1 : order elements by the pos value,
and remove unnecessary elements.



An eXtensible XML Query Language Supporting User-Defined Foreign Functions 263

7 Related Work

Several languages have been proposed for manipulating XML documents. XSLT [15]
is a transformation language, and XQL [4] is proposed as an extension of XPath [16],
which is a location path language used in XSLT. XQL is very weak in document structure
manipulation. XSLT features tag-based powerful document structure manipulation, but
it requires low-level and procedural description.

XML-QL [3] is a query language for XML documents, and it is used as a basis
of X2QL. In the current version of XML-QL, user-defined functions are just canned
queries. The proposal mentions the possible use of user-defined predicates as a future
research issue. However, their scope, role, syntax, and semantics are not specified. For-
eign functions in X?QL can represent user-defined predicates. Moreover, they can be
used for a wide range of applications, and can return elements and contents.

YATL is a rule-oriented language for YAT semistructured data model [8]. YATL has
a powerful structure manipulation capability, and the authors mention the use of foreign
functions. However, YATL is not dedicated to XML document processing, and their
usage of foreign functions is limited to string-based pattern matching.

Lorel [5] is a query language for OEM, a graph-based semistructured data model.
Lorel can be regarded as an extension of OQL [18§]]. Its data restructuring capability is
very limited. UnQL [6] is a query language for a semistructured data model similar to
OEM. UnQL has a powerful data restructuring capability. However, the use of foreign
functions is not considerd.

8 Conclusion

Some XML query languages provide tag-based powerful document structure mani-
pulation. However, they are generally weak in document contents processing such as
similarity-based selection, ranking, summary generation, topic extraction. Requirements
for document contents processing vary depending on application context, and it is very
difficult to provide the complete set of contents processing facilities.

In this paper, we have proposed X2QL (eXtensible XML Query Language), which
features inclusion of user-defined foreign functions (external programs) to process do-
cument contents in the context of XML-QL-based document structure manipulation. We
have also explained the implementation of the X2QL query processing system on top
of XSLT processors. We have been developing the prototype system as a command line
Java application.

The future work includes relaxation of the restriction on X?QL queries mentiond
in Section @ Another important research issue is the development of an X2QL query
processing system without the use of an XSLT processor. Inheritance of methods asso-
ciated with element types and other object-oriented extension are also interesting future
research topics.
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Abstract. Decision committee learning has demonstrated spectacular success in
reducing classification error from learned classifiers. These techniques develop
a classifier in the form of a committee of subsidiary classifiers. The combination
of outputs is usually performed by majority vote. Voting, however, has a short-
coming. It is unable to take into account local expertise. When a new instance is
difficult to classify, then the average classifier will give a wrong prediction, and
the majority vote will more probably result in a wrong prediction. Instead of
voting, dynamic integration of classifiers can be used, which is based on the as-
sumption that each committee member is best inside certain subareas of the
whole feature space. In this paper, the proposed dynamic integration technique
is evaluated with AdaBoost and Bagging, the decision committee approaches
which have received extensive attention recently. The comparison results show
that boosting and bagging have often significantly better accuracy with dynamic
integration of classifiers than with simple voting.

1 Introduction

Currently electronic data repositories are growing quickly and contain huge amount of
data from commercial, scientific, and other domain areas. The capabilities for col-
lecting and storing all kinds of data totally exceed the development in abilities to ana-
lyze, summarize, and extract knowledge from this data. Data mining is the process of
finding previously unknown and potentially interesting patterns and relations in large
databases [8].

A typical data mining task is to predict an unknown value of some attribute of a
new instance when the values of the other attributes of the new instance are known
and a collection of instances with known values of all the attributes is given. The col-
lection of the instances with the known attribute values is treated as a training set for a
learning algorithm that derives a logical expression, a concept description, or a classi-
fier, that is then used to predict the unknown value of the attribute for the new instance
[1].

Decision committee learning has demonstrated spectacular success in reducing
classification error from learned classifiers [2,4,9,18,19,25]. These techniques develop

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 265-278, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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a classifier in the form of a committee of subsidiary classifiers. The committee mem-
bers are applied to a classification task and their individual outputs combined to create
a single classification from the committee as a whole. This combination of outputs is
usually performed by majority vote. Decision committee learning can be especially
recommended for learning tasks where there is no prior opportunity to evaluate the
relative effectiveness of alternative approaches, there is no a priori knowledge avail-
able about the domain, and the primary goal of learning is to develop a classifier with
the lowest possible error [25].

Two decision committee learning approaches, boosting [18,19] and bagging [4],
have received extensive attention recently. They repeatedly build different classifiers
using a base learning algorithm, such as a decision tree generator, by changing the
distribution of the training set. Bagging learns the constituent classifiers from boot-
strap samples drawn from the training set. Boosting learns the constituent classifiers
sequentially. In boosting, the weights of training examples used for creating each
classifier are modified based on the performance of the previous classifiers in such a
way as to make the generation of the next classifier concentrate on the training exam-
ples that are misclassified by the previous classifiers. Both boosting and bagging are
generic techniques that can be employed with any base learning algorithm [25].

The voting technique used to combine the outputs of committee members in bag-
ging and boosting, however, has an important shortcoming. It is unable to take into
account local expertise. When a new instance is difficult to classify, then the average
classifier will give a wrong prediction, and the majority vote will more probably result
in a wrong prediction. The problem may consist in discarding base classifiers (by
assigning small weights) that are highly accurate in a restricted region of the instance
space because this accuracy is swamped by their inaccuracy everywhere else. It may
also consist in the use of classifiers that are accurate in most of the space but still
unnecessarily confuse the whole classification committee in some regions of the
space.

Instead of voting, dynamic integration of classifiers [15] can be used to overcome
this problem. Dynamic integration of classifiers is based on the assumption that each
committee member is best inside certain subareas of the whole feature space. The
dynamic meta-classification framework consists of two levels [15]. The first level
contains base classifiers, while the second level contains a combining algorithm that
predicts the local classification errors for each of the base classifiers. In the training
phase the information about the local errors of the base classifiers for each training
instance is collected. This information is later used together with the initial training set
as meta-level knowledge to estimate the local classification errors of the base classifi-
ers for a new instance.

In this paper, an application of the technique for dynamic integration of classifiers
to classifiers generated with decision committee learning is investigated. In chapter 2,
AdaBoost and Bagging, the decision committee learning algorithms, which have re-
ceived extensive attention recently, are reviewed. In chapter 3, the technique for dy-
namic selection of classifiers is considered. In chapter 4, results of experiments with
the AdaBoost and Bagging algorithms are presented, and chapter 5 concludes with a
brief summary and further research topics.
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2 Bagging and Boosting for Decision Committee Learning

Two decision committee learning approaches, boosting [18] and bagging [4], have
received extensive attention recently. Both boosting and bagging operate by selec-
tively resampling from the training data to generate derived training sets to which the
base learner is applied. They are generic techniques that can be employed with any
learning algorithm [25].

Given an integer T as the committee size, both bagging and boosting need approxi-
mately 7 times as long as their base learning algorithm does for learning a single clas-
sifier. A major difference between bagging and boosting is that the latter adaptively
changes the distribution of the training set based on the performance of previously
created classifiers and uses a function of the performance of a classifier as the weight
for voting, while the former stochastically changes the distribution of the training set
and uses equal weight voting [25]. In general, bagging is more consistent, increasing
the error of the base learner less frequently than does boosting. However, boosting has
greater average effect, leading to substantially larger error reductions than bagging on
average. Boosting tends to reduce both the bias and variance terms of error while
bagging tends to reduce the variance term only [2]. Another notable feature of both
boosting and bagging is that, on average, error keeps reducing as committee size is
increased, but that the marginal error reduction associated with each additional com-
mittee member tends to decrease. Each additional member, on average, has less im-
pact on a committee’s prediction error than anyone of its predecessors [25].

The Bagging algorithm (Bootstrap aggregating) [4] votes classifiers generated by
different bootstrap samples (replicates). A bootstrap sample is generated by uniformly
sampling m instances from the training set with replacement. T bootstrap samples B,
B, ..., B, are generated and a classifier C* is built from C, C, ..., C, whose output is
the class predicted most often by its base classifiers, with ties broken arbitrarily. For a
given bootstrap sample, an instance in the training set has probability 1-(1-1/m)" of
being selected at least once in the m times instances are randomly selected from the
training set. For large m, this is about 1-1/e=63.2%, which means that each bootstrap
sample contains only about 63.2% unique instances from the training set. This pertur-
bation causes different classifiers to be built if the inducer is unstable (e.g., neural
networks, decision trees) [2] and the performance can improve if the induced classifi-
ers are good and not correlated. However, bagging may slightly degrade the perform-
ance of stable algorithms (e.g., k-nearest neighbor) because effectively smaller train-
ing sets are used for training each classifier [4].

Boosting was introduced by Schapire [19] as a method for boosting the perform-
ance of a “weak” learning algorithm. In theory, boosting can be used to significantly
reduce the error of any “weak” learning algorithm that consistently generates classifi-
ers which need only be a little bit better than random guessing. This is a shift in mind
set for the learning-system designer: instead of trying to design a learning algorithm
that is accurate over the entire space, we can instead focus on finding weak learning
algorithms that only need to be better than random [18].

The AdaBoost algorithm (Adaptive Boosting) was introduced by Freund&Schapire
[9] as an improvement of the initial boosting algorithm [19]. AdaBoost changes the
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weights of the training instances provided as input to each inducer based on classifiers
that were previously built. The goal is to force the inducer to minimize expected error
over different input distributions [2]. Given an integer T specifying the number of
trials, 7 weighted training sets S, S,, ..., S, are generated in sequence and T classifiers
C, C, ..., C, are built. A final classifier C* is formed using a weighted voting
scheme: the weight of each classifier depends on its performance on the training set
used to build it. Let the proportion of misclassified instances at some trial be e, then
the training set is reweighted so that these instances get boosted by a factor of 1/(2e),
thus causing the total weight of the misclassified instances after the reweighting to be
half the original training set weight. Similarly, the correctly classified instances will
have a total weight equal to half the original weight, and thus no normalization is
required.

The AdaBoost algorithm requires a weak learning algorithm whose error is
bounded by a constant strictly less than ¥2. In practice, the inducers we use provide no
such guarantee. The original algorithm aborted when the error bound was breached
[19], but this case is fairly frequent for some multiclass problems [2]. In this paper, a
bootstrap sample from the original data S is generated in such case, and the boosting
continues up to a limit of 25 such samples at a given trial, as proposed in [2]. The
same is done when the error is equal to zero at some trial. Some implementations of
AdaBoost use boosting by resampling because the inducers used were unable to sup-
port weighted instances [2]. In this work, boosting by reweighting is implemented
with the C4.5 decision tree learning algorithm [17], which is a more direct implemen-
tation of the theory. Some evidence exists that reweighting works better in practice

[2].

3  Dynamic Integration of Decision Committees

In this chapter, integration of multiple classifiers, and particularly the dynamic one is
discussed and a variation of stacked generalization, which uses a distance metric to
locally estimate the errors of base classifiers, is considered.

The integration of multiple classifiers has been under active research in machine
learning and neural networks, and different approaches have been considered [7]. The
challenge of integration is to decide which classifier to rely on or how to combine
classifications produced by several classifiers. In general the integration of an ensem-
ble of classifiers has been shown to yield higher accuracy than the most accurate com-
ponent classifier alone in different real-world tasks.

Recently, two main approaches to integration have been used: first, combination of
the classifications produced by the base classifiers, and, second, selection of the best
classifier from the committee. The most popular and simplest method of combining
classifiers is voting (also called majority voting and Select All Majority, SAM) [2].
The classifications produced by the base classifiers are handled as equally weighted
votes for those particular classifications and the classification with most votes is se-
lected as the final classification. More sophisticated classification algorithms that use
combination of classifiers include the stacking (stacked generalization) architec-
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ture [26], the SCANN method that is based on the correspondence analysis and the
nearest neighbor procedure [14], combining the minimal nearest neighbor classifiers
within the stacked generalization framework [20], and different versions of resampling
(as boosting, bagging, and cross-validated resampling) that use one learning algorithm
to train different classifiers on subsamples of the training set and then voting to com-
bine the classifications of those classifiers [4,18]. Two effective classifiers’ combina-
tion strategies based on stacked generalization (called an arbiter and combiner) were
analyzed in [5] showing experimentally that the hierarchical combination approach
based on the use of the subsets of the dataset is able to sustain the same level of accu-
racy as a global classifier trained on the entire data set.

One of the most popular and simplest selection approaches is CVM (Cross-
Validation Majority) [10], which estimates the accuracy of each base classifier using
cross-validation and selects a classifier with the highest accuracy. More sophisticated
selection approaches use estimates of the local accuracy of the base classifiers by
considering errors made in similar instances [13] or the meta-level classifiers (“refe-
rees”), which predict the correctness of the base classifiers for a new instance [12].

Classifier selection methods can also be divided into two subsets: static and dy-
namic methods. A static method proposes one “best” method for the whole data space
(as for example CVM), while a dynamic method takes into account characteristics of a
new instance to be classified.

There are still many open questions even with the most widely used architectures
like stacked generalization, as which base classifiers should be used, what attributes
should be used at the meta-level training, and what combining classifier should be
used. Different combining algorithms have been used by various researchers, as sim-
ple voting in bagging [4], ID3 for combining nearest neighbor classifiers [20], and the
nearest neighbor classification in the space of correspondence analysis results (not
directly on the predictions) [14].

Common solutions of the classification problem are based on the assumption that
the entire space of features for a particular domain area consists of null-entropy areas,
in other words, that instances of one class are not uniformly distributed, but concen-
trated inside some subareas. In fact, the accuracy of a model depends on many factors
as the size and shape of decision boundaries, the number of null-entropy areas (prob-
lem-depended factors), the completeness and cleanness of the training set (sample-
depended factors) and certainly, on the individual peculiarities of the learning algo-
rithm (algorithm-depended factors). Instances misclassified by a model are not uni-
formly distributed and the whole space can be regarded to consist of a set of null-
entropy areas with categories “the classifier gives correct classification” and “the
classifier gives incorrect classification®. The dynamic approach to the integration of
multiple classifiers attempts to create a meta-model according to this vision. This
meta-model is then used to predict the errors of the base classifiers in new instances
[15].

A dynamic integration technique that uses the estimation of the local accuracy of
the base classifiers by analyzing the accuracy in near-by instances was elaborated
[15]. Instead of training a meta-level classifier that will derive the final classification
using the classifications of the base classifiers as in stacked generalization, it is pro-
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posed to train a meta-level classifier that will estimate the errors of the base classifiers
for each new instance and then use these errors to derive the final classification. The
goal is to use each base classifier just in that subarea for which it is the most reliable
one. The dynamic approach to the integration of multiple classifiers attempts to create
a meta-model about the subareas correctly classified by the corresponding base classi-
fiers. This approach is closely related to that considered by Koppel, and Argamon-
Engelson [12]. The main difference between these two approaches is in the combining
algorithm. The C4.5 decision tree induction algorithm was used to predict the errors of
the base classifiers [17], but in the considered dynamic integration technique, the
weighted nearest neighbor prediction (WNN) is used [6], which simplifies the learning
phase of the composite classifier. It is enough to calculate the performance matrix for
the base classifiers during the learning phase. In the application phase, nearest neigh-
bors of a new instance among the training instances are found out and the corre-
sponding base classifiers’ performances are used to calculate the estimated classifiers’
performance for each base classifier. This is done by summing up the corresponding
performance values of a classifier using weights that depend on the distances between
a new instance and its nearest neighbors.

Thus the dynamic integration approach contains two phases. In the learning phase
(procedure learning_phase in Fig. 1), the training set T is partitioned into v folds. The
cross-validation technique is used to estimate the errors of the base classifiers E/.(X*) on
the training set and the meta-level training set T" is formed. It contains the attributes of
the training instances x, and the estimates of the errors of the base classifiers on those
instances E],(x*). Several cross-validation runs can be used in order to obtain more
accurate estimates of the base classifiers’ errors. Then each estimated error will be
equal to the number of times that an instance was incorrectly predicted by the classi-
fier when it appeared as a test example in a cross-validation run. The learning phase
finishes with training the base classifiers C, on the whole training set.

In the application phase, the comblmng classifier (either the function
DS_application_phase or the function DV_application_phase in Fig. 1) is used to
predict the performance of each base classifier for a new instance. Two different
functions implementing the application phase were considered [15]. The first function
DS implements Dynamic Selection. In the DS application phase the classification
error E is predicted for each base classifier C, using the WNN procedure and a classi-
fier w1th the smallest error (with the least global error in the case of ties) is selected to
make the final classification. The second function DV implements Dynamic Voting.
In the DV application phase each base classifier C, receives a weight W, that depends
on the local classifier’s performance and the final clasmflcatmn is conducted by voting
classifier predictions C(x) with their weights W..

Previously an apphcatlon of the dynamic class1fler integration in medical diagnos-
tics was considered in [21-23]. A number of experiments comparing the dynamic
integration with such widely used integration approaches as CVM, and weighted vot-
ing were also conducted [15,16,23,24]. The comparison results show that the dynamic
integration technique outperforms often weighted voting and CVM. In this paper, the
goal is to apply the dynamic classifier integration to decision committee learning,
combining the generated classifiers in a more sophisticated manner than voting.
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T component classifier training set
T, i-th fold of the training set

T meta-level training set for the combining algorithm
x attributes of an instance

c(x) classification of the instance with attributes x
C set of component classifiers

C, j-th component classifier

C,(x) prediction produced by C,on instance x

E. (x) estimation of error of C,on instance x

*

E,(x) prediction of error of C,on instance x
m number of component classifiers

W vector of weights for component classifiers

nn number of near-by instances for error prediction

W, weight of i-th near-by instance

procedure learning phase(T,C)
begin {fills in the meta-level training set T’}
partition T into v folds
loop for T, T, /i=1...,Vv
loop for j from 1 to m train(qﬂT—T)
loop for x T,
loop for j from 1 to m
compare C,(x) with c(x) and q§rive E (x)
collect (x,E (x),...,E (x)) into T
loop for j from 1 to m train(CﬂT)
end
function DS application phase(T ,C,x) returns class of x
begin
loop for j from 1 to m
. 1™
E, o Wy, E;Xpy) {WNN estimation}
/ CIgnﬂnE; {number of cl-er with min. E;}
J
{with the least global error in the case of ties}
return C,(x)
end
function DV application phase(T,C,x) returns class of x
begin
loop for j from 1 to m
nn

w, 1 7;LH Wyy, E;Xpyy) {WNN estimation}
return Weighted Voting(W,C (x),...,C (x))

end

Fig. 1. The algorithm for dynamic integration of classifiers [15]
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4 Experiments

In this chapter, experiments with the use of the dynamic classifier integration algo-
rithm to combine classifiers generated with AdaBoost and Bagging decision commit-
tee learning approaches are presented. First, the experimental setting is described, and
then, results of the experiments are presented. The experiments are conducted on nine
datasets taken from the UCI machine learning repository [3]. Previously the dynamic
classifier integration was experimentally evaluated in [15]. Here a similar experimen-
tal environment is used, extended with the Bagging and AdaBoost algorithms to gen-
erate decision committees described in chapter 2.

The main characteristics of the nine datasets are presented in Table 1. The table in-
cludes the name of the dataset, the number of instances included in the dataset, the
number of different classes of instances, and the numbers of different kind of features
included in the instances.

Table 1. Characteristics of the datasets

Features
Dataset Instances Classes : :
Discrete | Continuous
Breast 286 2 9 0
[Diabetes 768 2 0 8
Glass 214 6 0 9
Heart 270 2 8 5
Iris 150 3 0 4
Liver 345 2 0 6
MONK-1 432 2 6 0
MONK-2 432 2 6 0
MONK-3 432 2 6 0

For each dataset 30 test runs are made. In each run the dataset is first split into the
training set and the test set by random sampling. Each time 30 percent of the instances
of the data set are first randomly picked up to the test set. The rest 70 percent of the
instances are then passed to the learning algorithm where the accuracy history of the
committee classifiers on the initial training set is collected for later use in the dynamic
integration. Cross-validation is not used here as described in chapter 3 for the case of
classifiers built with different learning algorithms. Instead, the committee classifiers
are simply applied to each instance of the initial training set, and their accuracy is
collected into the performance matrix. The committee classifiers themselves are learnt
using the C4.5 decision tree algorithm with pruning [17].

In the estimation of the classification errors of the committee classifiers for a new
instance, the collected classification information about classification errors for seven
nearest neighbors of the new instance is used. The selection of the number of nearest
neighbors has been discussed in [15]. Based on the comparisons between different
distance functions for dynamic integration presented in [16] it was decided to use the
Heterogeneous Euclidean-Overlap Metric, which produced good test results. The test
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environment was implemented within the MLC++ framework (the machine learning
library in C++) [11]. In the experiments, committee size equal to 5 is set in Bagging
and AdaBoost (exactly 5 classifiers are generated and integrated both in Bagging and
AdaBoost).

Table 2. Accuracy values for Bagging and AdaBoost decision committees integrated with
different approaches

Decision committee: C4.5 trees with pruning, accuracy

DB min | aver | max |agree|cover| B DS DV |DVS | DS’ | DV’ | DVS’
Breast 0.643/ 0.702 0.760| 0.465| 0.883| 0.727| 0.713 0.729 0.719 0.705 0.727| 0.715
0.541| 0.636 0.724] 0.252| 0.928| 0.691| 0.689 0.693 0.701| 0.680 0.692 0.696
Diabetes| 0.679| 0.711| 0.739 0.430 0.924] 0.741| 0.713 0.741| 0.728] 0.709| 0.741| 0.732
0.649 0.686 0.729| 0.343| 0.946| 0.725 0.682 0.725/ 0.715 0.686/ 0.726| 0.708
Glass 0.550, 0.624| 0.698] 0.319 0.867| 0.674] 0.692| 0.685 0.695( 0.651| 0.674| 0.667
0.529) 0.603 0.681| 0.228| 0.903| 0.685 0.640, 0.684| 0.671| 0.630 0.683 0.667
Heart 0.670| 0.734, 0.796| 0.445| 0.936| 0.781| 0.743 0.781| 0.765 0.750 0.781| 0.762
0.601| 0.690 0.774] 0.290| 0.956| 0.760| 0.726, 0.760 0.740| 0.732 0.760 0.735
Iris 0.909| 0.933 0.959| 0.890| 0.975| 0.934] 0.933 0.934| 0.936] 0.941| 0.934| 0.938
0.896/ 0.931] 0.961| 0.865| 0.975| 0.940| 0.938 0.940 0.937| 0.939 0.940| 0.935
Liver 0.551| 0.608 0.665| 0.241| 0.897| 0.653| 0.618 0.656/ 0.626| 0.620 0.654| 0.629
0.537| 0.600 0.660| 0.200| 0.921| 0.640| 0.594, 0.640 0.610| 0.606/ 0.640| 0.623
MONK-1] 0.741| 0.847| 0.940] 0.550| 1.000] 0.922| 0.992 0.928 0.987| 0.991| 0.927| 0.985
0.779 0.864 0.928| 0.575| 0.996| 0.943| 0.959 0.943 0.966| 0.957| 0.943 0.966
MONK-2| 0.495/ 0.546| 0.595| 0.216| 0.858] 0.559 0.546| 0.557| 0.550| 0.545 0.559 0.554
0.475| 0.537 0.597| 0.185| 0.926| 0.513 0.593 0.516/ 0.574] 0.590 0.516| 0.570
MONK-3| 0.981| 0.993 1.000] 0.981| 1.000] 0.998f 1.000 0.998 1.000| 1.000 0.998 1.000]
0.960| 0.962 0.963| 0.959 0.964| 0.960| 0.964 0.964| 0.964] 0.964| 0.964| 0.964
Average | 0.691 0.744 0.795( 0.504 0.927| 0.777| 0.772 0.779 0.778| 0.768 0.777 0.776
0.663 0.723 0.780] 0.433 0.946| 0.762| 0.754 0.763 0.764] 0.754 0.763 0.763

Table 2 presents accuracy values for Bagging and AdaBoost decision committees
integrated with different approaches. The first five columns include the average of the
minimum accuracies of the committee classifiers (min), the average of the average
accuracies of the committee classifiers (aver), the average of the maximum accuracies
of the committee classifiers (max), the average percentage of test instances where all
the committee classifiers managed to produce the right classification (agree), and the
average amount of test instances where at least one committee classifier during each
run managed to produce the right classification (cover). The seven next columns of the
right-hand side of Table 2 include the accuracies for different types of integration of
the committee classifiers. All the above columns are averaged over the 30 test runs.

In vertical direction the main body of the table is divided into groups of two rows
each corresponding to one dataset. The first row contains accuracies received with the
Bagging decision committee learning, and the second row contains accuracies re-
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ceived with the AdaBoost algorithm. The last group in the table shows corresponding
accuracies averaged over all the datasets.

The integration types considered in Table 2, correspondingly, include: B — usual
Bagging (unweighted voting, the first row) or AdaBoost (weighted voting, the second
row), DS — Dynamic Selection, DV — Dynamic Voting, and DVS — Dynamic Voting
with Selection. DS and DV integration were considered in chapter 3. Previous experi-
ments with these two integration strategies [15] have shown that the accuracies of the
strategies usually differ significantly; however, it depends on the dataset, what a strat-
egy is preferable. In this paper, a combination of these strategies is considered, DVS —
Dynamic Voting with Selection. According to this strategy, first, the local errors for
the committee classifiers are estimated as usually. Then, the classifiers with high local
errors are discarded (the classifiers with local errors that fall into the upper half of the
error range of the committee). After, locally weighted voting (DV) is applied as usu-
ally to the restricted set of classifiers. One could guess that this integration strategy
should be more stable than the other two.

In these experiments, strategies that use simple unweighted nearest neighbor classi-
fication for estimation of the local errors of committee classifiers are also considered.
They are denoted as DS’, DV’, and DVS’ correspondingly. Usually, in the DS, DV,
and DVS application phases, nearest neighbors of a new instance among the training
instances are found out and the corresponding base classifiers’ errors are used to cal-
culate the estimated classification error for each base classifier. This is done by sum-
ming up the corresponding errors of a classifier using weights that depend on the dis-
tances between a new instance and its nearest neighbors. DS’, DV’, and DVS’ do not
take into account the distances to the nearest neighbors, treating all nearest neighbors
as equally weighted. The last three strategies are significantly less computationally
expensive. The experiments are conducted to check whether they provide competitive
accuracy.

From Table 2 one can see that on each considered dataset at least some dynamic
integration strategy works better than classical Bagging or AdaBoost. For example, on
the MONK-2 dataset, Dynamic Selection (DS) from AdaBoost classifiers gives 0.593
accuracy on average, while the classical AdaBoost with weighted voting gives only
0.513. Dynamic integration strategies DV and DVS are also better on average than
Bagging and AdaBoost. DV and DVS are generally better than DS in these experi-
ments. As one could guess, DVS works quite stable on the considered datasets. Some-
times, it overcomes even both DS and DV, as on the Breast and MONK-1 datasets
(with AdaBoost), and the Glass dataset (with Bagging). DVS is slightly better on aver-
age than both DS and DV.

The integration with weighted error prediction (DS, DV, and DVS) is generally
better than the integration with unweighted error prediction (DS’, DV’, and DVS’).
However, there is usually no big difference in accuracies between those two types of
integration, while the second one requires much less time. Sometimes (on the Liver
and Iris datasets), the second strategy is even better.

A number of recent investigations of decision committees have analysed error per-
formance in terms of bias and variance [25]. The squared bias is a measure of the
contribution to error of the central tendency or most frequent classification of the
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learner when trained on different training data. The variance is a measure of the con-
tribution to error of deviations from the central tendency.

The bias/variance analysis is useful in focusing attention on two significant factors
that govern the accuracy of classifiers learned by a learning system. If a learning sys-
tem when provided different training data develops classifiers that differ in their pre-
dictions, then the extent of such variations provides a lower limit on the average error
of those classifiers when applied to any subsequent set of test data.

However, preventing such variance between the classifiers will not guarantee the
elimination of prediction error. This error is also governed by both the degree to which
the correct classifier for an object can differ from that for other objects with identical
descriptions (irreducible error) and the accuracy of the learning bias.

A number of different formulations of bias and variance have been proposed in the
field of classification learning [4, 25]. Two bias/variance related metrics are used in
this research. Contribution of bias to error is that portion of the total error across the
distribution of test sets that is due to errors committed by the central tendency of the
learning algorithm. This is the proportion of classifications that are both incorrect and
equal to the central tendency. The central tendency is the most frequent classification
for an object. Contribution of variance to error is that portion of the total error across
the distribution of test sets that is due to errors that are deviations from the central
tendency of the learning algorithm. This is the proportion of classifications that are
both incorrect and not equal to the central tendency. These two terms must sum to
total error.

These metrics are used to evaluate the extent to which variations in the classifiers
formed from one training set to another affect the error of the learning algorithm. High
contribution of bias to error indicates high error resulting from the learning bias
whereas high contribution of variance to error indicates high error resulting from the
algorithm’s responsiveness to variations between training sets [25]. These two defini-
tions have the desirable properties that: (1) bias is a direct measure of the contribution
of the central tendency to total error, (2) variance is a direct measure of the contribu-
tion to error of deviations from the central tendency, and (3) the two terms (bias and
variance) sum to total error [25].

The bias/variance analysis was conducted as a different set of experiments. The
same test setting was used, but values for the metrics were estimated by ten runs of
three-fold cross-validation to provide equal number of tests (10) for each instance. In
each three-fold cross-validation, the data were randomly divided into three subsets.
Each case in each subset is classified once by a classifier learned by the algorithm
under evaluation from the other two subsets. Thus, each case is classified once for
each three-fold cross-validation, and hence ten times in all.

Table 3 presents preliminary bias/variance analysis’ results for Bagging and
AdaBoost decision committees integrated with different approaches. The table col-
umns include bias/variance estimations for classical Bagging and AdaBoost (Bagging
and Boosting), and for these decision committee learning approaches integrated with
Dynamic Selection (Bagg.+DS, and Boost.+DS) and Dynamic Voting (Bagg.+DV,
and Boost.+DV). All the above columns are averaged over the 10 test runs.
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In vertical direction the main body of the table is divided into groups of two rows
each corresponding to one dataset. The first row contains estimation of the bias contri-
bution to error, and the second row contains corresponding estimation of the variance
contribution to error. The last group in the table shows corresponding error constitu-
ents (bias and variance) averaged over all the datasets.

The results presented in the table confirm the common opinion that AdaBoost is on-
the-whole more effective at reducing bias that is bagging, but bagging is more effec-
tive than AdaBoost at reducing variance. This holds true also for AdaBoost and bag-
ging with dynamic integration. One could see from the table that when applicable, the
dynamic integration (and especially the dynamic selection) tries to reduce the bias
constituent of the error. One good example of this effect is the Monk-1 dataset, where
the bias constituent of error is equal to 0.000 for Bagging, and to 0.001 for Boosting!
One could conclude that when the dynamic integration is profitable, then the error
reduction takes place mostly due to the reduction of the bias constituent of error.

Table 3. Bias/variance analysis for Bagging and AdaBoost decision committees integrated with
different approaches

Bias/variance contribution to error
DB Bagging | Bagg.+DS | Bagg.+DV | Boosting | Boost.+DS | Boost.+DV
Breast 0.228 0.188 0.223 0.225 0.218 0.225
0.056 0.103 0.061 0.103 0.112 0.103
Diabetes [ 0.189 0.182 0.189 0.191 0.191 0.191
0.071 0.108 0.072 0.089 0.132 0.089
Glass 0.261 0.227 0.246 0.188 0.194 0.190
0.084 0.130 0.082 0.127 0.161 0.124
Heart 0.147 0.145 0.147 0.163 0.147 0.163
0.086 0.110 0.086 0.089 0.140 0.089
Iris 0.051 0.051 0.051 0.044 0.045 0.044
0.009 0.012 0.009 0.009 0.011 0.009
Liver 0.240 0.239 0.230 0.242 0.239 0.242
0.114 0.135 0.118 0.117 0.140 0.117
MONK-1 0.036 0.000 0.025 0.003 0.001 0.007
0.077 0.026 0.081 0.067 0.044 0.067
MONK-2 | 0.303 0.342 0.305 0.374 0.313 0.374
0.142 0.135 0.141 0.118 0.131 0.118
Average 0.182 0.172 0.177 0.179 0.169 0.180
0.080 0.095 0.081 0.090 0.109 0.090

5 Conclusion

Decision committee learning has demonstrated spectacular success in reducing classi-
fication error from learned classifiers. These techniques develop a classifier in the
form of a committee of subsidiary classifiers. The combination of classifier outputs is
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usually performed by majority vote. Voting, however, has an important shortcoming,
that it does not take into account local expertise.

In this paper a technique for dynamic integration of classifiers was proposed for the
use instead of voting to integrate classifiers generated with decision committee learn-
ing. The technique for dynamic integration of classifiers is based on the assumption
that each committee member is best inside certain subareas of the whole feature space.
The considered algorithm for dynamic integration of classifiers is a new variation of
stacked generalization, which uses a distance metric to locally estimate the errors of
committee classifiers.

The proposed dynamic integration technique was evaluated with AdaBoost and
Bagging, the decision committee approaches which have received extensive attention
recently, on nine datasets from the UCI machine learning repository. The results
achieved are promising and show that boosting and bagging have often significantly
better accuracy with dynamic integration of classifiers than with simple voting. Com-
monly this holds true on the datasets for which dynamic integration is preferable to
static integration (voting or cross-validated selection) as it was shown by previous
experiments. Preliminary bias/variance analysis of the proposed techniques was made.

Further experiments can be conducted to make deeper analysis of combining the
dynamic integration of classifiers with different approaches to decision committee
learning. Decision committees with different committee sizes can be analyzed. The
dependency between the committee size and the accuracy of dynamic integration can
be investigated. Another potentially interesting topic for further research is the bias-
variance analysis of various decision committees integrated with the dynamic ap-
proaches.
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Abstract. Research in spatio-temporal databases has largely focused on
extensions of access methods for the proper handling of time changing
spatial information. In this paper, we present the Multiversion Linear
Quadtree (MVLQ), a spatio-temporal access method based on Multiver-
sion B-trees (MVBT) [2], embedding ideas from Linear Region Quadtrees
[4]. More specifically, instead of storing independent numerical data ha-
ving a different transaction-time each, for every consecutive image we
store a group of codewords that share the same transaction-time, whereas
each codeword represents a spatial subregion. Thus, the new structure
may be used as an index mechanism for storing and accessing evolving
raster images. We also conducted a thorough experimentation using se-
quences of real and synthetic raster images. In particular, we examined
the time performance of temporal window queries, and provide results
for a variety of parameter settings.

1 Introduction

Spatial Databases (SDBs) represent, store and manipulate spatial data, such as
points, lines, surfaces, volumes and hyper-volumes in multi-dimensional space.
Numerous applications require efficient retrieval of spatial objects: geographical
information systems (GIS), image and multimedia databases, urban planning,
computer-aided design (CAD), rule indexing in expert database systems, etc.
The traditional indexing methods are not suitable to store spatial data because
of their inability to implement a total ordering of objects in space and preserve
proximity, at the same time. References [510] are extensive surveys with detailed
methodology and algorithms of a plethora of techniques for spatial data.

On the other hand, Temporal Databases (TDBs) support the maintenance of
time-varying data and specialized queries on them. Conventional databases are
not suitable to handle continuously changing data, since they can store only one
version of data, the one applicable at present time. Therefore, whenever a piece
of data is not valid any longer, it is either deleted or updated, at the physical
level.

* Research performed under the European Union’s TMR Chorochronos project, con-

tract number ERBFMRX-CT96-0056 (DG12-BDCN).

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 279-[292] 2001.
(© Springer-Verlag Berlin Heidelberg 2001
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Two concepts of time are usually considered in TDBs, valid and transaction
time. According to [6], valid time is the time during which a fact is true in the
real world. Transaction time is the time during which a piece of data is recorded
in a relation. Each of these two notions of time is comprised by a start time point
and an end time point or, equivalently, an interval [StartTime, EndTime) and
has specific properties associated with it. A TDB handling valid time only is
called walid or historical. When it handles transaction time only, it is then called
transaction or rollback. When handling both of these notions of time at once it
is called bi-temporal. A number of access methods for temporal data have been
proposed up to now. Some of these methods achieve acceptable performance in
real-life applications [12].

Until recently the fields of temporal and spatial databases remained two se-
parate worlds. However, modern applications (GIS, time-sequence analysis and
forecasting, animation etc.) demand the efficient manipulation of spatial infor-
mation that change over time. Spatio-temporal Databases (STDBs) are spatial
databases in which data objects may change their spatial locations and/or their
shapes at different time intervals. In these databases, special implementation
techniques should be developed for efficient storage and access of spatial ob-
jects, their geometric representations and their time-varying characteristics. Re-
ference [1] is an excellent survey on the advances made during the last years, in
spatio-temporal database research.

The fundamental objective of the proposed study is to present an efficient
spatio-temporal access method (STAM) for storing and accessing evolving raster
images (regional data). Efficiency is considered in terms of space requirements
and time performance during query processing. The new indexing structure that
is based on transaction time is called Multiversion Linear Quadtree (MVLQ).

The motivation for devising this new spatio-temporal access method is the
Multiversion B-tree (MVBT) [2], however the proposed method differs for a num-
ber of reasons. Instead of storing independent numerical data having a different
transaction-time each, for every consecutive image MVLQ stores a group of co-
dewords that share the same transaction-time, whereas each codeword represents
a spatial subregion. As a consequence, the algorithms of insertion, deletion and
update processes in MVLQ are significantly different from the corresponding al-
gorithms in MVBT. This is due to fact that after a batch operation with many
insertions, deletes and updates of data records at a specific transaction-time, we
may have significant different policies in node splitting and merging.

MVLQ has analogous functionality to another significantly different struc-
ture proposed by the authors, Overlapping Linear Quadtrees (OLQs) [14IT5/17].
Both structures have the same origin, Linear Region Quadtree (LRQ) [4]. Howe-
ver, MVLQ stores the codewords present in LRQs in a modified MVBT, while
OLQs apply the technique of overlapping in a sequence of LRQs. The purpose
of this article is to present the MVLQ along with an initial experimental study
of the time performance of temporal window queries, and provide results for a
variety of parameter settings. We conducted a thorough experimentation using
sequences of real and synthetic raster images. A comparison with OLQs is a
research activity in progress.
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The rest of the paper is organized as follows. Section 2 provides a description
of the new structure. Section 3 discusses query processing in MVLQ. Section 4
presents experimental results regarding space requirements and query perfor-
mance. Finally, Section 5 concludes the paper introducing, also, ideas for further
research.

2 The New Structure

2.1 Framework and Assumptions

In our discussion of STDBs we assume that a sequence of evolving raster images
is stored in the database. Each of these images is represented as a 2™ x 2™ array
of pixels ordered by rows, where n is a positive integer. If the pixel colors are
black and white only, the image is said to be a binary one, where 1 stands for
black and 0 for white color. Each image has a unique timestam T;, where i=1,
2, ..., N, and N is the total number of images. This temporal attribute expresses
transaction time.

A transaction time STAM implicitly associates a time interval to each record
representing a spatial object. When a new record is inserted at time 77, this
time interval is set equal to [T7, ) B A “real world” deletion at time point T5
is implemented as a logical deletion by changing the EndTime timestamp of the
time interval from * to T5.

2.2 Quadtrees and Linear Quadtrees for Regional Data

The region Quadtree is based on the successive decomposition of two-dimensional
binary raster images into four quadrants of 2" =1 x 2"~1 pixels. If a part of an
image is not covered entirely by black or white, it is recursively subdivided into
four subquadrants, until each subquadblock is entirely unicolor. An example of
binary raster image arrays of pixels and their corresponding region Quadtrees
appears in Fig. [

The region Quadtree is a main memory structure. However, the represented
image may be very large and its Quadtree can not be stored in main memory. In
such a case, information about the leaves that correspond to black quadblocks
of the image array, can be inserted into a Bt-tree producing, thus, a pointer-
less version of the Quadtree. The latter method is called Linear region Quadtree
(Linear Quadtree in the sequel, [I10]).

Each black Quadtree node is represented by a pair of numbers (C, L). The
first number C is termed a locational code and denotes the correct path to this
node, traversing the Quadtree from its root till the appropriate leaf. Each one of
the n digits of C' can be 0,1,2 or 3 corresponding to quadrants NW, NE, SW and

1 «“A timestamp is a time value associated with some object, e.g. an attribute value

or a tuple” [6]

2 The symbol “*’ refers to now which is a special value in TDBs. Its usage means that
the respective object will be valid until some time point far in the future, that is not
known beforehand.
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Fig. 1. Two similar binary 23 x 2% raster images (left) and their corresponding region
Quadtrees (middle) and Linear region Quadtrees (right).

SE, respectively. The second number L of the pair is the Quadtree level where
the node is located.

This linear representation of the Quadtree nodes, is called FD (Fixed length
- Depth) linear implementation. The interested reader can find two other linear
implementations in the literature: FL (Fixed Length) and VL (Variable Length)
(see [11]] for details). For reasons that are explained in [14], the choice of the
linear representation for the black Quadtree nodes was the FD (Fixed length -
Depth) implementation. The right part of Fig. [[] presents two different Linear
Quadtrees that can be obtained from the corresponding Quadtrees in the middle
of the same figure. For simplicity, only the FD locational codes (quadcodes in the
sequel) of the black nodes appear in the Linear Quadtrees, whereas the levels of
the nodes are not shown.

2.3 Multiversion Linear Quadtree

If a sequence of NV images has to be stored in a Linear Quadtree, each image la-
beled with a unique timestamp T; (for i=1, 2, ..., N), then updates will overwrite
old versions and only the last inserted image will be retained. In applications
where spatial queries refer to the past, all the successive versions of the struc-
ture need to be accessible. MVLQ converts the ephemeral Linear Quadtree to a
persistent data structure [3], where past states are also maintained.

MVLQ couples time intervals with spatial objects in each node. Data records
residing in leaves contain records of the form < (C, L), T > where (C, L) is the
FD code of a black node of the region Quadtree and T represents the time interval
when this black node appears in the image sequence. Nonleaf nodes contain
entries of the form < C’,T’, Ptr >, where Ptr is a pointer to a descendent node,
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(" is the smallest C recorded in that descendent node and 7" is the time interval
that expresses the lifespan of the latter node.

In each MVLQ node, we added a new field, called “StartTime”, to hold
the time instant when it was created. This field is used during the modification
processes and will be examined further, later. Moreover, in each leaf we added
one more extra field called “EndTime”, to register the transaction time when
a specific leaf changes and becomes historical. The structure of the MVLQ is
accompanied by two additional main memory sub-structures:

— the root* table: it is built on top of MVLQ. MVLQ hosts a number of version
trees and has a number of roots in such a way that each root stands for a
time/version interval T"=[T;,T};), where 4,j € {1,2,..., N} and i < j. Each
record in the root* table represents a root of MVLQ and obeys the form
< T", Ptr' >, where T" is the lifespan of that root and Ptr’ is a pointer to
its physical disk address.

— the Depth First-expression (DF-expression, [7]) of the last inserted image:
its usage is to keep track of all the black quadblocks of the last inserted
image, and to be able to know at no I/O cost, the black quadrants that
are identical between this image and the one that will appear next. Thus,
given a new image, we do know beforehand which exactly are the FD code
insertions, deletions and updates. The DF-expression is a compacted array
that represents an image in the preorder traversal of its Quadtree.

As we claimed earlier the basis for the new access method is the MVBT. Ho-
wever, its algorithms of insertion, deletion and update processes are significantly
different from the corresponding algorithms in the MVBT.

Insertion

If during a quadcode insertion, at time point T}, the target leaf is already full, a
node overflow occurs. Depending on the StartTime field of the leaf, the structural
change may be triggered in two ways.

— If StartTime=T; then a key split occurs and the leaf splits. Assuming that b
is the node capacity, after the key split the first [b/2] entries of the original
node are kept in this node and the rest are moved to a new leaf.

— Otherwise, if StartTime < T;, a copy of the original leaf must first be allo-
cated, since it is not acceptable to change past states of the spatio-temporal
structure. In this case, we remove all non-present (past) versions of quad-
codes from the copy node. This operation is called version split [2] and the
number of present versions of quadcodes after the version split must be in
the range from (14-e)d to (k—e)d, where k is a constant integer, d=b/k and
e > 0. If a version split leads to less than (1+e)d quadcodes, then a merge
is attempted with a sibling or a copy of that sibling containing only its pre-
sent versions of quadcodes (the choice depends on the StartTime field of the
sibling). If a version split leads to more than (k—e)d quadcodes in a node,
then a key split is performed.
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Deletion
Given a “real world” deletion of a quadcode at time point 7}, its implementation
depends on the StartTime field of the corresponding leaf.

— If StartTime=T; then the appropriate entry of the form < C,L,T > is
removed from the leaf. After this physical deletion, the leaf is checked whether
it holds enough entries. If the number of entries is above d, then the deletion
is completed. If the latter number is below that threshold, then the node
underflow is handled as in the classical B™-tree, with one difference that if a
sibling exists (preferably the right one) then we have to check its StartTime
field before proceeding to a merge or a key redistribution.

— Otherwise, if StartTime < Tj then the quadcode deletion is handled as a
logical deletion, by updating the temporal information 7" of the appropriate
entry from T=[T;,*) to T=[T;,T}), where T; is the insertion time of that
quadcode. If an entry is logically deleted in a leaf with exactly d present
quadcode versions, then a version underflow [2] occurs that causes a version
split of the node, copying the present versions of its quadcodes into a new
node. Evidently, the number of present versions of quadcodes after the ver-
sion split is below (1+e)d and a merge is attempted with a sibling or a copy
of that sibling.

Update

Updating (i.e. changing the value of the level L of) an FD code leaf entry at
time point 7 is implemented by (i) the logical deletion of the entry and (ii) the
insertion of a new version of that entry; this new version of the entry has the
same quadcode C but a new level value L'.

Example

Consider the two consecutive images (with respect to their timestamps T7=1
and T»=2) on the left of Fig. M The MVLQ structure after the insertion of
the first image is given in Fig. Ba. At the MVLQ leaves, the level L of each
quadcode should also be stored but for simplicity only the FD-locational codes
appear. The structure consists of three nodes: a root R and two leaves A and B.
The node capacity b equals 4 and the parameters k, d and e equal 2, 2 and 0.5,
respectively. The second version of the structure is constructed based on the first
one, by inserting the FD code < 002,0 > (in the form < C, L >), the deletion of
< 102,0 >, the insertion of < 103,0 > and the deletion of FD codes < 120,1 >
and < 333,0 >.

Figure 2b shows the intermediate result of the insertion of FD code
< 002,0 >, the deletion of < 102,0 > and the insertion of FD code < 103,0 >.
When we attempt to insert the quadcode 103 in the leaf A of Fig. Bb, the leaf
overflows and a new leaf C is created after a version split. All present versions
of quadcodes of leaf A are copied into leaf C' and the parent R is updated for
the structural change. Leaf C holds now more than (k—e)d=3 entries and a key
split is performed producing a new leaf D. Again, the parent R is updated.

The final status of MVLQ after the insertion of the second image is illustrated
in Fig. Bb. The quadcode 120 is deleted from leaf D of Fig. Zb and a node
underflow occurs (the number of entries is above d), which is resolved by merging
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Fig. 2. (a) The MVLQ structure after the insertion of the first image, (b) a preliminary
result during the insertion of the second image, and (c) the final result after the insertion
of the second image.

this node with its right sibling B or a copy of it, containing only its present
versions of quadcodes. After finding out that the StartTime field of leaf B is
smaller than T5, a version split on that leaf is performed, which is followed by
a merge of the new (but temporary) leaf F and leaf D, in leaf D. The process
terminates after the physical deletion of quadcode 333 from leaf D. The final
number of entries in leaf D equals d. Both versions of MVLQ (Fig. Bh and
Fig. 2k) have the same root R, although in general, more than one roots may
exist.

Generally, we face the insertion of a new image in two stages. The first
stage is to sort the quadcodes of the new image and compare this sequence
against the set of quadcodes of the last inserted image, using the binary table
of its DF-expression. Thus, there is no I/O cost for black quadrants that are
identical between the two successive images. During the next stage we use of the
root* table to locate the root that corresponds to the last inserted image. Then,
following ideas of the approach of [§], we build the new tree version by performing
all the quadcode insertions, updates and deletions in a batched manner, instead
of performing them one at a time. (We did not follow this approach in the
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example of Fig.[2 for simplicity reasons). It is obvious that after a batch operation
with insertions, deletions and updates at a specific time point, we may have
conceptual node splittings and mergings. Thus, a specific leaf may split in more
than two nodes and in a similar manner, more than two sibling leaves may merge
during FD code deletions.

3 Spatio-Temporal Window Query Processing

The MVLQ structure is based on transaction time and is an extension of MVBT
and Linear Quadtree for spatio-temporal data. It supports all the well-known
spatial queries for quadtree-based spatial databases (spatial joins, nearest neig-
hbor queries, similarity and spatial selection queries, etc.) without taking into
account the notion of time. However, the major feature of the new STAM, is that
it can efficiently handle all the special types of spatio-temporal window queries
for quadtree-based databases, described in detail in [T517].

Window queries have a primary importance since they are the basis of a
number of operations that can be executed in a STDB. Given a k x k window
and a sequence of N binary images stored in a STDB, each one associated with
an unique timestamp 7; (where i=1, 2, ..., N), we considered the satisfaction of
the following queries by the use of MVLQ:

The Strict Containment Window Query

The Border Intersect Window Query

— The General Border Intersect Window Query
— The Cover Window Query

The Fuzzy Cover Window Query

Definitions and algorithms for the processing of the above queries were described
in [15/17] and can be applied to MVLQ with slight modifications. For brevity,
the description of these modifications is not included in this report.

In order to improve spatio-temporal query processing on raster images, we
added four “horizontal” pointers in every MVLQ leaf. The use of these pointers
was first introduced in [I3] and later it was adapted to spatiotemporal data
in [T4]. This way there is no need to top-down traverse consecutive tree instances
to search for the history of a specific FD code and excessive page accesses are
avoided. The names of these pointers are: B-pointer, BC-pointer, F-pointer and
FC-pointer. Their roles and functions are described in [14].

Alternative naive approaches for answering the above spatio-temporal queries
are easy to devise. The respective algorithms would perform a suitable range
search for every MVLQ version that corresponds to the given time interval as if
each one of them was separately stored in an LRQ, starting from the respective
MVLQ roots. These alternative approaches would not take into account the
horizontal pointers resulting in significantly worse I/O performance.
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4 Experiments

4.1 Preliminaries

The MVLQ structure was implemented in C++ and all the experiments were
performed by using the following parameter values. Assuming that the page size
is 1K, the size of a time interval is 8 bytes, the size of an FD locational code
as well as the size of a pointer are 4 bytes each, and the size of the level of
an FD code is 1 byte, we conclude that the internal nodes of the MVLQ can
accommodate 60 < C’,T’, Ptr > entries, whereas leaves contain 75 records of
the format < (C, L), T >. For a given node capacity b, it is useful for the time
complexity to choose a large d, whereas k should be as small as possible [2]. To
guarantee a good space utilization it is also useful to choose a large e. It has
been proved that the maximum value of e is equal to e=1-1/d, whereas for the
parameter k, the following inequality should hold [2]:

1

Thus, for a leaf (internal) node capacity equal to b=75 (’=60), the values used
in experimentation for the above parameters were: d=15 (d'=12), k=5, and
€=0.933 ('=0.916).

The evolving images were synthetic and real raster binary images of sizes:
512x512 and 1024x1024 pixels. For the experiments with synthetic (real) ima-
ges, the number of evolving images was N=2 (N=26). The size of the DF-
expression, for a 512x512 image is 85.3 Kbytes, whereas for a 1024x1024 image
it is 341.3 Kbytes in the worst case. Therefore, in any case it is small enough to
be stored in main memory. For every insertion of a new image (for converting it
from raster to linear FD representation) in the MVLQ, we used the algorithm
OPTIMAL_BUILD described in [10].

We performed an extensive experimentation with respect to the storage per-
formance. For brevity, we do not include any such results. However, the interested
reader may find additional details and results in [T6].

4.2 Query Processing

Each sophisticated algorithm for the five spatio-temporal window queries was
executed several times for different window sizes and in a random window po-
sition every time. Besides, the respective naive algorithms were executed by
performing independent searches through multiple MVLQ roots. In each run,
we kept track of the average number of disk reads needed to perform the query
per time point. For a more effective comparison of the two different algorithmic
approaches, we excluded from the measurement the number of disk reads spent
for the very first image of the sequence of the IV images. The reason is that
both algorithms would perform the same range search in the corresponding tree
instance, starting from its root and, thus, accessing the same number of disk
pages. We are interested only in the I/O cost profit we can succeed by the use
of the horizontal pointers.
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Fig. 3. The I/0 efficiency of the Strict Containment (upper left) of the Cover (upper
right) and Fuzzy Cover Window Query (lower middle).

Experiments with Synthetic Data Sets

Every experiment was repeated 10 times using a pair of similar images. In the
beginning, the first image was created with a specific black/white analogy and
an aggregation coefficient agg() that was increased at various amounts. The
quantity agg() has been defined in [9] and expresses the coherence of regions of
homogeneous colors in an image. Starting from a random image and using the
algorithm presented in [9], an image with exactly the same black/white analogy
and higher aggregation (more realistic, including larger regions covered entirely
by black or white) can be created. After the insertion of the first image, the
second image was created by randomly changing the color of a given percentage
(2%) of the pixels of the first image. Finally, the FD codes of that image were
compared with those of the previous image and inserted in the MVLQ. Note
that the random changing of single pixels is an extreme method of producing
evolving images and the results derived by this policy should be seen as very
pessimistic. In practice, much higher performance gains are expected. Windows
of sizes ranging from 4x4 to 128x 128 pixels were queried 10 times each against
the structure produced. Thus, every algorithm was executed 10x10 times.

The performance of the sophisticated and the naive algorithms is illustrated
in Fig. Bl The upper left (upper right) part shows the I/O cost of the Strict
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Containment (Cover) Window Query as a function of the aggregation coefficient
(of the window size) for 50% black images (70% black images and aggregation
coefficient equal to 0.7). The lower middle part shows the I/O cost of the Fuzzy
Cover Window Query for 80% threshold and 70% black images, as a function
of the aggregation coefficient. The linear decrease of the I/O cost for the naive
algorithms of the Strict and Fuzzy Cover Window Queries is explained by the fact
that images with larger aggregation form larger and solid black spatial regions
(“islands”) and thus the corresponding Linear Quadtree holds less number of
FD codes. An interesting remark is that the use of horizontal pointers leads to a
remarkably high and stable I/O performance for all the spatio-temporal window
queries examined.

Experiments with Real Data Sets

In the sequel, we provide the results of some experiments based on real raster
images, which were meteorological views of California, and may be acquired via
anonymous FTP from ftp://s2k-ftp.cs.berkeley.edu/pub/sequoia/bench-
mark/raster/. These images correspond to three different categories of spectral
channels: visible, reflected infrared, and emitted (thermal) infrared. Originally,
each 8-bit image pixel represented a value in a scale of 256 tones of gray. We
transformed each image to a binary one, by choosing a threshold accordingly, so
as to achieve a black analogy ranging between 20% and 80%. The total number
of evolving binary images was N=26 in every channel, and, therefore, the time
point values varied from T7=1 to Tn=26.

Figure Bl depicts three successive images of the visible spectrum. Table [I
shows that from the comparison of the 26 consecutive images of the visible
spectral channel, the average percentage of pixels changing value from each image
to the following one is from 12.5% to 21.2%, depending on the average percentage
of the black/white analogy. Thus, many differences appear from image to image
(Fig. M confirms also this fact) and it could be argued that the specific images
are not the most suitable data to test the performance of MVLQ and the results
produced should be seen as very pessimistic.

It is self-evident that the larger the image difference in percentage of pixels,
the worse the query time performance of the sophisticated algorithmic approa-
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Fig. 4. Three successive 60% black images.
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Table 1. Values of different parameters came up from the experimentation with the
26 consecutive images of the visible spectral channel.

Average values in N=26 images
Black analogy 20% 40% 60% 80%
Difference 16.22%| 21.22%| 18.77%| 12.49%
Aggr. coeflicient| 89.70%| 92.38%| 95.55%| 98.18%

ches. However, the query performance results we obtained with these real images
were encouraging in such a worst case environment.

Windows of sizes ranging from 4 x4 to 256256 pixels were queried 50 times
each against the structure produced. It is important to highlight that we are only
interested in the I/O cost profit we achieve by the use of horizontal pointers for
the images 2 to 26.

The upper left (upper right) part of Fig. B depicts the time performance of
the Strict Containment (Fuzzy Cover) Window Query as a function of black
analogy (and threshold 80%), for two different window sizes. The lower middle
part presents a general performance comparison of the I/O cost of the sophisti-
cated algorithms for the four different window queries and window size 128 x128.
Again, a general remark from the diagrams, is that the use of horizontal poin-
ters leads to significantly higher I/O efficiency for all the spatio-temporal window
queries examined.

5 Conclusions

In the present paper, we proposed a new spatio-temporal structure: Multi-
Version Linear Quadtree. This access method is based on transaction time and
can be used as an index mechanism for consecutive raster images. Five effi-
cient algorithms for processing temporal window queries were also adapted to
an image database organized with MVLQ. It was demonstrated that this struc-
ture can be used in spatio-temporal databases to support query processing of
evolving images. More specifically, we studied algorithms for processing the fol-
lowing spatio-temporal queries: Strict Containment, Border Intersect, General
Border Intersect, Cover and Fuzzy Cover Window Queries. Besides, we presen-
ted experiments performed for studying the I/O efficiency of these algorithms.
The latter experiments were based on real and synthetic sequences of evolving
images. In general, our experiments showed clearly that, thanks to the “horizon-
tal” pointers in the MVNQ leaves, our algorithms are very efficient in terms of
disk activity.

In the future, we plan to compare the space and time performance of MVLQ
to those of OLQs. We also plan to develop algorithms for other new spatio-
temporal queries that take advantage of MVLQ, OLQs and other Quadtree-based
STAMs and study their behavior. Moreover, we plan to investigate the possibility
of analyzing the performance of such algorithms. Also, it is considered important
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Fig.5. The I/O efficiency of the Strict Containment (upper left), the Fuzzy Cover
Window Query (upper right) and performance comparison of four different window
queries (lower middle) as a function of the black/white analogy of the evolving images.

to examine the performance of MVLQ and OLQs in the context of various spatio-
temporal operations, such as spatio-temporal joins, as well as spatio-temporal
nearest neighbor queries [18].
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Abstract. We consider the problem of on-line database reorganization.
The types of reorganization that we discuss are restoration of clustering,
purging of old data, creation of a backup copy, compaction, and construc-
tion of indexes. The contributions of this paper are both of theoretical
and of experimental nature.
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1 Introduction

The goal of dynamic reorganization is to arrive at an optimal data layout based
on observed access patterns. To accomplish this, the reorganizer must solve three
problems. First, it needs to keep track of the history of previous events. Second, it
must find a layout that would deliver near-optimal performance for the observed
access patterns, assuming that past is a good predictor of future access patterns.
Third, it must analyze the difference between the current layout and the desired
layout and if necessary, issue I/O requests to correct the difference.

The clustering algorithms presented so far in the literature aim at determi-
ning a good initial placement of an object, but none of them take into account
dynamic evolution.

To summarize, the new aspects of our approach to on-line reorganization of
the database include the following research contributions. The novel approach
to incremental on-line maintenance of good clustering which employs the main-
taintainance of the minimum spanning tree of a dynamic object graph under
the presence of concurrent additions and deletions of data objects. We designed
and implemented the Large Complex Object Manager (LCOM) on top of the
VERSANT disk manager, for managing variable-size storage clusters. During
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operation our system is incrementally saving all work already done while main-
taining consistency after system crashes.

The rest of this paper is organized as follows. Related work on on-line re-
organization of the DBMS is discussed in section 2. Section 3 introduces the
VERSANT DBMS, the storage system used in our experiments and the way
statistical profile of user application software is captured by the mechanism
that, actively interface an Object Database Management System to application
programs. Section 4 describes new algorithms designed for minimizing object
access time under the presence of concurrent additions and delitions of objects.
The application of reliable memory for the purpose of enhancing reliability and
performance is demonstrated in section 5. In this section we also discuss concur-
rency control and recoverability under the operation of the reliable memory and
its possible effect on the state-of-the-art recovery schemes (e.g. ARIES [11]). In
section 6 we discuss the question of optimal cluster size. Section 7 presents preli-
minary experiments and results. Section 8 concludes the paper with a summary
and a short discussion of future research.

2 Related Works

Though there has been much work in the area of on-line reorganization in re-
cent years [12], [13], [14], [I5], there has been hardly any work that considers
on-line incremental cluster modification under concurrent additions and deliti-
ons of data. Perhaps [I4] is one of the few, research papers that discusses an
approach for on-line index modification. In [T4] records are moved from one lo-
cation to another location one at a time. All references and the record move are
encapsulated in a database transaction. However this technique is too slow for
massive reorganization of DBMS, because changes to the secondary index pages
are performed immediately which would necessitate a disk 7/0 for each index
leaf page that is not in the buffer at the time of the access. In [I6], an on-line
algorithm for the reorganization of key sequenced files is presented.

Some researchers propose a cost model to evaluate the benefit and cost of
reclustering. A fully dynamic reclustering scheme will reduce the access time,
and hence the overhead imposed on the system by reorganization could offset
the benefit. Our estimation of reorganization cost is based on copy-and-reclaim
method []. Reorganizing clusters of objects saved on physical pages is justified
only if reclustering overhead - (Treorg) together with the time taken to write all
pages back to the disk - (Tgys) is smaller than the summary time of present
accesses to the related pages residing in the scattered form - (Tseqr) [5].

TT'em'g + Tclus < Tscat
Before reclustering, costs and benefits must be precisely estimated. However,

to collect the whole set of statistics for every object, especially during the whole
object life may prove to be very expensive and quite unrealistic.
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3 The VERSANT Storage System

We use the VERSANT database management system developed at Versant Ob-
ject Technology Corporation, California as the database in our experiments [10].
VERSANT is a fourth-generation DBMS combining the direct modeling of com-
plex graph-structured data with the power of today’s leading object program-
ming languages. VERSANT has certain unique features which are relevant to

our experiments, but our results should apply to more conventional databases
as well [3].

3.1 Monitoring Objects

Statistical profile of user application software is captured by the mechanism,
which actively interfaces an Object Database Management System to application
programs. The database monitor mechanism observes which and how values of
attributes of database objects change as a function of time. By means of Versant
SQL we can specify the derived or stored associated attribute.

4 Dynamic Algorithms Designed for Automatic Database
Reorganization

In this section we present the algorithm without the details of logging and reco-
very.

Database accesses in an Object DBMS are very complex due to the rich va-
riety of type constructors provided. Additionally ODBMS often use navigation-
like access among object hierarchy, therefore inter-object references often gene-
rate random disk access if the entire database does not fit in main memory.
Dynamical hierarchical clustering, where records remain clustered in a hierar-
chical order after numerous insertions and deletions, has generated very little
publicity, and remains an unsolved problem.

4.1 Reorganization Strategy Offered by Commercial Object
Database Systems

Usually placement of objects on disk depends on control information given by
the database administrator describing the placement of objects. Often physical
placement of object on disk is bounded to schema information. Strictly spea-
king, the placement strategy that has been implemented in existing commercial
systems aims at determining a good initial placement of an object, but does not
take into account dynamic evolution.

4.2 Frequency of Access and Reachibility Index in an OODB

Our method does not assume any prior knowledge of user queries and their
frequencies, except that the object graph structure is available in main memory.
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The clustering problem is closely related to the partitioning problem in which
a hypergraph is to be partitioned into several disjunct subgraphs. For more
information on hypergraphs see [1].

We used the cost analysis in order to derive automatically an optimal object
placement graph. The naive approach, which consists in building all the possible
subgraphs and computing their cost functions on-line and then selecting optimal,
is not tractable. Such a combinatorial structure is exponential with respect to
the number of edges covered by the subgraphs related to the particular methods.

Instead we used a minimum spanning tree, computed dynamically from aug-
mented object graph. We make use of a path-method (pm) which is a mecha-
nism to retrieve information relevant to one class, in an object-oriented database
(OODB), that is not stored with that class but with some other class. For more
information on path-method see [30]. Our algorithm uses numerical reacheability
index between pairs of classes as a guide for the traversal of an object graph.

Our method is greatly improved by assigning a reachibility index value from
the range [0, 1] to each edge in the object graph. The sum of the weights -
(D;) on the n outgoing connections of a node (class) conforms to the following
constraint: Y. ; D; = 0.5 x n. From this formula’s sum value, each connection
is assigned a weight from the interval [0, 1], reflecting its relative frequency of
traversal. We combined frequency of access with reachibility index. The reachea-
bility index of a connection from a class cqipnq t0 a class cpetq is a measure of its
significance according to the frequency of traversing this connection relative to
all connections involving class cqipna- To express it in a different way; reacheabi-
lity index characterizes the strength of the connection between two classes. The
reacheability index values are assigned relevant to the frequencies of use of the
connections accumulated during the operation of the database.

The importance of a path is measured by the Access Relevance Index ARI(P).
To compute various access relevance values we utilized approach used in [30].

Table 1 The meaning of various coefficients.

Definition 1. The Access relevance AR(cq, cg) from a node ¢, to a node cg is
a number describing the strength of the strongest path between those two nodes,
including into account all the paths from c, to ca.

We can describe formally, that if a single path P(cq, ¢g) = ca(=¢iy), Ciys
Cigy- - Ci, (= ¢) connects two nodes Coipha; Coeta, then the access relevance
index of P is computed by applying the following formula:

ARI(P) =[] [D(es, . i)
1<r<k

The access relevance of this pair of nodes, if there are m paths P, ... ,P,, from
cq to cg, is expressed by the following formula:

AR(ca,cp = mazLy ARI(F;)
= maxri’, H [D(cir, Ci7-+1)]

(CiysCi, 1 )EP;
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Table 1. The meaning of various coefficients.

P path.
Ca (z)-node of the object graph.
ARI access relevance index.
ARI(P)| the access relevance index
of a path P.

D an access weight of a connection
in the OODB, where 0 < D < 1.
AR the access relevance—a number
reflecting the strength
of the strongest
path between two nodes.
Dp weighting function expressing
the strength of connection
between two nodes.
trbe, |attribute of the class (node) cz.

By definition AR(cy,cq) = 1. To derive a path with the highest product of rea-
cheability indices of all its edges, we have to maximize the PRODUC'T weighting
function.

In what follows, we assume that, using an efficient algorithm, access rele-
vances-(AR) for OODB are already computed and stored. We shall also assume
that all edge weights are nonnegative. (If not, we can add a positive value to each
edge weight to give an equivalent problem with all edge weights nonnegative.)

4.3 The Algorithm for Maintaining Minimum Spanning Trees in
Dynamic Graphs

The basic idea of our dynamic clustering method is to maintain a minimum span-
ning tree, derived from weighted object graph subjected to objects insertions,
deletions and updates. In case of frequent changes of user’s access patterns our
technique based on reachibility index values continuously reflect those changes
in the augmented object graph.

Now, we will present our first design of the clustering algorithm as follows: a
clustering algorithm takes as input a random sequence of nodes of a configuration
Directed Acyclic Graph (DAG), and generates a clustering sequence of nodes.
Our approach is to generate and cluster a minimum spanning tree of the nodes
of a given object graph configuration.

Our strategy for clustering objects is mainly based on the estimated inter-
object communication volume represented by the weight between pairs of ob-
jects. In order to keep all clusters within a reasonable size, we impose a limit
on cluster size: Py,.:, which is a page size. When the total size of objects of P,
and P, is less than P4p; {Py + Py < Pas )}, they can be clustered together by
moving objects from P, to P,. The result of this clustering process is a set of
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pages Py, Py, ..., each of which is a set of o; objects, {1 < 0; < N}, and the size
of each page, P;, satisfies the condition {1 < P —i < Pau}-

Let N be the number of objects in the object net of application software
system; w,, ., is the weight representing totality of references between objects
v, and vs.

In order to minimize intercluster connectivity and maximize concurrency, the
objective function can be expressed as follows:

N—-1 N P
IR=min< > " 3" > wyw i (1= k)
% J k

where:

Ao — 1 if object is clustered on page k
* 710 otherwise

{(1<i<N-1)and (1< k<P)}

In the description of the first algorithm the following notations are used, see
also [3]. The edges of G are stored in the list F, i.e., E(i) is the pair of the
end vertices of the ¢ — th edge. The list W contains the edge weights: W (i) is
the weight of the ¢ — th edge. ET is the set of edges of the current forest T,
p is the number of its components, F; is the set of minimum-weight edges for
the current forest 7. In order to improve the performance of the construction
of the minimum-weight edge sets, the following scratchpad, auxiliary work lists
are used: COM P(j) is the index of the component of the current forest which
contains the vertex j; MW E(7) is the index of the minimum-weight edge for
the i — th component of the growing forest; MW (i) is the weight of the edge
Algorithm Cluster Object Net

Input: Weighted, undirected graph G

with n vertices and edge list E
Output: Clustering Mapping
{Compute MST (Min. Weight Span. Tree)}
{

1. Initialization step: Set ET «+ ),
COMP(i) < i, MW(i) < oo fori=1,
2,...,n.p < n.

//Operations 2 — 8 gradually build-

//up the set E; of minimum-

//weight edges for the forest T
k+ 1.

3. Let E(k) = uv;i < COMP(u),
j + COMP(v).

4. Ifi /~=j then go to step 5,
otherwise go to step 7.

o
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5. Ifw(uww) = W(k) < MW (j) then
MW (5) + w(uw), MW E(j) = k.
6. If w(uv) =W(k) < MW (i) then
MW (i) < w(uv), MWE(i) = k.
7. If k = |EG]| then go to step 8,
otherwise k < k + 1
and go to step 3.
//Immediately before the
//execution of step 8, the first p
//entries of MW E contain the
//indices of edges from the
//minimum-weight set for T
8. Ezamine the first p elements of MW E
and create the set Ey of the minimum-
weight edges for the forest T
9. ET «+ ETUE;.
//This is the edge set
//for the “new” forest T’
10. Using the depth-first search, extract
the connected components of the
“new” forest T' =T' U Ej.
//The list COM P and the value
//of p are updated
11. IF p = 1 then terminate
//ET is the edge set of the
//minimum spanning tree
otherwise go to step 2.
RETURN Mgy = {ET}

The algorithm constructs a minimum spanning tree in time 6( |EG| log2|G|) [2].
At the first iteration it handles the spanning forest of a graph G consisting
of n = |G| single-vertex components. Each iteration acts as follows. First, it
constructs a set M of minimum-weight edges for a forest T" produced before this
iteration.

This can be done during a single scan of the set EG. Let e be the edge to be
examined next: if e induces a cycle in M, then e is discarded. Otherwise, edge e
is chosen and the new forest will be M € {e}. Then using the depth-first search
it extracts the connected components of the graph 77 = T+ M, which is a forest.
This forest is passed to the next iteration; clearly, 7" has fewer components than
T. The algorithm will recourse on subgraphs that are not necessarily connected.
When the input graph G is not connected, a spanning tree does not exist and
we generalize the notion of a minimum spanning tree to that of a minimum
spanning forest (MSF) [6].
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We now describe a simple fully dynamic minimum spanning tree algorithm
(DMST), see also [7]. DMST is an appropriate implementation of a partially
dynamic data structure, which is itself a combination of the linking and cutting
trees introduced by Tarjan and Sleator in [8], methodology of Ttaliano et. al.,
in [7] and our MST algorithm. During its operations, DMST maintains two data
structures. It stores all the edges of graph G in a priority queue @ according to
their cost and it also maintains the minimum spanning tree T' of the graph G as
a linking and cutting tree [S].

In case when a new edge e is inserted into object graph G, DMST updates
T and @ in time 6#(logn). In case when an edge e is deleted from graph G
and it is a non-tree edge, DMST does nothing else - it only deletes e from @ in
O(logn) time. In case when tree edge is deleted from @, DMST calls minimum
spanning tree (MST) algorithm on the edges in Q. As a result of those operations
DMST requires 6(logn) time plus the running time of MST in case of a tree
edge deletion. The expensive case happens with probability n/m, if the edge to
be deleted is chosen uniformly at random from object graph G, resulting in an
average running time of 6{ logn+(n/m)x (m+nlog®>n)} = 0{n+(nlogn)?/m}
for DMST algorithm.

The above analysis suggests that running time of DMST will decrease as the
graph density increases - this actually coincides with the results of our experi-
ments.

5 Application of Reliable Memory for Databases

Safe RAM allows systems that support reliable updates, such as databse and
transaction processing systems, to perform more efficiently. Significant improve-
ment in response time can always be realized, and a throughput improvement
can be realized by limiting disk access due to the use of the safe RAM [17].
We make use of an area of main memory, maintained by the operating system,
that buffers file system data [I§]. Our design uses a memory interface to relia-
ble memory with virtual memory protection to protect against wild stores to
dirty, commited buffers—this approach was suggested in [19]. In our design we
used reliable memory to store the log. Keeping the log in reliable memory re-
moves all synchronous disk writes from the critical path of a transaction [17].
This technique decreases transaction commit time and can help to reduce lock
contention with the resulting benefit of increased concurrency [20]. By storing
important system information in the stable memory we can help to improve re-
covery time. We did achieve reduction of time needed to scan the log to find the
last checkpoint by storing a pointer in reliable mamory. In our experiments we
used the reliable memory to store the database buffer cache. Theoretically this
makes all buffer cache changes permanent without writing to disk. Similar to the
force-at-commit policy, this eliminates the need for checkpoints and a redo log in
recovering system crashes—partial redo [21], [22]. In summary reliable memory
also allows state-of-the-art recovery schemes (e.g. ARIES family of protocols [11]
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to become much more simpler. Since, for example, the need for fuzzy checkpoints
is reduced because transactions can commit faster.

We also present a new solution to an old, yet very important problem known
as the “on-line object placement problem”, which can be stated more precisely
as the problem of choosing a disk page to hold a newly allocated object. To
the best of our knowledge, the database literature contains no studies of object
allocation with the objective to optimize storage utilization and placement per-
formance, with the exception of excellent treatment of the subject in [29]. Since
our approach provides for incremental on-line clustering which allows also con-
current updates to data, the object allocation problem is solved by our clustering
algorithm as described in section 4 above.

5.1 Buffer Policies

In the shared disks scheme, each site broadcasts its updates to other sites. Ho-
wever, a broadcast is required only if the transaction updates one or more pages.
Table 2 summarizes the parameters of our system.

Table 2. The parameters of our system.

Podest| the probability that transaction requires
a broadcast.

Dp number of database partitions.

Du,; probability of update for pages

of partition i.

T |number of pages accessed per transaction.
i probability of accessing

i1, partition.

The probability that transaction requires a broadcast, ppgest is given by:

Dp
Pbdest = 1- H(l 7pui)Twi

i=1

In our experiments we validated our analysis of buffer models and integrated
system models for the response times using the Distributed Database VER-
SANT.

In our experiments we used the reliable memory to store the database buf-
fer cache. Theoretically this makes all buffer cache changes permanent without
writing to disk. Similar to the force-at-commit policy, this eliminates the need
for checkpoints and a redo log in recovering system crashes—partial redo [21],
[22]. According to [23], the redo log is still necessary in recovering from media
failures—global redo; however, redundant disk storage makes this scenario less
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probable. Because redundant undo log records can be purged after a transaction
commits, removing the redo log has a result that no log records need be written
if memory has enough capacity to contain the undo records for all current tran-
sactions in progress [24], [25]. Also, according to [24], storing the databse buffer
cache in reliable memory allows the system to begin operation after a crash with
the contents of a warm cache, see also [26], [27], [28].

To integrate buffer management with the recovery model, we guarantee that a
modified segment is flushed to the database only after the log records associated
with those modifications have been written. Outside of that constraint, the buffer
manager is free to use any appropriate buffer replacement policy.

In summary reliable memory also allows state-of-the-art recovery schemes
(e.g. ARIES family of protocols [11]] to become much more simpler. For example,
the need for fuzzy checkpoints is reduced because transactions can commit faster.

6 Variable-Size Storage Clusters

Related issue to the “on-line object placement problem” is the question of optimal
cluster size. Our experimental system operates under the assumption that the
exchange granularity between disk and main memory is the logical cluster. To
group as many objects as possibly, we select those objects which were already
stored on disk and group some of the created objects with them. In that way
objects already existing on disk are reclustered, which effectively reorganizes
ODBMS on-line.

7 Preliminary Experimental Study

The clustering algorithm has been implemented in our experimental system.

We would like to emphasize that at this stage of our research efforts the study
limits itself to exploring the feasibility of the techniques we have proposed. In
order to test our method for on-line reorganization (specifically, for restoration
of clustering), we conducted a series of object clustering experiments. While
performing experiments we considered only the time that the algorithms used
in recomputing a new solution after each update; we did not measure the time
necessary for initializing the data structures and for loading the initial object
graph.

For our experiments we used a Pentium Pro 200 MHz based workstation sup-
ported by Intel-initiated PCI-ISA bus system, with 128 MB main memory and
two disk drives: one 3.2 AT/S gigabyte holding the software - VERSANT ODMS
Release 5.0 and 6.4 AT/S gigabyte accommodating the database. Both disk
drives model Quantum FireballTM ST. We have adapted hypermodel bench-
mark [9] to test our clustering algorithms.

We present in this section only a few experimental results concerning our ex-
periences with the hypermodel benchmark. We found that the size of workstation
buffer pool has no effect on the performance of the sequential scan query and the
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Static vs. Dynamic Reclustering
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Fig. 1. Static vs. Dynamic Reclustering

results are not included. Fig. [T] depicts a comparison between the average miss
rates as a function of time in case where dynamic, on-line reclustering was active
and operational and where it was not. Reductions in the average miss rate were
generally noticed in case when DMST algorithm was active. A decreased miss
rate was expected for those user processes that utilized the part of the database
after it has been reclustered. Indeed this effect was observed in the miss rate
results of our benchmark runs. Fig. Bl shows relationships between the number
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of reorganizations and the average duration of those reorganizations. With the
number of reorganizations increasing during a run, the time interval between
them decreases.

This is due to the fact that as the frequency of reorganizations increases
during a particular run, the statistics that are gathered to support clustering
cover a smaller part of the database, since it makes references to the smaller
number of objects. This analysis is also supported by looking at Fig. 2], showing
that reorganization duration decreases as the number of reorganizations during
a particular run increases. We can deduce (from Fig. 2l that this behavior will
increase with concurrency, since user transactions do not need to wait as long
to gain access to the necessary database locks.

8 Conclusion and Future Work

We believe that a wide class of applications such as CAM and CASFE systems
can greatly benefit form an on-line dynamic reorganization via clustering since
they normally use low number of competing concurrent transactions.

Since we want to keep main operational data structures in main memory, it
is essential to be able to reconstruct them after system failure — we do this by
the integration of an area of main memory—the reliable memory into a database
system.This has also a positive effect in substantially reducing I/0O traffic, which
improves the overall performance of the DBMS. Our tests show that mapping
reliable memory into the database memory space does not substantially hurt
reliability. Our main objective of incremental on—line reorganization is to change
a part of the database without affecting on-going transactions for very long. To
perform reorganization more efficiently, the ways to group to be reorganized are
examined. Our methodology has advantages over many other proposed or cited
approaches because it does not require any beforehand knowledge of the query
frequencies, nor does it trigger a reclustering process based on trace analysis.

We demonstrated that on-line reclustering is possible, but more research is
required to demonstrate its suitability in many practical situations, especially in
the presence of greater degrees of concurrently operating transactions.

For our purposes, the value of this experimental work is the comparison of the
relative performance of the new algorithms under a range of different operational
scenarios. In that sense, the results are used to demonstrate practical feasibility
of the proposed approach.
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Abstract The aim of this paper is to propose a uniform terminology
for functional dependencies and their counterparts for n—ary relationship
types. A variety of existing approaches is presented and the differences
between them are discussed. A sound and complete axiomatization is
introduced that allows one to check the consistency of a cardinality con-
straint specification and to derive new constraints from existing ones.
The advantage of our system of rules is its applicability to the whole
variety of existing approaches in this area. Our deductive system is non—
redundant.

1 Introduction

In the last three decades, many approaches to specifying valid and not valid
functional dependencies (FD’s) in the relational model have been presented by
various authors. The original approach to FD’s (see [Arm74]) allows to infer valid
FD’s from already known ones, but using only this approach turned out to be
insufficient to make any statements about whether a specific functional depen-
dency is definitely not valid. Due to this fact, many authors presented their own
propositions of defining a counterpart to FD’s, e.g. Dolezal, Janas, Paredaens,
Thalheim. These approaches seem to be apparently different and independent
of each other. Our aim is to present a systematization and clarification of the
results that have been published in this field so far and to propose a uniform
approach to handling FD’s and their counterparts.

Motivation. The concept of FD’s is commonly known (the reader may refer to
[U1188], [MaR92], [Tha91], [HeS95], [Tha00]). A functional dependency X — Y
specifies that if two tuples from a relation are equal on the attributes from X then
they are also equal on Y. FD’s are used to ensure the consistency of a database,
hence they are an important kind of static integrity constraints in the relational
database theory. A sound and complete axiomatization of FD’s was given in
[Arm74] and similarly in [Tha85], [Tha91l], [HeS95] and [Kle98|. An important
part of the process of obtaining a cardinality constraint specification for a given
relationship type is to determine which FD’s follow from the already specified
ones and which FD’s are not valid. If we deal only with FD’s and their axiom-
atization, we can only assume that every functional dependency that cannot

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 307-[314}, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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be derived from existing ones is not valid (closed—world—assumption). Unfortu-
nately, this assumption is not valid in the case of FD’s. We cannot be sure that
a functional dependency is not valid if it just cannot be derived from the already
specified ones, because there may be incomplete knowledge on the application.
We can have dependencies which are valid in any relation (instance of the rela-
tion schema), dependencies which are invalid in any relation and dependencies
about which we currently do not know which of the first two categories they
belong to.

The closed—world—assumption makes it impossible to distinguish between
the last two categories. Therefore, we need to define a counterpart of FD’s and
provide a sound and complete system of rules in order to be able to derive all
valid FD’s and to check the consistency of a cardinality constraint specification.

Moreover, if the validity of some FD’s cannot be determined with the set of
already specified constraints (i.e. if our specification is incomplete), the designer
has to decide whether some yet unspecified functional dependency is valid or not.
In order to support this process, we need a complete and sound axiomatization
of FD’s and their counterpart.

Considering the variety of approaches to the problem of specifying FD’s and
negated FD’s, it is necessary to develop a unified, clear approach which would
allow to use results provided by various authors, support the database designer
in obtaining constraints from an example database, help the database designer
derive new cardinality constraints from already specified ones and support the
database designer in completing an incomplete set of cardinality constraints (see
[Dol99], [K1e9q]).

Integrity Constraints in the Relational Model. We are going to use the
relational notions. A simple relation schema R = (attr(R),D,dom) is a triple
consisting of a finite set of attributes attr(R) = {Bi, Ba, ..., Bn}, a finite set of
domains D and a mapping dom : attr(R) — D which associates each attribute
with a domain from D. A relation schema (R, X) consists of a simple relation
schema R and of a set X' of local cardinality constraints. For our purpose we will
consider X as a set of static integrity constraints: FD’s and their counterparts
(functional independencies or antifunctional constraints, as explained below).
For a given set of attributes X C attr(R), we define a tuple t on X as a function
assigning a value from dom(A) to each A € X. A finite set R° of tuples on R is a
valid instance (relation) of the relational schema (R, X)) iff X is satisfied by R°.
The set of all possible tuples on R is denoted as Dom(R). The set of all valid
instances of a relational schema (R, Y) is denoted by SAT(R, X). A set X of
cardinality constraintd] is satisfied by a relation R, iff every single constraint

from X is satisfied by R°. More formally, R F X <— (Va €Y :RFE a).

Definition 1. Assume X,Y C attr(R). A functional dependency (X — Y)
is satisfied by a relation R°, iff Vt1,ta € R° : (tl[X] = H[X] = u[Y] =
tQ[Y]). We say that a functional dependency is valid in a family of relations

! In this paper we consider only X consisting of FD’s and their counterpart.
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M C 2Pom(B) i for every relation R¢ € M this functional dependency is sat-
isfied by R°. A functional independency (FI) X Y is valid in M C 2Pom(1)
iff the functional dependency X — Y is not valid in M. In other words, a
functional independency X —Y is valid in M, iff AR € M : I, t' € R :
(t[X} = [ X] A t]Y] /&t'[Y]). An antifunctional constraint X Y is valid in

M C 2P iR € M : 3t € R : (t[X] = V[X] At]Y] /&t’[Y]).

Example. Consider a simple relation schema R with attr(R) = {A, B,C, D}.
Let us have a look at the following three relation instances over R (assume that
different symbols denote different values):

It is easy to see that the the functional dependency A — B is satisfied by
the relation R°. It is also valid in the family of relations { R}, but it is not valid
in {R¢, R} nor in {R°, R°"}. On the other hand, the functional independency
A 4 BC is valid in the families of relations {R®, R® } and {R¢, R, R¢"}, but it
is not valid in the family { R°}. We can also see that the antifunctional constraint
A 4 BC is valid in {R"} and in {R¢, R}, but it is not valid in the family
{R°, R},

Observation The approach presented above can be adapted to the Higher—
Order Entity—Relationship Model (HERM, see [Tha00]). Dependencies between
component types of a specific relationship type in a HERM schema (functional
cardinality constraints and negated functional cardinality constraints), can be
viewed as FD’s and functional independencies, respectively.

2 Comparing Approaches to Definition of Constraints

2.1 Kinds of Constraints

Functional Independencies. Functional independencies (FI's) were intro-
duced in [Jan89] and similarly in [Bel95] as a counterpart to FD’s. They cor-
respond with our definition of antifunctional constraints. Janas defined FI’s as
explicitly violated FD’s (strong semantics), i.e. a relation R° satisfies a func-
tional independency X Y iff 3t,t' € R° : t[X] = ¢'[X] A t[Y] /t'[Y] holdsHl
A definition of FI's was also proposed independently in [Bel95]. It turned out to
be equivalent to the one presented by Janas.

Excluded Functional Dependencies. As introduced in [Tha&5], [Tha91], an
EFD X -4Y is valid in a family of relations M C 2D‘””(R)7 iff the functional
dependency X — Y is not valid in M,ie. MEX AY <= MEX 5 Y <

2 In his definition, Janas deals with constraints that work with incomplete data. For
our purpose, we do not consider incomplete information.
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JR¢ € M : R ¥ X — Y. This definition differs from the one included in [Jan89]
or [Bel95). It corresponds with our definition of FI's presented at the beginning
of this paper. The EFD’s are constraints whose validity is defined for a family
of relations, like SAT(R, X). They can be handled as semantic constraints on
data.

Corollary 1. Assume conﬂictffrefﬁ X consisting only of FD’s and EFD’s, i.e.
Y =XppUXgrp. Then for M C SAT(R, Xrp) the statement M F Xgpp is
valid.

Afunctional Dependencies. Afunctional dependencies [Par89) are a stronger
kind of constraints (in comparison with the approaches discussed above) and are
used for horizontal decomposition. A set of tuples S¢ C R€ is called X—complete
iff all the tuples belonging to S¢ have different X—values from those belonging to
R\ S¢. More formally, S¢ is X—complete, iff Vt € S¢: V¢’ € R°\S° : t[X] At'[X]
holds. The afunctional dependency X /4Y holds in the relation schema (R, X))
iff for every instance R¢ of (R, X) and for every nonempty X—complete subset
S¢ C R¢ the functional dependency X — Y does not hold.

N—Cardinalities. In [McA98| an alternative approach to specifying negated
FD’s was proposed. An N-cardinality X = Y indicates that the maximum
possible number of tuples with the same X—value and different Y —values is un-
bounded. An N—cardinality is said to be realized in a relation R® when for any
tuple ¢t € R¢ an unbounded number of tuples with the same X-value as t, but
different Y —values, can be added into R® without violating any other functional
dependency or N—cardinality. This definition implies that the domain must be
infinite (if it were finite, then the number of different tuples we can add would
also be finite). So N-—cardinalities are domain-dependent constraints and not
proper dependencies@ However, this concept of is closed to what we intuitively
understand as negated FD’s than the concepts presented in [Jan89], [Bel95]. On
the other hand, this way of defining them does not necessarily seem to be the
most suitable one for the database designer.

Dolezal proposes in an analogous way in [Dol99] N—cardinalities for specifying
negated FD’s. It can be easily seen that it suffices when the expanded relation
only does not violate any functional dependency from X, as adding tuples into
R¢ itself cannot violate any N—cardinality.

Proposition 1. If a functional independency X Y is satisfied by a relation
R¢ € SAT(R,X) (according to [Ian89]), then the corresponding N—-cardinality
X =Y is realized by reB

3 The conflict—freeness means: AX,Y C attr(R): TEX - Y AX E X AY.

4 Even if the definition required adding just one tuple, it would enforce the domain
infiniteness, as one can add an unbounded number of tuples into a relation (without
violating any constraint from X)) iff one can add just one tuple into it.

5 An N-cardinality can be realized in a relation in which the corresponding functional
dependency is not violated.

6 The proofs of theorems in this paper can be found in [Bin00], unless otherwise noted.
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Proposition 2. A relation R® € SAT(R, X)) realizes N-cardinality X =Y (ac-
cording to [Dol99)), iff the corresponding excluded functional dependency X Y
is valid in SAT (R, X).

Propositional Dependencies. In [Tha91] propositional dependencies and the
dependency propositional logic were introduced. Propositional dependencies can
be understood as a representation of generalized functional dependencies [Tha91l.
For instance, A — BV C means that if two tuples are equal on A then they are
equal on B or on C. Thus, propositional dependencies are two—tuple dependen-
cies and generalized functional (in)dependencies.

Observation The implication problem for propositional dependencies can be
solved on the basis of the Boolean interpretation, since the generalized functional
dependencies are equivalent to positive Boolean dependencies (see [Tha9lJ).

2.2 Existing Axiomatizations

Functional Independencies. Janas introduced in [Jan89)] the following axiom
system for inferring all FD’s and FI’s from given ones:

. . X—=Y . X=>Y.Y=»Z
. XAY L XZAYZ XY, XAZ
FIL: vz FIZ: S5y FI: ===

He proved the soundness of this axiom system. However, his axiomatization
is not complete, as the correct rule X AZAY — Z = X -4Y cannot be
derived from it. In [Bel95] a following sound and complete axiomatization of

FD’s and FI's was introduced. It consists of the rules F D1, FD3, FI4 and of

XVWAYW . XY Y2 XAZ
FIll .W7 FD2/.X*)_>XY’ FI4/ .W.

From an example relation R€, valid and not valid FD’s are derived, and,
using the system of rules, further ones are derived. In other words, an example
relation R° brings the information about the set of constraints 3. Next, using the
axiomatization, the closure X* is computed. So, according to Bell’s approach,
the family of all valid relation instances SAT (R, X) is determined on the basis of
the example relation (because the set X is determined by this example relation).

the rules

Afunctional Dependencies. In [Par89] the following axiomatization for afunc-
tional dependencies and FD’s was introduced, which is sound and complete

[Par89]: it consists of the rules F D1, FD2', FD3 and of the following three

. XY XHZ YZ XHZ XVAYWWCV
rules. FAlw,FAZ XAY ,Al XY .

N-Cardinalities. McAllister proposed in [McA98] an axiomatization for FD’s
and N—cardinalities. He showed its soundness and completeness. However, due to
the fact that his system of rules is equivalent to the one included in [Dol99], we
are not going to discuss it separately. Dolezal proposed in [Dol99] the following
system of rules for deriving FD’s and N—cardinalities from existing ones:
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. XY . X=YZ . X=Y L XY=Z
EXPlL. XZiY REDlR X;—ﬂ/ EXPNRm REDNL X=Z

. XY Z,X—Y . X3V, X7 L X=2YZ XY =2

This system is sound [Dol99]. It is not really complete, as the trivial axiom
VX C attr(R) : X — X is missing (it cannot be derived, either). However,
this system is complete if we add the axiom X — X into it (the completeness
proof in [DoD99] works if we add this axiom). The system of rules in [Dol99)
(enhanced by the axiom X — X) is equivalent to the one proposed in [McA98].
The proof of soundness and completeness in [DoD99] is claimed to be deeper than
the one in [McA98]. However, it does not have any advantages in comparison
with the typical method of proving soundness and completeness of a Hilbert—
type calculus. It is remarkable that the approach from [Dol99], [McA98] differs
from the one presented in [Jan89], [Bel95] in terms of how an N—cardinality (or
functional independency, respectively) is satisfied by a relation, e.g. by an empty
relation.

Excluded Functional Dependencies. In [Tha91] the following sound and
complete system of rules was proposed for FD’s combined with EFD’s:

Axiom: VX Cattr(R): X - X FDEFDI: XL
. XY, XVWAZW . Y=ZXVWhZW
FDEFD2: =—mg i FDEFD3: s Gt

3 Axiomatizations of Equality—Generating Constraints
3.1 Axiomatic Systems

Assume XY, Z C attr(R). Let A be the following axiomatization of FD’s and

Sqe 3 . . X=Y Y2
FT’s: RO (aXlOm). X g Y=Y > X y R1: WXV =2V

R2: );Zzi sz R3: XﬁyY—;éXZ%)Z RA: X7L;( Z7,L>YyﬁZ
The axiom RO together with the rule R1 are a sound and complete axioma-
tization for FD’s (they are equivalent to the Armstrong’s axioms). The rules R2
and R3 were included in [Jan&9]. The rule R4 was added by Bell in [Bel95].
This axiomatization does not differ very much from the earlier ones. However,
it is important to know where the differences between all approaches are.

Corollary 2. The system A is a sound and complete axiomatizations of both
FD’s combined with FI's and FD’s combined with antifunctional constraints.

Theorem 1. The aziomatization A is sound and complete.

The soundness of this axiom system for FD’s combined with FI's can be
proven as in [Dol99] (for Nfcardinalitiesﬁ) and [Tha85] (for EFD’s); the proof of

7 As mentioned above, the N—cardinalities are not real dependencies, so the proof ap-
plies actually to N—cardinalities understood just as one special sort of static integrity
constraints.
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the completeness is analogous to the one in [Tha85] and to the proof in [DoD99)
(provided we assume that the trivial functional dependency X — X is implicit
for every X C attr(R)). For FD’s and antifunctional constraints, the proof of
soundness and completeness is analogous to the one in Bell’s work.

Corollary 3. The aziomatization A can be applied to functional cardinality con-
straints and to negated functional cardinality constraints in the HERM model. It
is also sound and complete in this case.

Proposition 3. The aziomatization A is non—redundant.

Theorem 2. The aziomatization A for FD’s and FI’s is equivalent to the az-
iomatizations presented in [Bel95)], [Dol99], [McA98), [Par89] and [Tha9il.

3.2 Incremental Process of Completing a Constraint Specification

Having a set X of FD’s and FI’s, we can use our system of rules to derive the
closure X+ But it can happen that the closure does not contain all valid/not
valid FD’s, i.e. it is incompleteE As our aim is a complete specification, we have
to decide about the validity of the rest of FD’s, i.e. which FD’s might be added.
According to [DoD99] and [KIe98|, we may add stepwise a new functional depen-
dency X — Y or N—cardinality X = Y into X and the enhanced specification
will still be consistent, thus performing specification as shown in Fig. 1.

FD FD FD
FD D ... candidates for FD___ |
unspeciﬁed% unspeciﬂed% unspecified| | unspecified______| unknown
constraints constraints constraints
FI FI ~ candidates for FI___|
FI FI FI
Figure 1. Incremental constraints acquisition. Figure 2.

Another problem is making the decision about each unspecified functional
dependency. According to [KIe9§], unspecified constraints are estimated and
weighted by heuristic rules in respect of possible validity before the dialog with
the designer occurs. These rules use the knowledge implicitly contained in an
example database: from the data stored in it, dependencies between attributes
(e.g. whether one of them is a sum of the others) and plausibilities of the validity
of yet unspecified FD’s are derived, see Fig. 2.

8 Tt applies also to functional cardinality constraints and negated functional cardinality
constraints.

9 Here the word ”complete” means that the specification contains the whole informa-
tion about all valid and invalid FD’s.
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4 Conclusion

This paper proposes a terminology systematization for FD’s and their counter-
parts: FI’s and antifunctional constraints. On one hand, FI's defined in this paper
are a properly formulated negation of FD’s. On the other hand, antifunctional
constraints defined hereare very useful for obtaining information about valid
FD’s from an example database. The FD’s combined with the FI's defined here
can be easily adapted to the Higher—Order Entity—Relationship Model. Another
advantage of this work is the consideration of different variants of deductive sys-
tems proposed by various authors. Our deductive system is non-redundant. It
is sound and complete for FD’s combined with FI’s /antifunctional constraints
and it is equivalent to all other sound and complete axiomatizations presented
above.
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Abstract. A number of algorithms of clustering spatial data for reducing the
number of disk seeks required to process spatial queries have been developed.
One of the algorithms is the scheme of page ordering, which is concerned with
the order of pages in one-dimensional storage for storing two-dimensional
spatial data. The space filling curves, especially the Hilbert curves, have been
so far used to impose an order on all of pages. Page ordering based on the space
filling curves, however, does not take into account the uneven distribution of
spatial objects and the types of spatial queries. We will develop a cost model to
define the page ordering problem based on performance measurement and then
find out the method of page ordering for efficiently processing region queries in
static databases. The experimental results will show that the newly proposed
ordering method achieves better clustering than older methods.

1 Introduction

An efficient spatial query processing can be achieved by reducing the cost of disk
accesses, because the cost is the main factor on the performance of query processing.
The scheme of the clustering of spatial objects can play an important role in
decreasing the cost of disk access. The clustering can be defined to associate spatially
adjacent objects to the physically same page (or consecutive pages) on the disk or to
impose a linear ordering on a set of pages (or objects) to a one-dimensional disk.

In this paper, we develop a cost model for optimal page ordering which minimizes
the number of disk seeks for answering a range query, which is one of the frequently
used spatial queries. Little work has been done to impose a linear ordering on pages.
The goal of page ordering is that all of pages, which are close to each other in the data
space, should be stored adjacently in a linear order. We assume that all pages are
arranged on disk in a purely linear fashion. In this type of a disk, therefore, no
rotational delay exists. We also assume pages are created by the conventional file
manager and a number of adjacent pages on a disk can be fetched with a single read
request (called set-oriented I/O in [15]).

The main motivation for this work is to uncover the limitation of the previous
ordering method based on Hilbert values. In the previous works [5, 7, 9, 10], the
space filling curves were only used to impose an order on all of the pages (or objects)
and it was argued that the order based on Hilbert values was the best. The manifest
limitation of the Hilbert ordering method is that the order is imposed on pages without
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considering the distribution of spatial data. The spatial proximity between pages is
explicitly expressed in the fixed order on Hilbert curves. To overcome the limitation
of the Hilbert ordering method, we propose a new page ordering method in which the
distribution of spatial data as well as the types of spatial queries are considered.

In the next Section, we propose the cost model of page ordering and define the
page ordering problem. In Section 3, we shortly present the implementation of an
algorithm to solve the problem and discuss the results of the experiments. Finally, we
draw conclusions in Section 4.

2 Page Ordering

First, we introduce several notations and functions in developing a cost model for
defining the problem of page ordering. Let DS = [0,1) X [0,1) be the data space of unit
square in which all geometric objects are defined. Without loss of generality, we
consider a two-dimensional space. Let r be the region which is a sub-space of DS of
rectangular shape. Let RS = {all valid region r} be a region set. The function Area_of
can be defined as a generalized area function to calculate the area of an arbitrarily
shaped sub-space. The region-area function f, : RS = R (R is the set of real numbers)
is a specialized area function such that f,(r) = Area_of(r) for reRS. Let g be a region
query. The region query g is a region of constant size with g, as its width and g, as its

height. Let Q = {all valid ¢}, O c RS be a query set. In this paper, we assume a query
region to be a rectangular shape which has the same width and height. We also
assume that all of the centers of query regions are uniformly distributed.

Let P = {p1, p2, .., px} be a page set, and OP = (opi, opz2, .., opk), op,€P be an
ordered page set of P. The ordered set is denoted by parentheses rather than braces.
All of the pages are stored sequentially on disk according to the order listed in OP.
For example, op, and op,,, are sequentially stored on disk, for op, op,,€OP, 1 <i <k-
1. The page-region function f: P - RS is a function such that f(p)) = r;, where r, is a
minimal region enclosing all of the spatial objects in p..

Let I(r) be an inflated region of r by /2 and g /2. I(r) is a clipped region against
DS. The domain of I(r;) is the set of center points of all region queries which intersect
with r;. I(r;) is characterized as follows.

Area_of (1(r,)) = probability( query q retrieves page p,) 1)

Eq.1 proposed in [2, 11] formulates the probability that the execution of a query g
makes an access to a page p,. It means that a region query of which the center point is
inside I(r) retrieves a page p,. [2, 11] also propose the function of performance
measurement PM(P, Q) based on Eq.1. For a page set P and a query set O, the
expected number of page accesses needed to perform a query ¢ is defined by PM, and
is given by

k

k
PM(P,Q)=  probability(query q retrieves page op;) =  f,(I(f.(p,)))
1

i=1 i=

2)

The purpose of [2, 11] is to generate a page set for a given data set to reduce the
cost of page accesses, whereas that of this paper is to generate an ordered page set for
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a given page set to reduce the number of seeks. In this paper, we propose the function
of performance measurement PM(OP, Q) based on Eq.2 for optimal page ordering to
reduce the cost of disk access. PM(OP, Q) is defined as the number of seeks, rather
than the number of page accesses, and is given by

k 3
PM(OP,Q)=  probability(query q retrieves page op,) 3)

i=1
k1
probability(query q retrieves both pages of op, and op,,,)

i=1

Lemma 1 For an ordered page set OP and a query set Q, the expected number of disk
seeks, PM(OP, Q) is given by

k k1 4
PM©OP.Q)=  fU(r))  f,Ux) I(r,) @

i= i=1

Proof:

We will just sketch the main steps of the proof. Let N(k) be the expected number of
seeks for the ordered page set OP = (op;, opy, .., opy) and the page set Q0. We show
that

k k1 5
Nk)= f,d(r)) [ 1) ®)

For OP = (op;, ops, .., 0pis Opis1), N(k+1) is the sum of N(k) and the additional
expected number of seeks by opy.;. I(ri4;) of r,,, derived from f(op,,,) can be divided
into two parts.

Part I: I(r;,) (7, ;) that is the intersected region of I(r, ;) and (7).

If the center point of g is inside Part I, two pages, op, and op,,, should be accessed. In
this case, no more additional disk seeks for N(k+1) from the viewpoint of N(k) are
required because op, and op,,, are stored sequentially on disk.

Part I1: (I(r,;)-1(ry)) that is the rest space of I(r, ).

If the center point is inside Part II, the access of op, is not required any more. This
means that reading op,,, requires one additional disk seek.

Therefore, N(k+1) is the sum of N(k) and the probability that processing g requires an
access to op,,, and does not require any access to op,. We get

N(k+1)=N(k)+Area_of (I(r,,) 1(1)) (6)
k1

k
fd@)y o f @) 1)+ [,U0L)) fAdG) 1)

i=1 i=1

k+1 k
L) f,U@) 1)

i= i=

+1

We then proceed as before to conclude that Eq. 5 is true. B
We are now able to define the page ordering problem based on PM(OP, Q) and
show that the problem is equivalent to the traveling salesman problem.
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Definition 1. Page Ordering Problem (POP)
Given a page set P and a query set Q, POP is to determine an ordered page set OP for
which PM(OP, Q) is minimal.

Because the value of Xf,(I(r;)) is independent of page order, determining an ordered
page set OP for which PM(OP, Q) is minimal is equivalent to determining an ordered
page set OP for which Xf,(I(r)NI(r))) is maximal. We conclude that POP is very
similar to the well-known minimum weighted Hamiltonian path problem without
specifying the starting point and the terminating point. And it is known in [14] that a
minimum weighted Hamiltonian path problem can be treated as a standard Traveling
Salesman Problem (TSP).

Lemma 2 POP is equivalent to TSP for a weighted graph G = (V, E, w) such that
V=Pu {Vo},
where P = {p,, p,, .., p,} 1s a set of pages and vy is an artificial vertex to solve the
minimum weighted Hamiltonian path problem by TSP,
E = {(pi, p) | Pis pEP, i#} U {(pisvo) | pie P},
and
w: E> R
Edge weights are computed as follows:
L. For edge ¢ =(pi p)eP’, w((pi, p)) = 1ul(r) ()]
2. For edge e =(p;, vo)e PX{v,}, w((p;, vo)) = 0.

Proof:

The Graph G is Hamiltonian, because G is a complete and weighted graph. Let C =
{(vo, op1),(op;, op2), ...(0pr.1, opr),(0pr, Vo)}, op;eP be a minimum weighted
Hamiltonian cycle in G. By removing two edges incident with the vertex v, from C,
we can get a minimum weighted Hamiltonian path L in G from op, to op,. Now we
can easily get a solution of POP from a solution of the corresponding TSP by
interpreting a minimum weighted Hamiltonian path L as an ordered page set OP =
(opi, opz, .., opy). From the viewpoint of constructing a corresponding weighted
graph, it is obvious that the solution of POP is identical with that of 7SP. B

3 Experimental Evaluation

To solve the NP-hard problem of TSP, we implement a heuristic based on the
Simulated Annealing (SA) method which is one of the probabilistic hill climbing
algorithms. Because TSP is NP-hard, exhaustive exploration of all the states is
impractical.

All possible Hamiltonian cycles in a weighted graph G can be defined by the state
spaces of SA. Each state corresponds to a Hamiltonian cycle, and the cost associated

! The weight of an edge is computed as the total area of data space minus the area of
Ja(r) (7)) to convert a maximization problem into a minimization problem.
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with each state is calculated as the sum of edge weights in a cycle. The goal of the

traditional symmetric 7'SP is to find a state with a globally minimal cost.

The main advantage of SA is that only part of all the states is explored to find a
global minimum. This algorithm has been very successful in practice to solve
combinatorial optimization problems of various application domains[6, 8, 13].

There are some parameters of SA which are dependent upon implementation.
Because the performance of SA has been greatly affected by the value of those
parameters, they must be carefully selected. For our implementation, they have been
chosen as follows:

1. Initial temperature 7 : The initial temperature is chosen to be twice the cost of the
initial state. The factor 2 is chosen based on the experience in [8].

2. Freezing criterion: This criterion is a combination of two verification tests; the first
is the temperature is below 0.001, the other is the cost of the last state has to be the
same for three consecutive stages.

3. Equilibrium criterion: We set the number of repetition to 500*n. The constant n is
the cardinality of a page set P in POP.

4. Temperature decrement factor oz The temperature decrement factor is set to 0.9.

5. Initial state s,; We generate an initial state based on an approximation algorithm
(Approx-TSP-Tour) proposed in [3].

6. Local search heuristics for choosing a next state from the current state: A next state
is chosen by simple local search heuristics such as non-crossing paths and nearest
neighbors(see [14]).

3.1 Experimental Testbed

We investigated the performance of our page ordering method based on the above
proposed cost model, and compare it with that based on Hilbert values. Our test data
is based on polygonal data from Sequoia 2000 benchmark. We use two test data sets:
a data set DS-A consists of 1,022 pages with 17,048 spatial objects whereas a data set
DS-B consists of 3,490 pages with 65,157 spatial objects. We select five different
sizes of query regions. For each size, 10,000 region queries are randomly generated,
and each query has at least one result page. Each region query of a different size
covers 0.25%, 1.00%, 4.00%, 9.00%, and 16.0% of the data space.

There are two types of the test query sets. One is the simple query sets which are
composed of 10,000 queries of the same size. Each simple query set Q is denoted by
adding the size of queries it contains as a suffix. A simple query set Q0.25, for
example, is composed of region queries of which size covers 0.25% of the data space.
The other is the mixed query sets, which are composed of 10,000 queries of different
size. A mixed query set consists of 6000 queries in one major simple query set and
each 1000 queries in four other simple query sets. Each mixed query set MQ is
denoted by adding the size of major queries it contains as a suffix.

We have generated five optimal ordered page sets, OP(Q0.25), OP(Q1.00),
OP(04.00), OP(Q9.00), and OP(Q16.0) for each test query set Q and an ordered page
set OP(H) based on Hilbert values. OP(Q0.25) means the ordered page set for which
the performance measurement for the query set Q0.25 is minimal.
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3.2 Experimental Results

We have evaluated the performance of various ordered page sets. For a given query,
we have computed the number of seeks, rather than the number of page accesses. It
was expected that for a query set Q, the ordered page set for which the performance
measurement for this query set is minimal shows the best performance over any other
ordered page sets. To save the space, we discussed the performance comparison of the
data set DS-A. This is because the experimental results of the data set DS-B were
very similar to those of this data set.

10.000 9.535
8.034 9.198
8.000
P 6.141 /127/ —o—OP(H)
[9]
& 6.000 —B—0P(Q0.25)
5 —A—OP(Q1.00)
5 3.772
Z 4000 | OPH) ——OP(Q4.00)
€ —¥— OP(Q9.00)
5 2.410 063
z ’ —6—0P(Q16.0)
2.000 25y
0.000
Q0.25 Q1.00 Q4.00 Q9.00 Q16.0
Query Set
(a) The number of seeks per query for each query set
OP(Q0.25) | OP(Q1.00) | OP(Q4.00) | OP(Q9.00) | OP(Q16.0)
Q0.25 17.62% 17.33% 16.23% 14.91% 15.16%
Q1.00 18.79% 21.02% 19.97% 19.22% 19.13%
Q4.00 14.81% 21.55% 22.78% 22.18% 21.49%
Q9.00 9.49% 19.23% 22.75% 24.21% 23.36%
Q16.0 3.53% 17.67% 22.56% 24.06% 24.95%

(b) Relative improvement of the optimal ordered page sets over OP(H)

Fig. 1. Experimental results for the simple query sets with the data set DS-A

Figure 1 shows the result of performance evaluation carried out for simple query
sets and the data space DS-A. Because the number of seeks varies as the query size
increases, this number has been normalized by the total number of queries. Figure 1
(a) depicts the normalized number of seeks which is defined to be the number of seeks
per query, and Figure 1 (b) shows the relative improvement of five optimal ordered
page sets over OP(H). As the query size increases, the optimal ordered page set shows
better performance over OP(H). Furthermore, an ordered page set which is optimal
for a specific query set shows better performance than OP(H) for other query sets.

The optimal page ordering method proposed in this paper is based on performance
measurement for a given query set Q, which is composed of queries of the same size.
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In most of spatial databases, however, region queries of various size are used. For a
mixed query set MQ, we evaluate the performance of the optimal ordered page set,
which is optimal for simple query set Q.

If the ratio of the number of queries for each size to the number of total queries is
known in advance, we can expect the number of seeks per query for the mixed query
set by using the result of Figure 1 (a). For example, the expected number of seeks per
query for OP(H) and OP(Q0.25) with the mixed query set MQO0.25, which is
composed of 6000 queries in the query set Q0.25 and each 1000 queries in four other
simple query sets, is calculated as follows:

[ The expected number of seeks per query for OP(H): (6000*%2.410 + 1000*3.771 +

1000*6.141 + 1000*8.034 + 1000%9.534) / 10000 = 4.1940
[l The expected number of seeks per query for OP(QO0.25): (6000%1.985 +

1000%3.063 + 1000%5.232 + 1000%7.272 + 1000%9.198) / 10000 = 3.6675

With the same way, we can calculate the expected number of seeks for all the
ordered page sets and all the mixed query sets. The experimental results are very
similar to expected results. Table 1 shows the relative improvement of the optimal
ordered page set over OP(H).

Table 1. Experimental results for the mixed query sets with the data set DS-A: Relative
improvement of the optimal ordered page set over OP(H)

OP(Q0.25) | OP(Q1.00) | OP(Q4.00) | OP(Q9.00) | OP(Q16.0)
MQ0.25 12.41% 18.31% 20.06% 19.89% 20.07 %
MQ1.00 13.52% 19.40% 20.85% 20.73% 20.81%
MQ4.00 12.48% 20.07% 22.06% 22.06 % 21.72%
MQ9.00 10.03% 19.25% 22.44% 23.63% 23.14%
MQ16.0 6.22% 18.07% 22.18% 23.35% 24.04%

As a result of evaluating the number of seeks per query for the mixed query sets,
we would like to point out the following statements. First, the optimal ordered page
sets always do better than OP(H) regardless of the type of the mixed query sets. The
best one for each of the mixed queries, performs about 20% better than OP(H).
Second, the above mentioned experimental results with simple query sets is very
similar to the experimental results for the mixed query sets. This means that we can
also generate an optimal ordered page set for the mixed query sets.

4 Summary

The main contributions of this paper are as follows: We defined the page ordering
problem in static spatial databases, and uncovered the drawbacks of the previous
methods based on Hilbert values. To determine the optimality of a certain page order,
we developed a new cost model of page ordering as a formula for performance
measurement. We implemented a heuristic based on the existing Simulated Annealing
method to solve the optimization problem which is NP-hard, and investigated the
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performance of our page ordering method based on the cost model. The experimental
results showed that the newly proposed optimal page order outperforms the fixed
order of pages based on Hilbert curves. Future work will explore the issues of page
ordering for different types of spatial queries.
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Abstract. There is an increasing demand for storage capacity and sto-
rage throughput, driven largely by new data types such as video data
and satellite images as well as by the growing use of the Internet and the
web that generate and transmit rapidly evolving datasets. Thus, there
is a need for storage architectures that scale the processing power with
the growing size of the datasets. In this paper, we present the SMAS sy-
stem that employs network attached disks with processing capabilities.
In the SMAS system, users can deploy and execute code at the disk. Ap-
plication code is written in a stream-based language that enforces code
security and bounds the code’s memory requirements. The SMAS ope-
rating system at the disk provides basic support for process scheduling
and memory management. We present an initial implementation of the
system and report performance results that validate our approach for
data-intensive applications.

1 Introduction

There is an increasing demand for storage capacity and storage throughput.
This demand is driven largely by new data types such as video data and satellite
images as well as the growing use of the Internet and the web that generate
and transmit rapidly evolving datasets, take for example the huge amount of
data produced by e-commerce transactions [8J6]. Furthermore, there is growing
interest in data mining applications that efficiently analyze large datasets for
decision support. Thus, there is a need for storage architectures that scale the
processing power with the growing size of the datasets.

Recent disks embed powerful ASIC designs in order to deliver their high
bandwidth; such chips are capable of doing considerable processing (for instance,
see how complex the SCSI protocol is [2]). In addition, current disks have caches
in the order of MB (for example, Seagate’s Cheetah has up to 16 MB of cache).
This suggests that data can be processed locally at the disk. Such disks are
called active [19] or intelligent [7] disks. The idea of data processing at the disk

* Work supported in part by the Hellenic General Secretariat of Research and Tech-
nology through grant PENED-99/495.
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is not a new one. Early proposals include the IBM 360 I/O processors and the
specialized database servers of the 80’s [4]. What makes active disk architectures
attractive today is that current technology is such that sufficient processing
power and memory can be economically embedded in disks. Active disks have
been proposed as a cheap replacement to expensive disks; they communicate with
the host processor through the local bus (typically SCSI or Fiber Channel). It
is envisioned that they will be able to relieve the host processor by acquiring
and executing part of the application very close to the data. Such architectures
are capable of handling large datasets, since the number of processors scale with
the number of disks. In addition, they can effectively reduce the amount of data
transfered from the disk to the host processor.

At the same time, distributed file systems are used increasingly nowadays. A
good reason is the huge databases maintained by various companies [I4]. Thus, a
distributed storage architecture is needed to provide efficient and scalable access
to data. Such an architecture is provided by NASD [5] coupled with their object-
oriented file system for network attached storage.

Active disks have been mainly envisioned as attachments to the local bus of a
server [12]. This would however require expensive server architectures especially
if one also considers the resources required for supporting multiple interconnec-
ted active disks. Furthermore, it is essential, from a practical point of view, to
investigate devices that do not require alterations to a given infrastructure. To
this end, a smart disk should use part of its processing capabilities to support
a simple TCP/IP stack and attach itself on a local network. Apart from the
obvious cost reductions, this approach has the additional advantage of true dis-
tributed processing, without the bottleneck of a front-end processor, since in a
multiple active disk arrangement [12] disks can only communicate with clients
through the server processor’s connection to the network.

In this paper, we present the SMart Autonomous Storage (SMAS) system.
SMAS devices are autonomous (i.e. network-ready) disks but they also have sig-
nificant processing capabilities like active disks. A SMAS device could possibly
include interface support for SCSI or FiberChannel local buses, so as to be atta-
ched on a local bus if desired. SMAS disks reduce the communication overhead of
transmitting large volumes of data over the network by executing data-intensive
applications at the disk. In addition, they release the host processor by under-
taking part of the computation.

Our focus is on building a running system. We consider the actual constraints
placed on the application programs to be run on the disk and the necessary ope-
rating system support for executing them. Portions of the application programs
to be executed at the disk, called filters, are written in a special-purpose langu-
age that ensures code safety, sets bounds on the filter’s memory requirements
and provides a stream-based interface. Operating system support at the disk is
kept at a minimum and includes filter scheduling and memory management. We
have tested our initial implementation of SMAS and compare its performance
with NFS. The results are encouraging since the measured performance is close
to the expected ideal speed-up.
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The remainder of this paper is organized as follows. In Section 2, we introduce
the SMAS architecture, while in Section 3, we report on the implementation of
SMAS. In Section 4, we present related work. Section 5 concludes the paper.

2 The SmAS Architecture

SMAS disks are network-attached disks with processing power. In order for the
disk to be employed seamlessly in an existing network, all standard operations
are supported (open(), read(), write(), 1seek() etc.); a SMAS disk can easily
replace a conventional NF'S server.

The application code consists of two portions: the client-side part, executed
at the client, and the SMAS-side part, executed at the smart disk. The latter
is called filter, and is written in a special-purpose, C-like language. In general,
filters are expected to implement processing that reduces the volume of data to
be transfered from the disk to the client. For example, instead of transferring the
whole file at the client side and performing an SQL-Select there, a filter may per-
form an SQL-Select locally and thus communicate only the selected data to the
application. Filters are cross-compiled at the host disk. Clients can then register
the executable code at the client’s side. They can then be downloaded (regi-
stered) to the smart disk. The client programs invoke filters through a specific
series of function calls. The filter code is executed at the disk. Basic minimum
operating system support is required at the disk for efficiently executing the
filters.

Filter Characteristics. Filters are programs that are executed at the disk.
Special requirements imposed on filters include the following: (a) Since disk
memory is limited, each filter program should use only a pre-specified portion
of this memory. Furthermore, a filter should not dynamically allocate or free
memory. (b) Filters should not be allowed to directly read from or write to the
disk, to avoid any disk corruption.

We have adopted a stream-based interface for filters similar to the one pro-
posed in disklets [T2T]. A filter, upon registration, specifies its exact memory
requirements. A filter reads from an input stream and writes to an output stream,
both of which are controlled by the disk’s OS.

Writing and Registering Application Code. Filters are written in a special-
purpose language, quite similar to C. This language enforces filters to declare
all the variables that they need as global variables, allowing thus for statically
calculating their exact memory requirements. Two functions are then expected
to be defined: a filter_init() function and a filter_body() function. The
former is used to possibly initialize the filter’s global variables. filter_body ()
is the function that implements the core filter processing and has two parameters:
an input_buffer and an output_buffer. Both functions have no local variables;
the only variables they can use are the global ones, if any. In addition, they are
not allowed to perform any function calls.
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A filter is cross-compiled at the client’s side. The compiled code can be re-
gistered at the smart disk by using a smass_addfilter () call, which results in
downloading the executable code of the filter at the disk. Filters thus registered
are placed in a filter library.

The client-side part of the application selects the required filter with a smas-
_usefilter () call; this call identifies the filter to be used and causes the exe-
cution of the respective filter_init () function at the smart disk. After that,
the client has access to the relevant remote data, one entry at a time, by con-
tinuously calling smas_nextrecord(). A call to smas_nextrecord() will ship
the next filtered record to the client-side part. What actually happens is that
smas_nextrecord() reads a record from the disk and then invokes the filter-
_body () function, with the read record as a parameter (input_buffer). The
filter’s function, in turn, decides whether the record meets the criteria, and if so
it notifies smas_nextrecord() by returning a value of Send. smas nextrecord()
then sends whatever the filter has placed in its output_buffer to the client. If
filter_body() returns a value of NoSend, smas nextrecord() does not ship
anything to the client, loads the next record from the file and invokes the filter
again. This is useful when more than one records of the file must be processed
before returning control to the client (e.g., computing the maximum value). Fig.
[ provides an example of writing and invoking a filter.

/* Define the record structure for easy handling */
typedef struct{ int key; char data[96]; } recstruct;

/* Nothing useful here */
filter_init() {}

/* The filter’s body — pass only records with key > 10 */
filter_body(recstruct *in, void *out, int *outbytes) {
if (in->key <= 10) /* Compare to 10 */
return (NoSend);
out = (void *) in; *outbytes = sizeof (recstruct);
return (Send);

(a) writing a filter

/* Register a filter */
smas_addfilter (SQL_SELECT) ;

/* Open remote file */

fd = smas_open("zeus.cs.uoi.gr:/pub/testfile", O_RDONLY);
/* Specify the file and filter to use */

smas_usefilter(fd, SQL_SELECT);

/* Now get and process all selected records */
while ( (output = smas_nextrecord(fd)) != EndOfFile )
process (output) ;

(b) invoking a filter

Fig. 1. Writing and invoking the SQL_SELECT filter.
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Disk-side Support. The SMAS operating system (SMAS OS) should be as
thin as possible in order to minimize execution overheads and memory costs.
Consequently, its functionality should be kept down to a minimum. The only
offered services must be networking, process (filter) management, and memory
management. Full networking functionality is necessary for attaching the disk
to an existing network. Such functionality should be considered rather common
place and inexpensive (consider for example the network-ready CD-ROM server
by Axis [3]).

A limited form of process management will be required in order to schedule
the filter execution. Such a need arises when multiple clients are connected to the
disk. Process management should be simple and efficient. However, as discussed
in [1], simple strategies like run-to-completion could ultimately limit the disk’s
performance. In our case, the fact that filters are pre-compiled and embedded
in the disk’s library allows for accurate estimations of their running times and,
consequently, for more informed scheduling strategies, like shortest-job-first [T1].

Finally, memory management is probably the most important service since
disk’s memory is usually its most limited resource. However, memory manage-
ment is highly simplified due to the filter-based processing: the memory require-
ments of the filters are known apriori and are satisfied as soon as a filter starts
execution. There is no memory swap or process switching. Thus, since the filter
cannot allocate dynamically any more memory, it is a simple (and quick) matter
to free the allocated memory as soon as the filter completes its execution. We
use a first-fit method to allocate memory.

3 Implementation

We have emulated a SMAS device using an old Pentium-based PC, running at
166 Mhz, with 32Mbyte of memory and with a minimized version of Linux as
its operating system. The hardware components are analogous to that found
inside a present-day disk only much more economical. The SMAS system soft-
ware (SMASOS) is running as a Linux daemon and awaits at a particular port
for a client connection. Communication is handled by the standard socket li-
brary. At startup, SMASOS acquires a 16Mbyte memory chunk and uses it for
implementing its own memory management.

The special-purpose language in which filters are written is an enriched subset
of C. We have implemented a compiler for this language, that converts the
filter code to standard C code which is then cross-compiled at the client side.
Currently, the produced code is in the Linux shared library format which is
directly down-loadable to the SMAS disk at run time. To verify the validity of
our approach as well as reveal any inefliciencies in the implementation, we have
experimented with a number of applications.

Although simple, a particularly illuminating application is the SQL-Select
filter shown in Fig. [Tl The client utilizes the SQL-Select filter in order to obtain
and process relevant records from a file stored at the smart disk. The filtering
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is done locally at the disk, which returns only the appropriate records to the
application, minimizing thus network communication.

/* Open the remote file - NFS mounted */
fd = open("/mnt/zeus/pub/testfile", O_RDONLY);

/* Get, filter and process records */
while ( read(fd, buffer, 100) != 0 )
/* Filter at our (client) side */
if ( checkcondition(buffer) )
process (buffer) ;

Fig. 2. Sample application: Traditional NF'S approach

We then executed the same application by NFS-mounting the file (Fig. 2]
and compared the total running times. If Tsyr 455 and Ty pg are the correspon-
ding running times of the two approaches, the observed speedup is defined as
Tnrs/Tsmass and is plotted in Fig. Bl for various record sizes.

T
"Ideal"
"10K_recsize" —+—
9 "8K_recsize" —<— |
"6K_recsize" —*—
"4K_recsize" —8—

Speedup
(528

10 20 30 40 50 60 70 80 90 100
Selectivity (%)

Fig. 3. Speedup with respect to traditional NFS handling

Let s be the selectivity factor, that is the probability that a data record is
selected by the SQL-Select filter. If a file contains N records then the SMAS
code will only deliver sIN of them to the application. We generated files that
would result in prescribed values for the selectivity factor s (between 10% and
100%). Fig. Bl shows clearly that the SMAS version is able to deliver superior
performance, especially for smaller selectivity values. This fact should actually
be expected because of the reduced network communication.

The results in Fig. B were obtained for file sizes in the area of 100MBytes.
In order to determine the socket messaging overheads we experimented with
various record sizes. It can be seen from the figure that the performance did
not exhibit a wide variance; however, the smaller the record size the smaller the
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observed speedup. This is due to the headers inserted by the socket library to a
message; these extra bytes account for a smaller percentage as the message size
grows, thus improving performance.

Assuming that the communication / computation (processing) time ratio per
record is greater than one, computation (processing) time, then the total running
time should be dominated by the total communication time. Since the SMAS
version only communicates a portion s of the total data, while the NFS-mounted
file approach communicates all of it to the client, it is expected that (ideally) a
speedup of the order of 1/s should be observed.

Fig Bl however shows that despite the improvements over NFS, the perfor-
mance of the SMAS application is actually well below the ideal. This is largely
due to the fact that NFS is highly optimized, utilizing prefetching and caching
techniques which in effect pipelines computation and communication to a high
degree. We are currently optimizing SMASOS and investigate data prefetching
techniques. We are confident that performance will move much closer to the
ideal. It is also in our future plans to provide kernel support for SMAS in Linux,
which will improve performance significantly.

4 Related Work

A stream-based programming model for disklets (i.e., disk-resident code) is pre-
sented in [I2[I]. Their active disks are attached to the local bus of the host
processor. The disklet programming model is similar to ours. They justify their
design decisions by providing a detailed simulation of active disks. In contrast,
our focus is on building an actual system which introduces practical restrictions.
In [12I13], an evaluation of the disklet model is provided against two alternative
architectures: shared memory multiprocessors (SMPs) and workstation clusters.
For most of the applications tested, active disks and clusters significantly ou-
tperformed the SMP architecture. The IDISKs (Intelligent disks) architecture
proposed in [7] is based on replacing the nodes in a shared-nothing cluster ser-
ver with intelligent disks that is disks capable of local processing. The main
difference in the IDISKs architecture is that the disks are directly connected
with each other via switches thus exhibiting much higher bandwidth disk-to-disk
communication. The architecture closest to SMAS is the active disks of [9]. The
authors of [9] concentrate on developing a number of applications to validate the
active disks approach. Their analytical and experimental results promise linear
speed-ups in disk arrays of hundreds of active disks for certain data-intensive
applications. Instead, the alternative of directly attaching a number of tradi-
tional SCSI disks to the local bus of a single server machine caused the server
CPU or the interconnect bandwidth to saturate even when a small number of
disks (less that ten) was attached. Besides research on active disk, there is some
recent interest in shipping application code to the data sources [I0]. Application
code is in the form of bytecodes. Using bytecodes is not a feasible approach in
our case since the limited resources of the disk do not allow for a java execution
machine.
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5 Summary

In this paper, we introduced the SMAS network attached disk architecture.
As compared to a classical file server, an autonomous network-attached device
offers significant advantages. First of all, the cost is much smaller, so that one
could purchase a number of smart disks for the price of a mid-sized server.
Second, SMAS devices have dedicated processing on the disk that provides for
efficient distributed processing. A server on the other hand is a general purpose
machine that has to deal with many other things apart from file processing.
Third, by shipping computation at the disk, network traffic is reduced, since
only the relevant data are tranferred to the clients. The results of an initial
implementation of SMAS are encouraging and justify our design decisions.
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Abstract. When dealing with large quantities of clauses, the use of persistent
knowledge is inevitable, and indexing methods are essential to answer queries
efficiently. We introduce PerKMan, a storage manager that uses G-trees and
aims at efficient manipulation of large amount of persistent knowledge.
PerKMan may be connected to Prolog systems that offer an external C language
interface. As well as the fact that the storage manager allows different
arguments of a predicate to share a common index dimension in a novel
manner, it indexes rules and facts in the same manner. PerKMan handles
compound terms efficiently and its data structures adapt their shape to large
dynamic volumes of clauses, no matter what their distribution. The storage
manager achieves fast clause retrieval and reasonable use of disk space.

1 Introduction

Efficient management of persistent knowledge in deductive database systems requires
the adoption of effective indexing schemes in order to save disk accesses, whilst
maintaining reasonable use of available space. Deductive database systems
incorporate the functionality of both logic programming and database systems. As
referred to [6], they have four major architectures: logic programming systems
enhanced with database functionality (NU-Prolog [11]), database access from Prolog
(BERMUDA [6], TERMdb [1]), relational database systems enhanced with
inferential capabilities (Business System 12 [4]), and systems from scratch (SICStus
[9], CORAL [10], Aditi [13], Glue-Nail [2], XSB [12], ECL'PS*[3]).

In multidimensional data structures, all attributes are treated in the same way and
no distinction exists between primary and secondary keys. This seems to be suitable
in a knowledge base environment, where queries are not predictable and clauses may
be used in a variety of input/output combinations.

The G-tree [8] is an adaptable multidimensional structure that combines the
features of B-trees and grid files. It divides the data space into a grid of variable size
partitions and adapts its shape to high dynamic data spaces and to non-uniformly
distributed data. Only non-empty partitions are stored in a B-tree-like organization.
The G-tree uses a variable-length partition numbering scheme. Each partition is
assigned a unique binary string of 0’s and 1’s. In [8], the G-tree arithmetic, algorithms
for update and search operations and the advantages of the G-tree over similar data
structures are examined. The G'_tree [7] combines the features of metric spaces and
G-trees. It considers every data space as a metric space through the use of the
Euclidean norm and an algorithm that transforms strings to unsigned long integers.

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 331-338, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Although the G_tree requires distance computations and has the overhead of a small
amount of storage space, due to the introduction of active regions inside the partitions
of the data space, it reduces the accesses of partial match and range queries.

This work introduces PerKMan, a new storage manager that uses G'_trees, makes
database access from Prolog and aims at efficient manipulation of large amount of
persistent knowledge. The rest of the paper is organized as follows: Section 2 deals
with the use of user-defined domains. Section 3 explains the data structures of the
storage manager. Section 4 gives experimental results and shows that PerKMan
achieves fast clause retrieval and good utilization of disk space. Section 5 concludes
this work with a summary and a future research issue.

2 User-Defined Domains

PerKMan provides persistent storage of any size of knowledge and may be connected
to Prolog systems that offer an external C language interface. The arguments of each
permanent predicate belong to predefined domains and this cannot be changed at run
time. From the Prolog point of view, the definition and manipulation of knowledge
may be achieved through appropriate built-in predicates that have to be defined, using
the external C language interface, in terms of the functions provided by PerKMan.

User-Defined (or custom) Domains (UDDs) are built up from simple (sdomain) or
complex (cdomain) domains. Domains are created with cr _dom/ 2. Its syntax is

cr_dom(cdomain, domain {; domain})

domain = cdomain |sdomain |{funct0r) (domain {, domain}) ludom.

The universal domain udom incorporates any structure including lists. A basic unit
sdomain is one of the types atom, integer and real.

Apart from storing the data as an unsorted sequence of clauses (heap organization),
PerKMan supports the G™_tree to store and retrieve clauses. A predicate definition is
added to a knowledge base with cr _pred/3. Its syntax is

cr_pred(predicate, ((argument, domain, y In) {, (argument, domain, y |n)})).
The value y (n) means the participation (or not) of the argument in the index.

UDDs are distinguished between Non-Recursive Domains (NRD) and Recursive
Domains (RD). PerKMan does not employ RDs in indices due to their unpredictable
number of elements. The following program udd_ex is an example of UDDs.

?- Ccr dom(q a(z,c)) .

?- cr_dom(z atom) ; e(integer)).

?- cr_dom(c t); w(integer)).

?- cr_dom(s 1nteger) ) .

?- cr_dom(t atom) ; v(atom)) .

?- cr_pred(pr, ((name, g, vy)), b(300)).

?- ins c(pr(a(d(atml), £(s(9),v(atm2))))).

A knowledge base is queried through PerKMan either with set-oriented or clause-
oriented operations. Clauses retrieval can be transparent if a permanent predicate
p(X,..) isdefined as p (X, ..) :-sel c(p(X,..)). The predicates sel c/1
and ins_c/1 selects and inserts clauses in a clause-oriented mode respectively.

a(
f(s
s (
1
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PerKMan flattens UDDs in order to handle them efficiently. Domain Trees (DTs)
of UDDs include functors and sub-terms and assists understanding. Figure 1 shows
the DT of q. We use dashed lines for disjunction and continuous for conjunction.

r--—e
e-1 ‘d’ atom
7z L--eo—e
‘e’ integer
—eo—o
q ‘@ - ‘s’ integer
i‘f, r-e—e
- —®1 ‘" atom
c | tleo—e
8 <y’ atom
w’  integer

Fig. 1. The tree of the user-defined domain q.

DTs are unbalanced AND/OR-trees. sdomains reside on the leaf nodes of DTs and
the way we traverse them gives the form of the clauses. Possible paths are constructed
by successive replacements of UDDs. Because the hierarchical structure of cdomains
is flattened, they can be organized into G"_trees. As an example, we decompose the
UDD qg. The symbols + and - denote disjunction and conjunction respectively.

g=z.c=(atom+integer) -(integer-(atom+atom) +integer)

= atom-integer-atom+atom-integer-atom+atom-integer+
integer-integer-atom+integer-integer-atom+integer-integer

The six components of the last equation span the space of the alternative
expressions and each one represents the ordered leaf nodes of a possible path.

For the storage of clauses involving UDDs, we use a Path Identity (PI) prefix that
declares the correspondence between arguments and used terms. In other words, P/ is
the path of the DT that corresponds to the selected terms. Its use is necessitated by the
existence of disjunctions between sub-terms. We use the depth-first method to
traverse a DT. If there are alternatives, we select a node according to a number that
declares its position among the other nodes of the disjunction. The storage of a clause
includes its PI and the used terms. Only the arguments that participate in indices are
involved in PIs. The length of Pls is limited, for RDs are not included in indices.

We examine the PI of the clause of the program udd_ex. The first choice occurs
at node z. The d(atom) is chosen and thus 1 is the first element of PI. Next, at node c,
we select the f(s,t), and so the second element of PI is 1. The last decision concerns
node t, and the selection of v(atom) corresponds to number 2. We have, PI = 1,1,2.

3 Data Structures

The data structures that PerKMan uses to organize persistent knowledge form four
areas: User-Defined Domains (UDDA), Predicate Declarations (PDA), Index (IA) and
Clauses (CA) area. The first two are loaded into main memory when a knowledge
base is opened, whilst the other two remain on disk. Figure 2 shows the above areas.
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Predicates Bmin |bmax | Pntrs
§ PRo(D1.---Disg ) | B [Drant| P G'_tree |-p| clauses |
« PRZ(D21»~-~,D2M2) brmin2 | Brmaxz o }i G'_tree i }I clauses |
" Predicates < Domain | 1A CA
E PRI(D”,...,DINI) 8 D,
= | PRy(Dyy,.. .,DzNz) ) D,

Fig. 2. Data structures of PerKMan.

3.1 Predicate Declarations Area

It includes in two segments the predicate declarations as they are provided by the
users (UPDS) and subsequently converted by the system (SPDS).
UPDS: This contains for each persistent predicate, its name and arity, the domains of
its arguments and the participation of each argument in the index.
SPDS: For the persistent predicates it contains their names, arity, domains, the
number of bits of the largest and the smallest partition (b, b, ) and addresses in IA.
If at least one UDD with cdomain has been declared in the index of a predicate PR,
then the predicate arity and domains in SPDS are different from the ones in UPDS. In
general, it is N#M.. In SPDS, the predicate dimensions are related to sdomains. When
a clause is inserted, each of its arguments corresponds to the first non-occupied
dimension of the index that has the same domain type.

3.2 Index Area

The IA is composed of G"_trees and is used for the fast retrieval of clauses. Each
G'_tree corresponds to one predicate. A G'_tree dimension can be shared by two or
more predicate arguments that belong to different paths. These arguments have to be
of the same type, e.g., the argument with domain atom of the first path of the UDD g
and the argument with the same domain type of the second path can share an index
dimension with data type atom. Thus, the required dimensions to index the g have
types integer, integer, atom and atom. Consequently, the pr is declared in SPDS as

pr (integer, integer,atom, atom) .

If some index dimensions are left without arguments, they take a default value from
their domain. If the number of paths in the DT of a UDD is n, k are the different
sdomain types in it and [, is the number of i-domains in the j-path, 1 <i <k, then the
number of required G"_tree dimensions to index a UDD is

k ey
i=1 Jrill,a),(n llj

We examine the insertion of the clause of the udd_ex. The first argument (atom)
corresponds to the third dimension, which has the same type. Likewise, the second
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argument corresponds to the first dimension and the last argument to the fourth. The
second dimension takes the default value that is not necessary to be stored in the CA
due to the existence of Pls. The clause is storedas *1,1,2 (atml,9,atm2)’.

The retrieval procedure is analogous to the insertion one, e.g., the goal

?- pr(a(e(X),f(s(8),1(atm3)))).
triggers a search for clauses with PI = 2,1,1 and data (_,8,atm3). When a query does
not have an explicit functor declaration, it is replaced with the set of goals that
corresponds to the paths of the DT, e.g., the query

?- pr(a(X,w(7))) .
is analyzed into the pr(a(d(Y),w(7)) and pr(a(e(Y),w(7)). The first
corresponds to clauses with P/ = 1,2 and data (_,7), whilst the second to clauses with
PI =22 and data (_,7). Answers that have the form X=d (atm4) or X=e(9).

Indexing the head of rules is achieved by inserting them into the G'_trees. In order
to do that, PerKMan relates the declaration of variables in rules head to the lower
values of their domains. For integer and real numbers, ‘lower’ means the minimum
value that the variable could have, e.g., for integer it is -2147483647. For atoms, the
‘lower’ is NULL. Lower values are reserved by the manager and cannot be regarded as
data. For example, to retrieve rules with head gp (X, Y) the index is searched for the
partition where the entry gp (NULL, -2147483647) belongs (X stands for atoms
and Y for integers). The clauses block of this partition is accessed and rules like the
gp(X,Y):-sp( ,X,Y),Y¥<10 are found where they exist. Rules in secondary
storage are interpreted after their retrieval; that is, no compilation is needed at run
time. Non-ground facts are treated as rules, e.g., the gp( ,20) is indexed as
gp (NULL, 20) . The lower values of cdomains are constructed from the lower values
of the sdomains that reside in the leaf nodes of their DT.

In each recursive step of a rule application, PerKMan retrieves the first block that
includes at least one matching clause. The first matching clause is used for the next
step. Backtracking uses the second matching clause from the buffer and so on until all
the matching clauses are exhausted. Then, a second matching block comes into main
memory. We do not support the presentation of answers according to the insertion
order of clauses in order to avoid additional cost.

3.3 Clauses Area

CA includes the clauses of all persistent predicates. Each block in it is composed of a
header, a Clause Allocation Table (CAT), the clause declarations and the free space.

The header includes control information, the amount of free space, the number of
clauses in the block (NBC) and one pointer that connects blocks in case of overflow.
A block may overflow when its clauses have their arguments that participate in the
index identical. This means that the block cannot be split. This may occur when the
index includes only attributes that do not identify its predicate, or there are many rules
with variables in the same indexing arguments. The size of a clause cannot be larger
than the size of its block. A CAT contains NBC+1 pointers. The first NBC pointers
indicate the beginning of clauses whereas the last one indicates the end of the last
clause. The use of CAT is necessary due to the variable length of clauses.
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4 Experimental Results

In this Section we provide experimental results on the performance of PerKMan and
compare them to the corresponding performance of ECL'PS".

ECLPS* is a Prolog-based system, whose aim is to provide a platform for
integrating various extensions of logic programming. One of these extensions is the
persistent storage of clauses through the DataBase (DB) and the Knowledge Base
(KB) module [3]. The BANG file [5], a variant of the BD-tree, is used in both
modules to index on the attributes that the user indicates. The DB module does not
manipulate rules and non-ground facts, and attributes of type term cannot be included
in the index. The KB module supports the persistent storage of any clause. The KB
version is less efficient than the DB version and the second should be preferred when
possible. None of the modules supports the coexistence of DB and KB relations.

The statistics of ECL'PS’ inform us about the size of the page buffer area for the
DB handling, the pages of the relations that are currently in buffers, the real I/O and
buffer access. This allows a comparison between the access efficiency of ECL'PS and
PerKMan, on the base of disk reads. We present experiments with four dimensions,
all included in the index and attribute size of 4 bytes. We used 8 Kbytes page size
because this is the default for the BANG file in ECL'PS. The data followed the
normal distribution with mean value 0 and variation 5%10°. We chose to present our
experiments with data following the normal distribution because as well as the fact
that this distribution is common in real world measurements, it approximates many
other distributions well. We used non-duplicate facts. Their range was [10°,2%10°] and
the step of increment 10°. Similar experiments with other distributions showed that
results depend very slightly upon the nature of the distribution from which the data is
drawn. Our implementation was made in C and the performance comparison on a
SUN Ultra 5/10 under SunOS 5.6.

Figure 4 shows the total insertion time in minutes versus the number of facts. We
repeated the insertion procedure three times in a dedicated machine. We present the
average insertion times. The insertion time of PerKMan is linear and becomes lower
than the one of ECL'PS’ in a volume of 2*10° facts.

Figure 5 shows the space requirements of the two systems in Mbytes compared
with the number of facts. We present the total storage space, as ECL'PS‘ does not
inform us about the storage space of index and data separately. As shown in this
figure, PerKMan needs much smaller storage space than ECL'PS‘ to organize its data.

The following results correspond to the average disk block accesses using 100
queries of the same type. The queries are taken uniformly from the insertion file. That
is, the constant values of a partial match query over a file of NC clauses were taken
from the places j*|_NC/ IOOJ, 1<j<100, of the insertion file.

Figure 6 shows that the two systems need the same number of disk accesses for
exact match queries. Figures 7, 8 and 9 concern partial match queries with one, two
and three variables, respectively. They show that the disk accesses required by
PerKMan are fewer than the ones required by ECL'PS’. For PerKMan there are two
curves that represent the number of accesses to find the first and all matching facts.
ECL'PS” statistics give us the same number of accesses for both cases. In some steps
of these figures we observe some decrements in the number of disk accesses, despite
the corresponding increment in the number of data. This is justified by the fact that
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queries were taken uniformly from the insertion file and, consequently, the queried
facts were not the same for all steps.

5 Summary

The increasing need for large knowledge bases and efficient handling of ad hoc
queries implies the adoption of effective data structures. We presented PerKMan, a
storage manager that may be connected to Prolog systems that offer an external C
language interface. PerKMan handles facts and rules uniformly and allows different
arguments of a predicate to share an index dimension in a novel manner. It indexes
compound terms efficiently and its data structures are not only independent of the
data distribution, but also adapts well to dynamic large volumes of clauses. From the
performance of PerKMan, we believe that it achieves its design motivation, which is
to handle efficiently large quantities of persistent knowledge.

Planned research work includes sophisticated methods that relate rules to data on a
scheme that is based on the distribution of query types.
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Abstract. We investigate transaction commit in Mobile Database Sy-
stems (MDS) and develop a commitment protocol based on “timeout”
approach. Timeout approach is universally used to reach a decision as a
last option in all message oriented systems. With this approach we have
minimized the use of wireless message cost in commiting transactions.

1 Introduction

Mobile Database Systems (MDS) offers a connectivity mode, which we refer to as
mobile connectivity. Two parameters define mobile connectivity, (a) geographical
(spatial) mobility of the processing node and (b) wireless channel for communi-
cation among nodes. Spatial mobility allows a processing unit (mobile unit, e.g.,
a laptop), to roam around in the space even when it is processing data or actively
communicating with other nodes. The wireless channel provides communication
capability, which is not subjected to spatial and temporal constraints. Due to
some practical limitations (hardware characteristics, channel capacity, etc.), the
extent of their freedom may be affected, however, they do not alter the definition
of mobile connectivity. Thus, The mobile connectivity between two nodes exists
if they are continuously connected through wireless channel, and can utilize the
channel without being subjected to spatial and temporal constraints.

2 Mobile Database System (MDS)

The architecture of our MDS is shown in Figure [[. We have added Database
Servers (DBS) to incorporate database processing capability without affecting
any aspect of the generic mobile network [I]. The entire platform is comparable
to a distributed multidatabase systems.

We make the following assumptions about the functionality of DBSs and
MUs: (a) A DBS is an independent data processing node on the wired network,
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grant number TRI-9979453.
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Fixed Host

ACel Wireless ink

Fig. 1. A general architecture of MDS

(b) A DBS provides full database services and it communicates with M Us only
through BS, (c) Transactions may originate at a DBS or they may come to DBS
from MUs through BSs, (d) Each MU caches some portion of the database and
has some database functionality, and (e¢) A MU can go into a doze mode anytime
during the execution of its transaction.

We present a commit protocol for MDS where (a) Transaction commitment
uses least number of messages, (b) Every processing unit (MU and DBS) has
more or less independent decision making capability, and (¢) The commit pro-
tocol is non blocking [3].

3 DMobile Transaction and System Components

In this section we first define a number of essential components and present
assumptions for developing our algorithms.

Definition 1. A Mobile Transaction T; = {e;1, €;2 ... e;n}, where each e;j is
an “execution fragment” [4]. Henceforth, we drop the second subscript of e;j and
add only when it is necessary.

Although e}s of T; are semantically related, each can commit independently
leading to the commit of the T;. It is also possible to “rectify” individual e}s if
T; could not be committed. We identify the following components of MDS: (a)
Home Mobile Unit (H-MU): A H-MU is the MU where T; originates or is
requested, (b) Home Cell: The cell where H-MU of T; initially registered, and
(c) Home Base Station (H-BS): A H-BS of a MU is the BS where the MU
initially registers.
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3.1 Transaction Processing Scenarios

In MDS (a) T; originates at H-MU and entirely completes its execution there. The
H-MU does not move during the execution of T;, (b) T; originates at H-MU and
entirely completes its execution there, (¢) a MU does not receive any transaction
which originates at a different MU or at a DBS, and (d) A T; originates at H-MU
and cannot be executed entirely at this node so it is sent to H-BS of the MU. If
necessary, H-BS fragments T;, identifies a set DBSs and sends e}s and to relevant
DBSs and possibly to H-MU for execution. At the end of the commit, the result
is sent to H-MU through H-BS to be delivered to the user who initiated T;.

We identify BS to serve as a coordinator. In Figure 2h BS1 is statically
identified as the coordinator and it remains the coordinator even if MU, which is
processing an e; moves to cell C2. In Figure[2b the role of coordinator is changed
from BS1 to BS2 when MU moved to C2.

Coordinator
BS2

Coordinator Coordinator

Fig. 2. Change of coordinator due to mobility

Definition 2. A commit set of a T; is a set of DBS and H-MU, which take part
in the processing and commit of T;. A DBS is identified as a static member and
the MU is a mobile member of a commit set.

When a MU moves to another cell, then during registration it informs the BS
(next possible coordinator) about its last coordinator and sends other relevant
information (Figure 2b).

3.2 Characteristics of Our Protocol

We have used the “timeout” approach in our protocol for declaring and accep-
ting a decision from a processing unit (BS and MU). A “timeout” is a duration
within which an operation is said or assumed to be completed. In distributed
database systems the use of timeout is necessary for developing “non-blocking”
transaction commit protocol [3]. It is well known that finding the most appro-
priate value of a timeout is not always easy but, we can safely assume that it
can be precisely defined if a large number of system characteristics are taken
into consideration [3].
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3.3 Types of Timeout

We define two types of timeout: (a) Ezecution Timeout (E:) and (b) Update
Shipping Timeout (St).

Ezecution timeout E;: A timeout value within which a node of a commit set
completes the execution of e;. It is an upper bound of the time a DBS or a MU
requires to execute e;. Thus, the coordinator assumes that a MU or a DBS will
finish its e; in E;. The value of E; may depend on the size of e; and the charac-
teristics of the processing unit. We identify MU timeout by Et(MU) and DBS
timeout by E¢(DBS). The relationship between these two timeouts is Et(MU) =
Et(DBS) + A. The A accounts for the characteristics such as poor in resources,
disconnected state, availability of wireless channel, etc. The value of a timeout
for a MU depends on its characteristics, thus, Et(MU;) may not be equal to
Et(MUj), (i /~j). It is possible that a MU may take less time than its E; to
commit its e;.

Shipping timeout Sy : Defines the upper bound of the data shipping time from MU
to DBS. In E}, the cached copy of the data is updated at the MU. To maintain
the global consistency all data updates done by an MU must be shipped and
installed at the database at DBS. Thus, at the end of E}; the coordinator expects
the updates to be shipped to the correct DBS and logged there within S;.

3.4 Transaction Roll-Back and Abort

If a MU fails to commit its e;, then it is rolled back. To remove the effect of
a committed e; from the local cache, we propose the concept of “rectifying”
transaction. Figure [3] illustrates the relationship among F;, S;, abort, and rec-
tification. After S; an MU can make data items available to other transactions.
This means that after S; an e; can only be rectified.

I ! v

|=Tj can be aborted in this range — —~— Tj must be rectified —=
I I |
i E-timeout (Ep ; S-timeout (S i
T T 1

Execution ——=—

Data available to othher ey

Fig. 3. Relationship between F; and S, abort, and rectification

4 TCOT: Transaction Commit on Timeout Protocol

We refer to our protocol as “TCOT” in this paper. Unlike 2PC or 3PC [3], TCOT
instead of sending enquiry or vote messages sits, tight and let things happen.
Thus every members waits for the timeout to expire and then takes necessary
action.
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A coordinator can decide not to commit a T; (a) before the expiration of
ct(MU), or (b) after the expiration of ct(MU), or (¢) after it has received updates
from all members of the commit set. In case (a) the coordinator will force a roll-
back (abort) of T;, but in case (b) and (c) it will force a rectification.

When T; arrives at H-MU, then it may or may not be processed at H-MU
entirely or partially in which case it will be into execution fragment. A T; can
be fragmented at the H-MU or at the H-BS. We investigate the performance of
both options. However, for explaining TCOT we assume that T; is fragmented
at H-BS.

We assume that there is no failure of any kind and list the necessary steps
of our protocol.

4.1 Steps of TCOT with No Handoff and No Failure

— T; arrives at H-MU. H-MU extracts its e; from T;, computes its E;, and
sends T; — e; to the coordinator along with F; of e;.

— The coordinator splits T; — e; into e;’s (i /4j) and assigns them to a sub-
set of DBSs. The assignment of e; and e;’s creates the commit set of T;.
The coordinator, then composes a message for each e;, which we refer to as
assignment and sends it to each member along with their fragment (Figure
).

— The coordinator sends assignments to all members of the commit set through
which each member knows its E, identity of other members of the commit
set, and the identity of the current coordinator.

e j| EXMU) or EXDBS) ‘Coordimofor D

Commit set

Fig. 4. Assignment from the coordinator to an MU

— The member of the commit set of T; begins processing their fragments.

— H-MU updates its cache copy of the database and executes its e; in Et(MU).
Similarly, DBSs processes its e;. A DBS does not ship updates to the coordi-
nator but sends a “commit message” at the end of Et(DBS). This does not
mean that T; is committed.

— The H-MU ships its updates to the coordinator within .S;. The coordinator
forwards the updates from H-MU to the right DBS, which are logged there.

— At the end of S;, H-MU makes data items available to other T7s.

— End of commit of T;.

4.2 Steps of TCOT with No Handoff and with Failure

In the above case we assumed no failure of any kind. Every member of the
commit set was free to execute and complete its e; within the assigned timeouts.
In the following scenario, we introduce failure of a fragment.
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— A T; arrives at H-MU. H-MU extracts its e; from T;, computes its F;, and

sends T; — e; to the coordinator along with £ — T of e;.

The coordinator splits T; —e; into e;’s and assigns them to a subset of DBSs.
The coordinator waits until Et(DBS) has expired. If a DBS cannot commit
its fragments for any reason, then it sends an abort message to the coordi-
nator within Et(DBS). As soon as the coordinator receives an abort message
from any DBS, it sends abort to all members of the commit set, except the
members who sent abort messages to the coordinator.

If a DBS successfully finishes its Et(DBS), then it sends a commit message
to the coordinator.

If the coordinator does not receive any abort message from any DBS, then
it waits until Sy of H-MU has expired. If the coordinator does not receive
the updates from H-MU by the end of S, then it aborts T; and sends abort
message to all members of the commit set. Some members have to undo their
e}s and some have to rectify their e;’s.

If the H-MU receives an abort message from the coordinator before the end
of Et(MU), then it aborts its e;. If it receives the abort message after Et(MU)
has expired, then it rectifies its e;.

If H-MU decides to abort its e; for some reason, then it sends an abort
message to the coordinator within Et(MU). If H-MU realizes that it cannot
process and commit its e; within Et(MU), then either (a) it sends an abort
message to the coordinator, or (b) increases its Et(MU) value and sends it
to the coordinator. The coordinator has two options: (a) accept the new
timeout for this MU and delay the declaration of commit of T}, or (b) abort
T;. Similarly, if a DBS decides that it cannot commit its e; in E¢(DBS), then
it also uses the above two options.

If the coordinator decides to abort, then it sends an abort message to the
commit set.

When the coordinator receives an abort message from any member of the
commit set, it notifies all other members about T;’s abort and every member
aborts their e;’s. Some MUs might have committed their e;s, in which case
they rectify.

If the coordinator has received updates from H-MU, then it declares commit
of Tz

4.3 Steps of TCOT with Handoff and Failure

‘We

do not repeat the common steps of other scenario. We begin from the point

where H-MU and other members of the commit set have their fragments. We
describe the case where coordinator changes dynamically.

H-MU migrates, say from cell C1 to cell C2. Suppose there is a change in
the coordinator. During the registration process H-MU sends to the new BS
the assignment it received from the initial coordinator. The new coordinator
learns the identity of the initial coordinator and about the commit set from
the assignment. The new coordinator informs all members of the commit
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set about the change in the coordinator. It prepares a new assignment and
sends it to all members of the commit set. ;From this point onward other
steps are identical to the failure case.

5 Proof of Correctness

We want to establish that a commit decision of a coordinator is “correct”, that
is, the decision to commit is unanimous. Let us assume that the coordinator
decides to commit T; when at least one member of the commit set is undecided.
This is possible only if the coordinator declares commit before the expiration of
either Sy or Et(DBS). This, however, will be the violation of the protocol, which
will not happen. Further, suppose that a member of the commit set failed and
could not recover before the S; expired or the commit message is not received by
the coordinator. In this situation the coordinator will not receive updates from
at least one member of the commit set and will abort 7.

Since our algorithm is based on timeout, it is not possible that at any stage
the coordinator will enter into an infinite wait. We, therefore, establish that a
commit decision is correct and the wait is bounded. O

6 Conclusion

We have used timeout approach to develop a transaction commit protocol for
MDS. In our approach instead of communicating with mobile units to know
their progress in processing transactions (as in 2PC), we set a timeout for the
completion of the assigned task. If a processing unit was unable to process its
fragment within the timeout, then it has an option of asking for more time or
abort the operation. This required only one message in committing a transaction.
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Abstract. Limited execution capability, weak connections with the fi-
xed network, frequent disconnections, and mobility dictate naturally an
optimistic mode for transaction execution at mobile hosts (MH): the rele-
vant computation is performed at MHs with cached data to provide quick
response to the user, but the execution is validated against concurrent
transactions and ACID properties maintained at the fixed network. Some
of the proposals in the literature to reduce the likelihood of invalidation
and thus increase the meaningfulness of computation at MH are: (i) If the
validation fails, the transaction could be re-executed and accepted even
when the results differ from the original ones but within certain limits;
(ii) Validation/re-execution idea can be extended to several intermediate
stages and the computation at MH adjusted with respect to changes in
the database state at the fixed network. In this paper, we strengthen
the computation at MH further by facilitating partial guarantee against
invalidation. This is accomplished by switching the computation to a
pessimistic mode. Varying degrees of pessimism are provided. They ba-
lance the guarantee against its effect on other transactions’ executions.

Keywords: Mobile computing, Transaction processing, Concurrency con-
trol, Re-execution, Pessimistic mode.

1 Introduction

The architecture of a general mobile database system [1J2[4]9] consists of a static
backbone network called the fized network, a wireless network, mobile hosts and
mobile support stations. A host that can move freely while retaining its network
connection through the wireless network is a mobile host (MH). A mobile support
station (MSS) is a host that is connected to the static network through wired
communication links, and augmented with a wireless interface for MHs to inter-
act with the static network. Each MSS’s wireless interface has a geographical
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coverage area called a logical cell. At any moment, an MH can only be in one
cell and directly communicate with only one MSS. Wireless networks are more
expensive, offer less bandwidth, and are less reliable than wired networks [9].
An MH may be connected to different networks, at different times, with vary-
ing degrees of bandwidth and reliability. The weakest connection, of course, is
disconnection. Disconnection here implies a voluntary disconnection and not a
failure.

Mobility, low bandwidth and frequent disconnections pose new problems in
the processing of transactions on the MHs. The model advocated in the literature
[8] is keeping the required data locally in a cache and executing the transactions
in MH, and delegating the task of committing the transactions to the MSS. If
the transaction aborts, then the cache can be updated and the transaction re-
executed in the MH. In this approach, we are moving the expensive part of the
transaction processing (for example, concurrency control) to the static portion
of the network, where communication is an order of magnitude cheaper. Then,
the primary purpose of transaction execution at the MHs is to minimize the
response time to users [§].

The above model suggests naturally an optimistic scheme of execution. Op-
timistic concurrency control [5] necessitates validation of the transaction steps,
that were executed at MH, at MSS with respect to the current data values and
other transactions validated thus far. If the cached values had not changed in the
fixed network, then validation will be successful. If the values did change, then
the transaction has to be aborted. For this case, Gray et al. [3] have proposed re-
execution of the transaction at MSS, instead of simply aborting the transaction.
The transactions (or steps) executed in the cached data in MHs are referred to
as tentative transactions, and they are re-executed on the MSS as base transac-
tions. As long as the results of the re-execution at MSS satisfy certain acceptance
criteria the execution is considered successful [3]. If the acceptance criteria are
not met, then the user is consulted for possible abort or reconciliation.

In [6], we proposed to extend the re-execution idea to various intermediate
stages of execution of a transaction at MH. At every stage (for example, at
reconnection points), all the steps which have been executed at MH thus far are
validated, and, if the validation fails, re-executed at MSS, and the results are
checked against the acceptance criteria. Thus the transaction execution at MH
is adjusted to the database state in the MSS. We also argued that validation
need not be done with respect to the entire read set of the transaction, but with
respect to only relevant data which may be a subset of the read set. This further
increases the possibility of successful validation. Despite frequent validations and
re-executions along the way, transactions could still be aborted when they come
for commitment. That is, the MH’s computation is not guaranteed to commit in
spite of frequent adjustments. If at some stage at least some guarantee can be
given, the utility of the computation at MH can be enhanced.

In this paper, we aim to provide such guarantee. It is obvious that providing
any guarantee involves some kind of ‘locking’ or pessimistic approach; and this
will restrict or delay other (conflicting) transactions’ executions. These effects are
significant in mobile environments since MHs (holding locks) may be disconnec-
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ted from the fixed network for long, unpredictable, durations. We accommodate
this problem in two ways: (i) varying degrees of pessimism are allowed and (ii)
a timeout period is associated with each pessimistic access. Several factors may
determine both the degree of pessimism and the duration of the timeouts. The
degrees of pessimism are those introduced in [I0]; here they are tailored to the
mobile environment. They reflect conflict-level integration of optimistic and pes-
simistic concurrency control. The timeout period is the estimated time interval
within which the transaction is expected to commit. If the commitment does not
occur (for example, the MH does not reconnect) within that period, then the
pessimistic access is switched to optimistic one.

We describe the features of the integrated concurrency control method in
section 2, and the new model for transaction execution in mobile environments
in section 3. Section 4 concludes the paper.

2 Integrated Concurrency Control Method

Two transactions are said to be conflicting if the write set of one intersects
with either the read set (RW-conflict), or the write set (WW-conflict) of the
other. The main concern of the concurrency control mechanism is to correctly
process conflicting transactions. The capability structure described below not
only achieves this but also provides the MH’s user with the flexibility of switching
the transaction execution between optimistic and pessimistic modes at any stage.

A transaction that wants to read (write) a data item must first obtain a
read (write) capability (permit to access) for that data item. The capabilities
may have priority or no_priority with respect to conflicts. Priorities provide pes-
simistic access to data items and no_priorities optimistic access. Therefore, we
have (i) two types of read capabilities, P_.RW and NP_RW indicating priority or
no_priority with respect to RW-conflicts, and (ii) four types of write capabilities,
(P.RW P.WW), (P.RW NP_.WW), (NP.RW P.WW), (NP_RW NP_WW), for
the two options for the two types of conflicts. Priority with respect to a conflict
facilitates automatic validation with respect to that conflict in the validation
phase. That is, a P_.RW read capability for data item z guarantees that at the
time of validation no other transaction would have modified the value of z. A
(P_.RW NP_WW) write capability for z implies guarantee and hence no wait-
ing against concurrent transactions reading x, but no guarantee and therefore
waiting until concurrent transactions writing x finish commitment (or abort).
A (NP_LRW P_WW) write capability for x implies waiting until all transactions
with P_RW read capability for z finish but no waiting against transactions writ-
ing 2. The (P_RW P_-WW) and (NP_RW NP_WW) write capabilities are to be
interpreted similarly.

The capabilities are granted according to the compatibility matrix given in
the Figure[. The conditional “Y’, ‘Y'!’, represents concurrent write capabilities
with priorities allowed by the application. The number of such capabilities may
be decided by MSS based on the maximum number of transactions holding the
writes on z, the user, or the time at which the request is made. When concurrent
write capabilities with priorities are not allowed, ‘Y’ is replaced by ‘N’. We note
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that an NP_RW read capability for x can be issued to T; irrespective of any other
transaction 7} holding any capability for z. That is, data item x can be allowed
access in both modes P_RW and NP_RW by different transactions at the same
time.

READS WRITES
P_RW NP_RW | P_RW NP_RW
PRW | NPRW | p ww | PWW | NP_WW| NP_WW
R | P-RW Y Y N Y N Y
E
A
D
S | NP_RW Y Y Y Y Y Y
P_RW | |
P_WW N Y Y Y Y Y
W | Np_RW L L
R Y Y Y Y Y Y
I P_WW
T
18‘3 P_RW
NP_WW N Y Y Y Y Y
NP_RW
NP_WW Y Y Y Y Y Y

Fig. 1. Compatibility Matrix

The transaction processing in an MH can be considered to consist of five (not
necessarily distinct) phases:

1. Request and acquisition of capabilities: A transaction must acquire the
respective read or write capabilities before performing the operations. If a
request for a capability cannot be granted right away, the respective optimistic
read and write capabilities are granted as default and the transaction allo-
wed to proceed in an optimistic fashion. The capabilities are acquired based
on the rules in the compatibility matrix. (We note from the compatibility
matrix that (i) the optimistic capabilities, read in NP_RW mode and write
in (NP_RW, NP_WW) mode, can always be granted, and (ii) whether a no-
noptimistic capability can be granted or not does not depend on optimistic
capabilities currently issued for the same data items to other transactions.)
Some of the capabilities may get revoked due to timeout periods or com-
mitment of other transactions. These capabilities are re-obtained and steps
re-executed.

2. Execution: Each MH is provided with a private workspace on the MSS.
All the MH’s tentative transaction writes are done first in this private work
space, and only after successful final validation they are done in the data-
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base itself. The private workspace also holds relevant information about the
transaction’s execution.

3. Final validation: The final validation is different from the intermediate
validations during the transaction execution in our model. Final validation
can be thought of as conversion of the capabilities into pessimistic capabili-
ties, that is, read (shared) and write (exclusive) locks. This is the “locking”
phase.

4. Write phase: Writes are transferred from the private workspace to the
database after successful final validation.

5. Release of capabilities: All the capabilities held by the transaction are
released simultaneously after the write phase or the abortion of the transac-
tion. This is the “unlocking” phase.

3 Transaction Execution Model

The transactions submitted by the user on the MH may be either interactive or
non-interactive. A non-interactive transaction is submitted as a single request
message by the user, whereas an interactive transaction is submitted as multiple
request messages or steps. Each step may consist of one single operation (e.g.,
read /write) or a group of operations. For simplicity of exposition, we assume
the submission of a single interactive transaction to the MH in the following.
We also assume, in this paper, that the MH remains in the same cell during the
execution of the transaction.

By default, the transactions are granted no_priority capabilities in MH. Spe-
cific pessimistic capabilities are requested during reconnection with MSS. The
MSS issues the capabilities to MH’s transactions based on the capability struc-
ture described above. Some capabilities may be granted right away. Some others
may be issued only in subsequent reconnections. Timeout periods are introduced
for capabilities with priorities to safeguard against the ‘number of disconnec-
tions’ and ‘periods of disconnections’. Once the timeout period expires, the MSS
can revoke the capability. Timeout periods could be based on the application,
the time at which the priorities are made, or some tariffs (user may be char-
ged according to the timeout period). The MSS keeps track of the data items
read (written), capabilities held, transaction steps executed so far, etc., both for
recovery purposes and management of capabilities while MH is disconnected.

The following is a brief description of the mobile transaction processing al-
gorithm. A more detailed version appears in [7].

The MSS maintains a workspace with the following information for each MH:
requested capabilities set, granted capabilities set, revoked capabilities set, base
steps, and affected steps (steps affected due to revoked capabilities). In addition
to this, the MSS also keeps the process image containing the current values of
the program counter, registers and variables of the program under execution.
The MSS also maintains, for each data item, the capabilities given to different
transactions.

In addition to the process image, the MH maintains the following information:
granted capabilities set, requested capabilities set, requested cache, capabilities
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not required by the transaction any longer (due to irrelevant data read), base
steps (executed so far by the transaction as well as in the current period of
disconnection), and deleted steps (due to irrelevant data read).

3.1 Disconnection

1. a)

b)

Just before disconnecting from the MSS, the MH caches the data requi-
red to execute transactions in disconnected mode. The granted capabi-
lities on data items for the transaction are maintained both on the MH
and the MSS.

While being disconnected, the MH

— executes the (tentative) steps of the transactions.

— stores the requested data items (along with capability requests) to
be cached at the time of next reconnection.

— creates the respective base steps with an acceptance criteria and
stores them.

— before every step, deletes any previous operations or steps which
become irrelevant. These are logged on the MH so as to revoke the
respective capabilities held by the transaction on the MSS.

— if the transaction is executed to completion in the disconnected
mode, records this fact.

When the MH disconnects from the MSS, the MSS stores the requested
capabilities set, granted capabilities set, base steps, and current process
image of the transaction in the workspace of the MH. The first three sets
will be empty at the beginning of a transaction.

While the MH remains disconnected, the MSS

— tries to obtain the read and write capabilities for the transaction
which were not granted at the time of last reconnection, indicated
by a non-empty requested capability set.

— keeps track of capabilities that were granted but later revoked in the
revoked capability set along with the affected steps.

3.2 Reconnection

1. When the MH connects to the MSS:

a)

The MH sends the requested capabilities set, requested data items, capa-
bilities and steps not required any more, new steps executed in the last di-
sconnection period, the process image, along with any input parameters
to the MSS and waits for the validation and, if necessary, re-execution
of the base steps on the MSS.

If the transaction execution can continue, then it accepts from the MSS
the process image after the transaction steps were re-executed on the
MSS, cache updates (correction of data items on cache), updated set
of granted capabilities for the transaction and new data to continue
execution of the transaction in disconnected mode.
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2. When the MSS is contacted by the MH:

a) The MSS accepts the requested capabilities set, requested data items,
capabilities and steps no longer needed by the transaction, base steps of
tentative steps executed so far, the process image, any input parameters
given by the user on the MH, and acceptance criteria, if any, and upda-
tes requested capabilities, revoked capabilities, granted capabilities, base
steps, affected steps accordingly.

b) The MSS checks the revoked capability set. If it is not empty, the affected
steps are re-executed and if the acceptance criteria are not satisfied then
it aborts the transaction or consults the user for possible reconciliation,
e.g., for new acceptance criteria. If the requested capabilities cannot be
granted in the reconnection period, the transaction is allowed default
(optimistic) read and write capabilities. If the revoked capability set is
empty or re-execution results are acceptable, the transaction execution
can continue. If the transaction execution is complete, then the final
validation is done.

3.3 Final Validation, Write Phase, and Release of Capabilities

Each transaction on completion of its execution must be validated. Here the
validation is different from the intermediate validations during the transaction
execution. The final validation can be thought of as conversion of capabilities
into ‘read’ (shared) and ‘write locks’ (exclusive locks).

We assume that the final validation phase, write phase and release of capa-
bilities are all done in the critical section. The validation procedure is as follows:

1. Validation of read capabilities for data item x involves the following:

a) if capability held is in P_.RW mode, validation is automatic.

b) if capability is in NP_RW mode, wait until no other transaction holds a
write in P_RW modes; while waiting, the capability may be revoked, as
stated below.

2. Validation of write capability for data item z involves the following:

a) if capability is in (P_RW P_WW) mode, validation is automatic.

b) if capability is in (P_RW NP_WW) mode, wait until no other transaction
holds a write capability on zin P_-WW mode.

c) if capability is in (NP_RW P_WW) mode, wait until no other transaction
has read capability on z in P_.RW mode.

d) if capability is in (NP_RW NP_WW) mode, wait until no other transac-
tion has read capability in P_RW mode or write capability in P_RW or
P_WW mode.

If all capabilities have been validated, that is, all ‘locks’ are obtained by T;: (i)
Do the write phase. That is, the values written by the transaction are transferred
from its private workspace to its database; (ii) Invalidate the NP_RW mode read
capabilities held by other transactions on the data items that were modified by
T;; (iii) Commit the transaction; and (iv) Release all the capabilities (locks).

The point at which all the locks are obtained is the ‘lock point’, and the lock
point order is the effective serialization order of transactions. This follows from
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the basic two phase locking protocol which ensures serializability. Deadlocks may
occur when transactions are waiting for priority capabilities or locks held by the
others to be released. We can use timeout mechanism to handle deadlocks also.
The timeout periods, for this purpose, can be either always fixed or based on
the number of data items accessed by the transaction, the number of capabilities
held by the transaction, etc.

4 Conclusion

In this paper, we have presented a flexible concurrency control scheme integrating
optimistic and pessimistic approaches to access the data items based on RW-
and WW-conflicts for mobile environments. Issues relating to providing (partial)
guarantees, like capability granting, revoking, timeout period management, etc.,
can be delegated completely to the MSS. The MH’s role could be restricted to
simply requesting “some” guarantees of the execution thus far. In fact, even this
task could be given to the MSS, keeping the capability mechanism completely
transparent from the MH. Thus, our proposal can be implemented with very
little overhead on the MH, adhering to the philosophy that the primary goal of
transaction execution at MH is to provide quick response to the user, and the
other aspects of transaction processing are to be done in the MSS.
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Abstract. Although the major source of semistructured data is WWW
and therefore the representation of data cannot be controlled by any
single site, in many cases the data are replicated and stored locally in a
database to support sophisticated query processing.

To date a number of approaches to store data in relations were proposed.
In this paper we present an analysis of alternative mapping schemes.

1 Introduction

In recent years there has been an increased interest in managing semistructured
data. One of most popular data models for semistructured data is OEM [1], that
is based on labeled directed graphs.

The XML is emerging as standard to exchange semistructured data. To re-
trieve data from semistructured sources a number of novel query languages for
semistructured data and XML were proposed [2].

There are several possible approaches to store semi-structured data and to
execute queries against them:

Special-purpose DBMS Such systems are particularly tailored to store and
retrieve semistructured data, using specially designed structures and indi-
ces [8I10] and particular query optimization techniques [0]7]. Examples are
Strudel, Lore [I].

OODBMS In this approach, the rich data modeling capabilities of object-
oriented database systems are exploited. Processing of SGML documents
using OODBMS was discussed in [3]. The conclusion was that this is feasi-
ble with some extensions to OO query languages.

RDBMS In this approach semistructured data are mapped into tables of a rela-
tional scheme and queries in a semistructured query language are translated
into SQL queries [14/4].

It is still unclear which way will find wide-spread acceptance. While special-
purpose approach will clearly work it is going to take a long time before such sy-
stems will mature. The downside of using semi-structured techniques is that this
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approach turns it back on 20 years work invested in relational and object-oriented
database technology. Therefore, usage of relational [14/6], object-oriented [3/13]
and object-relational [15] databases for storage of semistructured data recently
attracted attention.

In this work we focus on relational model. A number of methods to store
semistructured data in relations were discussed [4J6]14]. The crucial decision
here is to select relational scheme to represent semistructured data.

One approach is to use basic, universal mapping schemes of generic directed
labeled graph to relations [6]. Alternative is to use schemes which are tailored
for semistructured data instance. The scheme extraction as cost-optimization
problem was discussed in []. It is also possible to type semistructured data [16]
T1] and store objects of each type in separate table.

In the frame of this work we evaluate several techniques to store semistruc-
tured data in relations. We show that for some access patterns the approaches
based on scheme extraction are preferable than universal graph mappings. We
also compare several algorithms in terms of quality of extracted scheme.

Rest of the paper is organized as follows: we briefly review methods in the
next section and further discuss them in section [3; section ] contains results of
our experiments; we describe related works in section Bl and conclude.

2 Mapping Schemes

2.1 Universal Mapping Schemes

Universal mapping schemes are schemes which can be used to store generic
labeled directed graph, i. e. they are applicable to storage of any semistructured
data. We will consider only several representatives of universal schemes [6]:

Edge All data are stored in single table of triples (source, label, target) descri-
bing edges of the graph.

Attribute A separate table for each existing label is created. Table consists of
pairs of (source,target) form describing edges.

Wide According to this approach all data are represented by single table whose
columns correspond to all labels found in the graph. Conceptually, this table
corresponds to result of an outer join of all Attribute tables.

2.2 Extracted Schemes

Extracted schemes are schemes which are tailored for specific semistructured
data instance. Note, that such scheme may not cover all data. However, it is al-
ways lossless: parts of the semistructured data that do not fit the scheme are sto-
red in an “overflow” graph that is stored as table of triples (source, label, target)
describing graph edges. In this work we consider following approaches:

STORED The technique for generation of relational storage mappings given
semistructured data instance was proposed in [4]. Effectiveness of mapping
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is determined by several competing goals. These goals are modeled as cost-
optimization problem. Considered storage-cost function take into account
such parameters as number of tables, disk space, number of nulls, etc.

The problem of computing an optimal storage mapping is NP-hard in size
of data. Therefore, authors consider heuristics, starting from frequent tree
patterns in the data discovered by adopted version of WL’s data mining
algorithm [I6]. To reduce complexity only relatively often used paths are
considered during data mining step.

Jump An algorithm for deriving approximate type hierarchy from semistructu-
red data was proposed in [I1]. Proposed technique is based on the relative
importance of some attributes in a larger set that is measured by Jump
function. Given a set of labels S it is defined as follows

_ H{o: attributes(o) = S}|

Jump(S) = {o : attributes(o) 2 S}|

where attributes(o) is a set of labels on the outgoing edges at object o.
Datalog Approximate typing of semistructured data using Datalog was descri-
bed in [12]. Typing is in the form of a monadic datalog program with each
intensional predicate defining separate type.
The minimal perfect typing is performed using greatest fixpoint semantics
of monadic datalog programs. Adopted k-clustering algorithm is used to
collapse ’similar’ types. The clustering is based on weighted symmetric dif-
ference between the bodies of their rule definitions.

Note, that Jump and Datalog do not produce relational scheme explicitly.
Straightforward solution is to store objects of the same type in the same table.

3 Comparative Analysis

3.1 Comparison of Schema Generation Methods

Comparison (see table 3] for summary) is based on following criteria:

Support for Cycles This is essential for real-world data. Indeed, OEM graph
of many Web-documents is cyclic.

Support for Multiple Outgoing Edges with Same Label Multiple edges
with same label conceptually are represented by set-valued attributes which
are not directly supported by relational databases. Solution is either use
several attributes in relation or use nested relation.

Unnesting Objects with similar deep structure are unnested: only values of
their leaves need to be stored in relations.

Computational Complexity In this case complexity usually depends on size
of data n that might be very big.

STORED expects that cycles are cut in some arbitrary, but systematic way.
This is not only affects resulted scheme but also causes new untyped references
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Table 1. Methods comparison

Criteria STORED Jump Datalog
Cycles in the Data no yes yes
Multiple Outgoing Edges with Dame Label| both |nested tables|nested tables
Unnesting yes no no
Computational Complexity” o(c™) O(n?) O(n?)

to be introduced. Note that untyped references cannot be handled in relational
systems without proliferation of joins — for each possible reference type [14].

Usage of only nested relations for representation of multiple outgoing edges
with label seems to be not so serious limitation because usage of data clustering
techniques significantly decreases expenses of extra join.

3.2 Query Optimization

Access Patterns The performance of a data structures depends heavily on
access patterns used to process these data, and data representation is always
defined with certain access pattern types in mind. Of course, the access patterns
may depend on logical structure of dataset.

For any query the amount of extracted data is restricted in two ways: condi-
tions on attribute values, or selection predicates, or logical location of data, or
paths. For example, in SQL query the selection predicate is placed in WHERE
clause, while path is specified in FROM clause.

An important feature of query languages for semistructured data is that
complex path expressions may be included into any part of a query, specify-
ing navigation through the graph. The mapping of such path expressions to
any relational representation contains several join operations and therefore may
significantly slow down the evaluation of a query.

Completely different type of access pattern can be found for such data sets
as, for example, DBLP bibliography collection, which is used as a common test
data set for research in semistructured data. In this, relatively large dataset,
the graph representing data in semistructured model, is essentially a tree with
3 levels. A typical meaningful query should restrict the result, using predicates
on attribute values, rather than complex path expressions.

Obviously, the performance of any particular relational representation de-
pends on which of access patterns dominates in typical queries.

Universal vs Derived from Data Approaches In general, it should be
expected that any universal representation is less efficient than one based on
derived data structure. Further, we expect that Edge representation might be
more efficient than Wide representation for queries where navigation dominates.
We verify these hypotheses in our performance experiments.

Although other research reports Fdge representation as relatively efficient
(e.g. for bulk loads and reconstruction of the whole graph as a document) [6],
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Table 2. Dataset’s summary information

DBLP|DBLP-small|Shakespeare|CyclicDataset
Real-world yes yes yes no
Have cycles? no no no yes
Number of edges 1900k 90k 330k 30k
Maximum path length| 3 3 7 —

it cannot be efficient for more complex or more selective queries, because both
navigation and predicate checking require several joins of this table to itself to
be performed.

The Attribute approach was reported as best [6]. However we feel it may be
efficient for navigation but not conditions on attribute values. The reason is that
the while size of joined tables is significantly less than in Edge representation,
but the number of joins is the same.

The Wide approach seems especially suitable for selection based on attri-
bute values. The advantage of this representation is that attribute columns may
be indexed to ensure very efficient query evaluation by relational engine. The
disadvantages are large number of NULL values and huge size of the table.

Deriving scheme from the data allows to reduce the number of NULLs as
well as overall size of database. Most likely, the best results can be achieved if
both approaches are combined — regular parts of the data are stored accor-
ding to derived scheme and universal mapping is used for “overflow” (that is,
exceptions).

4 Experiments

4.1 Test Datasets

DBLP? This is the collection of XML-like files with bibliography data. Data is
quite irregular: some entries have multiple author’s. optional url’s, etc.
DBLP-small This is the subset of DBLP in which the numbers of conf’s and
journal’s entries were limited by 3000. These two kinds of entities are do-
minating in the DBLP dataset and this cause other kinds of entities to be
considered as random irregularity.

Shakespeare® This is the set of plays of Shakespeare marked up in XML. Note,
that it has deepest tree structure among considered datasets.

CyclicDataset This is synthetic dataset that has cycles in the data. Usage of
synthetic data is attractive for our purposes because we are able to measure
the effect of various perturbations of the data on the extracted scheme.

4.2 Scheme Quality

We measure scheme quality in terms of number of generated tables, coverage,
number of null values, overall size and scheme generation time. Results of ex-
periments for two datasets are summarized in the table 2. For other datasets



An Analysis of Alternative Methods for Storing Semistructured Data 359

Table 3. Experimental results for DBLP and DBLP-small

DBLP DBLP-small
STORED|Jump|Datalog|STORED [Jump |Datalog
Number of tables 4 18 40 7 12 25
Coverage 90% | 91% | 70% 90% 8% | 2%
Number of Nulls 70k 196k | 65k 10k 19,5k | 14k
Overall size (Mb) 67 72 69 3,2 3,5 3,4
Schema generation time| 24 h |8 min| 40 min | 90 min |2 min| 15 min

the situation is essentially the same with two notes: all methods perform worse
on CyclicDataset and scheme extraction with STORED for Shakespeare dataset
took more than 60 hours.

While STORED is specially designed to solve scheme generation problem
(unlike both other approaches) it has a number of weak sides. One of the most
important is very high complexity of data-mining steps that forces exclusion of
rarely used paths from the consideration. While this probably does not reduce
coverage too much it does not look like a best idea. For example, for DBLP
dataset this implies that only information about conf and journal entities will
be stored in typed tables and other information will be in “overflow”. However
this information actually consists of fairly regular subsets, such as books, and is
preserved by both other approaches.

Quality of results Datalog approach was not as good as we expected but this
seems crucially depend on distance function used on the clustering stage.

It’s interesting what simple Jump approach shows results comparable to re-
sults of much more sophisticated (and computationally expensive) STORED
technique. However, we do not feel that this is absolutely best approach to use
because it did not perform well in some cases.

4.3 Query Performance

The experiments with relational database engine included several steps. Most of
these steps were measured for two datasets: DBLP and DBLP-small.

For each dataset, both Edge and Wide representations were created in the
database. In addition, some of derived representations were created as projections
of universal representations. Two sets of queries, parametrized with values in
selection predicates, were used: simple queries, such as “list table of contents for
particular journal issue”, and more complex queries involving several joins. All
queries return small amount of data (up to few hundreds of rows).

The first measured step was bulk load of data into database. The typical
results are shown in the table 3l To improve performance, indices were always
built after initial bulk load as a separate step. The time of full scan on these
tables ranges from sub-second time for small dataset to 14 and 24 seconds for
different representations of the full collection.
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Table 4. Typical results of bulkloading experiments

Dataset Mapping Scheme|Dataset size (Mb)|Load time|Table size (Mb)
DBLP-small Edge 2.79 44 sec 5.8
DBLP Edge 60.8 25 min 106
DBLP-small Wide 4.51 77 sec 9.7
DBLP Wide 110.3 39 min 181

Table 5. Typical query performance for DBLP dataset

Query Wide Edge | Attribute| Derived
Simple 1.4-29 |5.2 -19.8|2.7 - 10.1] 0.5 - 1.1
Complex|15.9 — 27.3|5.7 — 23.6]4.1 — 16.8/10.3 — 21.8

The time needed for query evaluation varied dramatically depending on phy-
sical structure (indices and clustering of tables). Without additional tuning of
physical structure, even simple queries took unacceptably long time for any of
representations (see table B3)). If indices for all columns are built, the Wide
representation clearly outperforms Fdge representation.

For complex queries, the performance is slightly better for Fdge representa-
tions, due to smaller size of tables. The Attribute and Derived representations
are better than Fdge and Wide, respectively.

5 Related Work

Usage of several universal mapping schemes of XML data to relational databases
was studied in [6]. Performance experiments analyzed the space requirements, the
bulkloading times, the running time to reconstruct XML document, the running
times of series of queries and update functions for each mapping scheme. Results
show that an Edge approach is the best overall approach. Our work consider a
more sophisticated scheme mappings which are derived from the data.

Virtues and limitation of relational model for processing queries over XML
dataset conforming to a scheme were studied in [14]. Results show that it is
possible to handle most of queries on XML documents using RDBMS, barring
certain type of complex recursion. Authors suggest some extension to relational
systems that will improve efficiency of handling XML queries. However, they
assumed that all documents conform to some scheme (in form of DTD). Unlike
them we consider the situation when nothing about the data is known a-priori.

The problems of dynamic exporting XML data from relational databases are
addressed in [5]. Proposed approach is to use virtual XML views on relational
data and to automatically rewrite queries on XML data into relational queries.
This work is related because they consider evaluation of semistructured queries
over relational database. However it is quite different from the focus of our work
because it considers relational data with predefined scheme.
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6 Conclusion

In this paper we analyzed and compared several different approaches of storing
semistructured data in relational database.

The comparison of structure extraction methods shows that sophisticated
and time-consuming methods often cannot produce much better structure that
more straightforward ones.

Further, the performance of actual representation depends on the contents
of data and access patterns. There is no representation which outperforms other
for all datasets and/or all access patterns.

For relatively small datasets with path-oriented access, an Edge representa-
tions are probably best, but for large collections and queries with low selectivity
more traditional representation based on derived types provide best performance.
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Abstract. In this paper, we describe main-memory management and
the most important buffers in the Vagabond server, a transaction-time
temporal object database system currently under development at the
Norwegian University of Science and Technology. Special emphasis is
given to fine granularity buffering of OID index entries and objects.

1 Introduction

In a transaction-time temporal object database system (TODB), every object
update creates a new object version that has to be stored. In an object database
system (ODB), an object is uniquely identified by a logical object identifier
(OID), and an OID index (OIDX) is used to map from the OID to the physical
location of an object. The entries in the OIDX, the object descriptors (OD)s,
contain administrative information, including information to do the mapping
from logical OID to physical address. In a TODB, we use one OD for each
object version, and the OD also contains the timestamp of the transaction that
created the particular version.

An important difference between OIDX management in non-temporal and
temporal ODBs, is that with only one version of an object (non-temporal), the
OIDX needs only to be updated when an object is created. This can be done
efficiently as an efficient append-only operation if a multiway tree index is used.
However, in a TODB the OIDX has to be updated every time an object is
updated: an object update creates a new object version, without deleting the
previous version, and a new OD for the new object version has to be inserted into
the OIDX. In order to reduce disk I/0O, the most recently used index pages are
kept in an index page buffer. OIDX pages will in general have low locality, and in
order to increase the probability of finding a certain OD needed for a mapping
from OID to physical address, it is also possible to keep the most recently used
index entries (the ODs) in a separate OD cache, as is done in the Shore ODB [2].
With low locality on index pages, a separate OD cache utilizes memory better,
space is not wasted on large pages where only small parts of them will be used.
In non-temporal ODBs, an OD cache is only useful as a read buffer, because the
OIDX update cost is low anyway (it is updated append-only). In a TODB, on

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 362-[370}, 2000.
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the other hand, individual entries are to be inserted into the OIDX. In order to
make it possible to do the installation of ODs into the OIDX asynchronously, we
also store these new ODs in the OD cache. At commit time, the new ODs are
written to the log, and are inserted lazily into the OIDX later. By doing it this
way, we increase the probability of having more than one entry for each index
page that is updated. This significantly reduces the OIDX update cost.

In this paper, we describe the main memory buffers to be used in Vag-
abond [4], a TODB currently under development at the Norwegian University of
Science and Technology. Special emphasis is given to the OD cache, small object
buffer, and the OIDX page buffers. The organization of the rest of the paper is
as follows. In Sect.[2 we give an overview of related work. In Sect. B] we give an
overview of Vagabond. In Sect. [, Bl and[6] we describe the OD cache, the small
object buffer, OIDX and subobject index buffers. Finally, in Sect.[d, we conclude
the paper.

2 Related Work

In the area of transaction-time temporal object database systems, we are only
aware of one prototype, the POST/C++ temporal object store [], which is
based on the Texas persistent store. In POST/C++, objects are indexed with
physical OIDs (addresses in a persistent memory space), and a new object is
created to hold the previous version when an object is updated. To be able to
access the historical versions, a separate B+-tree based history index is used.
This index uses the OID of the current version object, concatenated with time,
as the index key. There is no object buffering, and no index entry buffering.
There have also been prototypes implemented on top of non-temporal ODBs,
for example by Steiner and Norrie [6] which implemented a temporal ODB on
top of Os.

3 An Overview of Vagabond

In this section we provide a brief overview of the most important aspects of
Vagabond in order to set the work reported in this paper into context. For more
comprehensive overview and references, we refer to [4].

Server Architecture. A Vagabond server is an object server, and objects are
the unit of transfer between the server and the clients. Vagabond is based on a
peer-to-peer server architecture, similar to the Shore project [I]. All application
programs (AP) in the system are connected to one server running. This server
is the gateway to the database system, including remote servers.

Object Storage. Object storage in Vagabond is based on the log-only ap-
proach, in contrast to most current database systems where data is updated
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Fig. 1. Important memory buffers.

in-place (cf. the paper Design issues in transaction-time temporal object data-
base system in this proceedings for more details about log-only storage).

In Vagabond, all objects smaller than a certain threshold , e.g. 64 KB, are
written as one contiguous object. They are not segmented into pages as is done
in other systems. However, objects larger than this threshold are segmented into
subobjects, and a large object index is maintained for each large object. When a
large object is updated, only the modified subobjects have to be written. The
subobject threshold and the subobject size can be set independently for different
object classes. This is useful because different object classes can have different
object retrieval characteristics. To reduce the storage space and disk bandwidth,
objects can be compressed before they are written. With the log-only approach,
objects are written to a new location every time, so that we only use as much
disk space as the size of the current version written.

Main Memory Buffers. We will in the following sections describe the most im-
portant main memory buffers in Vagabond, as illustrated in Fig.[Ik 1) OD cache,
2) small object buffer, and 3) large granularity buffers (for subobjects, OIDX-,
and subobject index pages).

4 Object Descriptor Cache

As described previously, an OD cache is used to reduce the OIDX access costs,
and reduces lookup costs as well as index update costs. ODs retrieved from
lookups in the OIDX are inserted into the OD cache when retrieved, and new
ODs resulting from object updates are inserted into the OD cache. However,
new ODs from new objects are not initially inserted into the OD cache, they are
written directly to the OIDX.

Designing an efficient OD cache is not straightforward. The requirements
and functionality of the OD cache require a careful design. The entries in the
OD cache are of a fine granularity, which means that additional overhead data
can have a larger impact on performance than it would have in a page buffer,
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where the additional overhead usually is very small compared to the buffered
items themselves. We will now describe operations the OD cache has to support,
study some aspects of the writeback of ODs to the OIDX, and then describe the
architecture of the OD cache.

OD Cache Operations. The OD cache has to support the following operati-
ons:

— lookup_current (0ID) Returns the OD of the current version of the object
if the OD is in the OD cache.

— lookup_most_recent (0ID) Returns the most recent OD that is resident in
the OD cache.

— lookup_at (0ID,TIME) Returns the OD of the object version valid at TIME
if the OD is in the OD cache.

— lookup_start (0ID,TIME) Returns the OD of the object version that has
start time (commit time) TIME if the OD is in the OD cache.

— lookup_end (0ID,TIME) Returns the OD of the object version that has an
end time TIME if the OD is in the OD cache. The end time is equal to the
start time of the next version of the object (or delete item if this was the
last version before the object was deleted).

— insert(0D) Inserts OD into the OD cache. If this is a new current version
of an object, set the end timestamp of the current version of the object if
resident in the OD cache.

— remove (0D) Removes an OD from the OD cache.

In order to iterate through versions of an object, lookup_at () and subsequent
lookup_start () operations can be used.

OD Cache-to-OIDX Writeback. Because of the size of each item in the
OD cache, it is very important that when dirty@ ODs are to be written back to
the OIDX, this can be done in batch. In order to reduce the number of index
pages that has to be read (installation read of OIDX pages) and written, dirty
ODs are sorted so that ODs that belong to the same OIDX pages can be installed
into the OIDX pages at the same time. In most cases, disk seek time will also
be reduced by updating the OIDX from the list of sorted ODs. This is similar to
general use of an elevator algorithm when writing back pages from a page buffer.

A complicating factor for the OD cache, is the potentially large number of
entries that has to be sorted. This can be time consuming. To have a sorted list
of ODs, two approaches can be used:

1. When all dirty ODs from the last dirty list have been written back to the
OIDX, a new list is generated by creating an array with pointers to all

! Note that dirty in this context means dirty with respect to the OIDX, i.e., new or a
modified ODs that have not yet been inserted into the OIDX. Persistent copies of
the ODs have already been written together with the objects to the log.
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dirty ODs. This array is sorted, based on the OIDs, and then the ODs are
asynchronously written back. The advantage with this approach, is that the
extra space overhead is minimal. However, this approach has two important
drawbacks:

a) ODs created after the array has been created and sorted, will have to
wait until the next checkpoint interval, even if they belong to one of the
OIDX pages that is retrieved and written when the array is processed.

b) The sorting of ODs can take several seconds of CPU time.

2. A dirty OD index with ordered elements, for example a binary tree, can be
used. When a new OD is created, a pointer to the new OD is inserted into the
index. During each checkpoint interval, the index is processed at least once.
Because new entries are inserted immediately, we avoid the problem with the
previous approach, where only ODs created during the previous checkpoint
interval were available for the OD cache-to-OIDX writeback process. The
disadvantage of this approach is a higher space overhead. For example, using
a binary tree, two pointers are needed for each dirty OD. Note that a general
priority queue is not sufficient for this index. The reason is that at some
point in time, we have to be guaranteed that all entries inserted before a
certain time (in this case, before the previous checkpoint interval), have
been processed (in this case, before we can finish a new checkpoint).

We expect the space overhead of the dirty entry index to be compensated by
increased writeback efficiency, and choose the dirty entry index approach.

OD Cache Architecture. It is possible to store all ODs, dirty as well as clean,
in the index tree, and use the index tree as the access path for OD cache lookups
as well. However, if that approach was used, we would have to scan through the
whole index tree during each checkpoint interval. If most of the entries are clean,
many CPU cycles will on average be needed in order to find the dirty ODs.
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A better approach is to use one lookup index for all ODs in the OD cache,
in addition to the dirty OD index. The lookup index is optimized for accesses
to the OD of the most recent version of an object. The dirty entries are also
indexed by this index, which means they are represented in both the dirty entry
index and the lookup index. The reason for this is that without this redundancy,
we would in many cases have to search both indexes when doing a lookup for a
recent OD.

OD Cache Lookup Index. To understand the design of the OD cache index,
it is important to remember that each update of an object creates a new OD. For
each object, there will be one OD for each version, and more than one of these
ODs can be in the OD cache at the same time. This means that even though the
most frequent lookup operation is to retrieve the most recent OD of an object,
it must be possible to store the other ODs in the OD cache as well, and it must
be possible to retrieve these in an efficient way.

The index is based on a chained overflow hash table. The bucket to put an
OD into, is chosen based on hashing the OID of the OD. In this way, all ODs of
the same object (same OID) will be in the same bucket. The ODs of an object is
inserted into a version tree, for example a binary tree, where time is used as the
key. ODs with different OIDs can be hashed to the same bucket, and for each
OID we have a separate version tree. The version trees are chained in a linear
list. With an appropriate size of the hash table, the number of OIDs hashed to
the same bucket should be low.

The architecture of the OD cache lookup index is illustrated in Fig.[2l Each
entry in the hash table is a pointer to a list with pointers to the version trees.
As can be observed, it would be possible to include the pointer to the next
binary tree in the root of each version tree. In this way, we would avoid one
pointer dereference. However, this is not done, because it could make some tree
operations more complicated.

When choosing an appropriate version tree, the most important goals to
achieve are 1) low insert cost, especially of a new current version OD, and 2)
low lookup cost for the current version OD, which will be the most frequent
operation. An ordinary binary tree is one possible solution. However, a problem
with storing the ODs in a binary tree, is that if entries to be inserted into the
tree have monotonically increasing key values, the result will be a linked list.
Unfortunately, this is exactly the case when the inserts into the OD cache is
ODs of new versions: The key value TIME is constantly increasing. One solution
to this problem is to use a balanced tree, for example a splay-tree or a 2-3-tree.
However, this increases the insert and space cost (it is possible to implement the
splay tree with the same space cost as a binary tree, but this increases the access
cost), and it is not certain that this approach will reduce the average access cost.
Based on the knowledge of insert pattern and average number of versions, other
heuristics can perform better, for example:

— When a new current version OD is inserted, its node is made the new root
of the tree, and the current version of the tree is made the left subtree of
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this node. Non-current ODs are inserted into the tree following the binary
tree insert algorithm. With this approach, search for the current version has
a low cost.

— Another option is to keep a counter ¢ which is increased for every insert of
a new OD into the tree, and decreased for every delete from the tree (but
always non-negative, i.e., if ¢ is zero and we have a deletion, ¢ will remain
zero). If ¢ reaches a certain threshold, the tree is reorganized and c is set to
zero. Although a reorganizing approach in general is a bad idea, with higher
cost than using a balanced tree, it can perform well in the OD cache if we
assume that only a very few of the version trees have an insert rate that is
high enough to result in reorganizations. The space overhead is low for this
approach, as we only need an additional counter for each version tree.

— On average, it is even possible that a list could perform well. The problem
with this approach, is the high worst case cost

OD Cache Replacement. The OD cache will only have empty slots during
startup, before enough objects have been accessed to fill up the OD cache. After
the cache has filled up, one of the ODs resident in the OD cache has to be
discarded before a new OD can be inserted. Only non-dirty ODs (with respect
to the OIDX) can be discarded, and the clock algorithm is used as an LRU
approximation to decide which of the candidate ODs should be discarded. The
number of dirty ODs in the OD cache should be kept relatively low, to reduce
the cost when searching for a candidate OD for replacement.

5 Small Object Buffer

In Vagabond, small objects are stored and retrieved as separate entities, and an
object buffer is the only reasonable choice Large objects have to be treated
differently, because some of the subobject index pages and the subobjects of
an object version might also be a part of other object versions. In this section
aspects of the small object buffer are described, and in the next section buffering
of large object subobject index pages and subobjects are described.

Modified Object Chain. For each active transaction, there is a modified object
chain. This list contains the objects that have not yet been written to disk, but
must be written before an commit operation can finish.

2 Rastogi et al. used a linear list for versions of data items in the Dalf main memory
storage manager [5]. However, in Dali, versioning is only used to support transient
versioning, and not to provide support for temporal data. Hence, the length of a
version list will usually be short.

3 In a temporal ODB using in-place updating for current object versions, a dual buffer
consisting of a combined object and page buffer can be used. In that case, the object
buffer part can be implemented like the small object buffer described here.
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Small Object Buffer Architecture. For the objects in the small object buffer,
a clock algorithm is used as an LRU approximation. The resident small object
table (RSOT) is used to store administrative information on objects currently
resident in the small object buffer. The access to the RSOT is through an index
structure similar to the one used for lookups in the OD cache.

Although the information stored in the RSOT alternatively could be stored
together with the ODs in the OD cache, the number of objects resident in me-
mory is in general much smaller than the number of entries in the OD cache,
making that approach less space efficient.

When an object is read into the buffer, its OD is removed from the OD cache,
and reinserted into the OD cache when the object is discarded from the object
buffer. Although this at first glance might seem to be inefficient, it simplifies
the OD cache management considerably, and also has the benefit of removing
interaction and synchronization between the OD cache and the small object
buffer.

When a small object is retrieved, the memory location and the size of the
object is inserted into the RSOT, together with the memory location and the
size of the object. The reason for storing the object size in the RSOT entry, is
that the object size in the OD is the size of the object while on disk. On disk the
object might be compressed, and thus have a size different from the size when
in main memory. Using the physical location field in the OD to store the main
memory location of the object could be done to save space, but if that was done,
we would have a problem when the object was discarded from the buffer. We
would then have lost the log address, and the OD would have to be discarded as
well. That would make it necessary to do a costly OIDX lookup the next time
the object was to be accessed.

Note that when an object is updated, a new OD is created for the object. If
both versions are to be stored in main memory, a new RSOT entry has to be
created for the new version.

6 Large Granularity Buffers

The most frequently used subobjects and OIDX and subobject index pages, are
buffered in the large granularity buffers. In Fig. [Il, separate buffers are used for
each of the categories, but it is possible to use a common buffer if desired. The
large granularity buffers are similar to traditional disk page buffers, where an
item is retrieved from disk to the buffer on demand.

7 Conclusions

In this paper, we have described the design of the main memory buffers to be
used in Vagabond, and described in detail the management of fine granularity
buffer items like OID index entries and small objects.

In order to make it easier for the system to adaptively change the size of
the buffers with different access patterns and workload, we have also developed
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buffer models that can be used to decide the buffer sizes adaptively. Due to space
constraints, we have not been able to include the model in this paper. However,
the model and the validations are included in an extended version of this paper,
available on the Web [3].

References

1.

2.

M. J. Carey et al. Shoring up persistent applications. In Proceedings of the 1994
ACM SIGMOD Conference, 1994.

M. L. McAuliffe. Storage Management Methods for Object Database Systems. PhD
thesis, University of Wisconsin-Madison, 1997.

K. Ngrvag. Main-Memory Management in Temporal Object Database Systems,.
Extended version of paper from 2000 ADBIS-DASFAA, 2000. Available from
http://www.idi.ntnu.no/IDT /grupper/DB-grp/tech_papers/.

K. Ngrvag. The Vagabond parallel temporal object-oriented database system: Ver-
satile support for future applications. In Proceedings of Norsk Informatikkonferanse
1999, Trondheim, Norway, November 1999.

R. Rastogi, S. Seshadri, P. Bohannon, D. Leinbaugh, A. Silberschatz, and S. Su-
darshan. Logical and physical versioning in main memory databases. In Proceedings
of the 23rd VLDB Conference, 1997.

A. Steiner and M. C. Norrie. Implementing temporal databases in object-oriented
systems. In Proceedings of the 5th International Conference on Database Systems
for Advanced Applications (DASFAA’97), 1997.

T. Suzuki and H. Kitagawa. Development and performance analysis of a temporal
persistent object store POST/C++. In Proceedings of the 7th Australasian Database
Conference, 1996.



Design Issues in Transaction-Time Temporal Object
Database Systems

Kjetil Ngrvag

Department of Computer and Information Science
Norwegian University of Science and Technology
7491 Trondheim, Norway
noervaag@idi.ntnu.no

Abstract. In atransaction-time temporal object database system (ODB) an object
update creates a new object version, but the old versions are still accessible. Each
object version has an associated timestamp, and this versioning, related to time,
is supported and maintained by the system. The system also provides support for
querying the temporal data. The area of temporal ODBs is still immature, and
there are many design issues that need to be solved. In this paper, we discuss some
issues and possible solutions derived from the design of the Vagabond temporal
ODB. This includes physical object storage, clustering of temporal objects, OID
indexing, and language bindings in a temporal ODB.

1 Introduction

In a transaction-time temporal object database system (ODB), every object is associated
with time, and an object can exist in several versions, each version being valid in a
certain time interval. Every update creates a new object version. The new version is
called the current version, while the previous versions are called historical versions.
This versioning, related to time, is supported and maintained by the system. The system
also provides support for querying the temporal data.

In a non-temporal ODB, space is allocated for an object when the object is created,
and updates to the objects are done in-place. This implies that after an object update, the
previous version of the object is not available. In an ODB, an object is uniquely identified
by a logical object identifier (OID), and an OID index (OIDX) is used to map from the
OID to the physical location of an object (Some systems use a physical OID, which
means that the disk page of the object is given directly from the OID. However, in a
temporal ODB, logical OIDs is the only reasonable alternative, because of objects being
moved.) The entries in the OIDX, the object descriptors (ODs), contain administrative
information, including information to do the mapping from logical OID to physical
address. In a non-temporal ODB, the physical location of the new version is the same
as the previous version, hence, the OIDX needs only to be updated when objects are
created and when they are deleted. In a temporal ODB on the other hand, we have to
either 1) write the new current version to a new location, or 2) copy the previous version
to a new location before we update the current version in-place. In any case, we have to
update the OIDX every time we update an object, and we use one OD for each object
version.

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 371-378 2000.
(© Springer-Verlag Berlin Heidelberg 2000
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The area of temporal ODBs is still immature, and most of the work has been done
on data models and query languages. However, designing and implementing a system
is something completely different, and introduces new problems that have to be solved.
In this paper, we discuss problems and possible solutions derived from the design of
Vagabond, a temporal ODB currently under development at the Norwegian University
of Science and Technology.

The organization of the rest of the paper is as follows. In Sect.[2 we give an overview
of related work. In Sect.[J we discuss object management issues, including object storage
alternatives, OID indexing and temporal clustering and access patterns. In Sect. ] we
discuss issues related to object access and queries, including programming language
bindings. In Sect.[3] we conclude the paper and outline issues for further research.

2 Related Work

Even though temporal databases have a long history, few full scale systems have been
implemented. Common for most of these, is that they have only been tested on small
amounts of data, which make the scalability of the systems questionable. In most of the
application areas where temporal database systems are needed, scalability is an important
issue, as the amount of data will be large. In the area of temporal object database systems,
we are only aware of one prototype, the POST/C++ temporal object store [9], based on
the Texas persistent store (see below). There have also been prototypes implemented on
top of non-temporal ODBs, for example by Steiner and Norrie [8], which implemented
a temporal ODB on top of O,.

Vagabond is based on the same approach as log-structured file systems (LFS), which
was introduced by Rosenblum and Ousterhout [6]. LFS has been used as the basis for two
other object managers: the Texas persistent store [7]], and as a part of the Grasshopper
operating system[3]. Both object stores are page based, i.e., when an object has been
modified, the whole page it resides on has to be written back, while Vagabond is object
based.

3 Object Management Issues

In this section, we consider the physical management of objects, clustering aspects, and
OID indexing.

3.1 Object Storage

A temporal database system can be implemented either through a stratum or an integrated
approach. With the stratum approach, the database system is built on top of a non-
temporal database system, and a layer converts temporal query language statements
into conventional statements that are executed by the underlying system. Although this
approach makes the introduction of temporal support into existing database systems
easier, we do not see it as a long-term solution, because temporal query execution with
this approach can be very costly.
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Fig. 1. In-place update page server vs. log-only object database system.

Using an integrated approach, there are several way to organize the storage of objects.
We will now discuss two interesting alternatives, the partitioned storage approach using
in-place updating, and the log-only approach.

Partitioned Storage. Storage of data in a temporal database system is not very different
from storage of data in a traditional database system. However, because current data tend
to be more frequently accessed than historical data, the database is often partitioned into
a current store and a history store. The two stores can utilize different storage formats,
and even reside on different storage media [[I]]. In this way, frequently accessed data is
clustered together, stored on fast storage media, while historical versions can be stored
on slower but cheaper storage media. In this way, the total storage cost is reduced, similar
to the goal of general storage hierarchies.

One way to implement partitioned storage in a temporal ODB, is to store current
version objects clustered together (similar to a non-temporal ODB), and write historical
versions sequentially to an historical object store (for example a separate file). When
an object is updated, the previous current version is copied to the history store before
the new current version is update in-place. In order to be able to access the historical
versions, a separate history index can be used. This index can be as simple as a B+-tree
using the OID of the current version object, concatenated with time, as the index key.
The leaf node entry is the OID of the current version of the object, the time interval
where this version was valid, and the OID of the historical version. The location of the
historical version is given through the OID in the leaf node. A variant of this approach
has been used in the POST/C++ temporal object store [9].

Log-Only Storage. In most current database systems, data is updated in-place. In order
to support recovery and increase performance, write ahead logging is used. This logging
defers the in-place update, but sooner or later, the update has to be done. This often results
in the writing of lots of small objects, creating a write bottleneck. To avoid this, another
approach is to eliminate the database completely, and use a log-only approach, based on
the same philosophy as log-structured file systems, which was introduced by Rosenblum
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and Ousterhout [6]]. The log is written contiguously to the disk, in a no-overwrite way, in
large blocks. This is done by writing many objects and index entries, possibly from many
transactions, in one write operation. This gives good write performance, but possibly
at the expense of read performance. Fig. [Tl illustrates the most important differences
between a traditional ODB, and a log-only ODB.

Using the log-only approach also gives new opportunities to improve performance.
In order to reduce storage space and disk bandwidth, objects can be compressed before
they are written. With the log-only approach, objects are written to a new location every
time, so that we only use as much disk space as the size of the current version written. In
a system employing in-place updating, it is difficult to benefit from object compression,
because the compression ratio will be different from version to version, and it is difficult
to know how much space to reserve. Another important advantage with the log-only
approach is fast crash recovery. Only one pass through the log is necessary. This is very
important in order to achieve high availability.

Logically, the log in a log-only system is an infinite length resource, but the physical
disk size is, of course, not infinite. This problem is solved by dividing the disk into large,
equal sized, physical segments. When one segment is full, writing is continued in the
next available segment. As data is vacuumed, deleted or migrated to tertiary storage,
old segments can be reused. Dead data, in a temporal ODB most often old index nodes,
will leave behind partially filled segments, the data in these near empty segments can be
collected and moved to a new segment. This process, which is called cleaning, makes
the old segments available for reuse. By combining cleaning with reclustering, we can
get well clustered segments. In a traditional system using in-place updating, keeping old
versions of objects, which is required in a transaction time temporal database system,
usually means that the previous version has to be copied to a new place before update.
This doubles the write cost. With the log-only approach, this is not necessary. Keeping
old versions comes for free, except for the extra disk space.

In a non-temporal ODB with in-place updating of objects, the OIDX needs only to
be updated when objects are created, not when they are updated. In a log-only ODB,
however, the OIDX needs to be updated on every object update. This might seem bad,
and can indeed make it difficult to realize an efficient non-temporal ODB based on this
technique. However, in the case of a temporal ODB, the OIDX needs to be updated on
every object update also if using in-place updating, because either 1) the previous or 2)
the new version must be written to a new place. Thus, when supporting temporal data
management, the indexing cost is the same in these two approaches.

Previous log-only object database systems have been page server based. While this
works well in many contexts, it is not ideal. By operating on page granularity, you get
many of the disadvantages of traditional pager servers. For example, if clustering is bad,
and only a small part of a page has been updated, it is still necessary to write back the
whole page. With bad clustering, main memory buffer utilization will be bad as well.
A page based log-only ODB also makes transaction management difficult. To avoid
page level locking, you essentially need to have 1) a separate log anyway, or 2) use
ad-hoc techniques to solve the problem. Both solutions are likely to hurt performance
and increase complexity, and have convinced us that an object based log-only ODB is the
way to go. One of the objections against operating on object granularity, has been that the
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read cost will be prohibitively high. We have recently shown that this is not necessarily
true for a log-only temporal ODB, and that with the workload we expect to be typical for
temporal ODBs, the log-only temporal ODB is highly competitive with the traditional
approach [5]]. This is the approach that will be used in the Vagabond temporal ODB.
It is important to note that one of the main reasons why previous approaches to log-
only systems have not been able to achieve significant speedup compared to traditional
systems, is that they have not tried to benefit from the “free object versioning” feature. It
should also be noted that some of the problems in previous no-overwrite database systems
have been solved in the Vagabond system. For example, algorithms for steal/no-force
buffer management, fuzzy checkpointing and fast commit have been developed.

3.2 Temporal Clustering and Access Patterns

The performance of page server based ODBs depend heavily on good clustering of
objects, i.e., a high probability that more than one object on a disk page retrieved from
the disk will be used in the near future, before the page is discarded from the buffer. A
good clustering reduces the number of object pages that has to be read and written, and it
also results in better buffer memory utilization. In practice, when different applications
with different access patterns access the ODB, it is difficult to achieve good clustering.
In a study by Tsangaris and Naughton [[L0], all practical clustering algorithms resulted
in an average clustering less than 0.25. Although less of an issue when log-only storage
is used (where we do not rely that much on clustering), writing related objects together
increases the gain from prefetching and disk read ahead.

In non-temporal ODBs, clustering considers different objects, and we only try to
predict cases like “when object O; is accessed, it is also likely that object O; will be
accessed shortly after.”” However, it is likely that in a temporal ODB application, a good
object clustering includes historical object versions as well as current object versions
(after all, the reason for storing the historical object versions is that we want to access
them later!). A good example that illustrates this is that in a traditional ODB without
support for temporal objects, we would often simulate object versions by including
timestamp as an user managed attribute in the objects, and store the objects in an object
collection. With temporal support, the user will only see one object, but can access the
different object versions. Thus, even if the object versions are historical versions, it
is possible that some of these will be part of the hot set of object versions. As a result,
possible access patterns in a temporal ODB also include cases like “if the current version
of object O; is accessed, it is also likely that all the historical versions of object O; will be
accessed in the near future” and “if the version of object O; valid at time 7T; is accessed,
it is also likely that the version of object O; valid at time T; will be accessed in the near
future.” Many other access patterns exist, but this illustrates the increased complexity
that is introduced in the clustering process. It also shows that partitioned storage makes
clustering more difficult, there is no simple and efficient way to include historical objects
in the clustering together with current objects. If log-only storage is employed, clustering
of temporal objects is much easier, as it facilitates adaptive reclustering during segment
cleaning.

In a traditional system, it is possible for the user or database administrator to define
some clustering strategy for a database, for example by defining a clustering tree or using
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clustering hints. These approach can also be extended to temporal ODBs, but necessitates
continuous reordering, because it is impossible to reserve space for all new versions that
are created. We expect that even if these explicit clustering techniques extended with
time can be used, adaptive reorganization will be even more important in future systems.

3.3 OID Indexing

In a temporal ODB, it is necessary to use logical OIDs, and an OIDX is needed to do the
mapping from logical OID to physical location when retrieving an object. Such an index
should have 1) support for temporal data, while still having index performance close
to a non-temporal/one version database system for current version objects, 2) efficient
object-relational operation, and 3) easy tertiary storage migration of partitions of the
index. Achieving these goals with existing multiversion access methods, for example
the TSB-tree or the R-tree, is difficult, and we have designed a new index structure that
achieves these goals, the Vagabond Temporal OID Index (VTOIDX). The VTOIDX is
described in more detail in [4]].

4 Object Access and Queries

In non-temporal ODBMSs, ODMG’s OQL or similar query languages can be used for
ad-hoc queries. Similar to the way OQL is a superset of the part of standard SQL that
deals with databases queries, it is possible to design a temporal OQL that is a superset of
TSQL2. One such approach has been described by Fegaras and Elmasri [2]. However,
one of the main advantages of ODBMSs is the avoidance of the language mismatch
by providing computationally complete data manipulation languages with no mismatch
between language and storage. In the ODMG standard, language bindings based on C++,
Java and Smalltalk are described. Such language bindings are also needed for temporal
ODBMS:s. It should also be noted that in order to use methods in queries, these issues
have to be resolved.

A general purpose programming language is only designed for current data. Integra-
ting support for access of historical data into a programming language introduces a lot
of interesting but difficult issues, including:

— Which object interface/signature to use when accessing an historical object version.
The schema might have been changed since the historical version was created, so
that the current interface to the class is different from the one previously used.

— Which method implementation to use when calling methods in historical objects.
One straightforward approach is to use the implementation that was current at the
same time as the actual object version was current. However, this is not necessarily
what we want, if the reason for a new implementation of a method was a bug in the
previous version. This problem can be solved by providing the necessary information
at schema change time.

— How to integrate time into the syntax of the programming language.

In the rest of this section, we will discuss the integration of access to historical data
into a general purpose programming language.
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4.1 Temporal C++ Binding

In this section, we describe two approaches that extends the C++ language binding with
support for access to historical data in a transaction-time ODBMS. The first approach
is based on the language binding used in POST/C++ [9], while the second is to our
knowledge new. The concepts of these approaches can also be employed for a Java
language binding.

Explicit Object Version Access. The easiest way to integrate object version access into
the programming language is to provide explicit access to the versions. This is the way
it is done in POST/C++ [9]]. Given an OID, the program can be given a pointer to an
historical version valid at a particular time by calling a function snapshot (0ID, time).
It is also possible to create iterators that can be used to navigate the versions of an object
in chronological sequence.

This approach should be easy to use and understand, but if it should be possible to
call a method in an historical object version that accesses other objects, the historical
version must itself do the necessary operations in order to retrieve the objects valid at
the same time as when the version was created.

The Explicit Snapshot Approach. A better and “cleaner” alternative than the one
described above is to use explicit snapshots. Before calling a method in an histori-
cal version current at time ts, we set the snapshot time with a call to the function
set_snapshot (d_Timestamp ts).After the set_snapshot () function has been cal-
led, an access to a particular object will be to the object version current at time ts, even
though the reference is through a d_Ref. A call to set_current () will set accesses
back to normal, i.e., an access to a particular object will be to the current object version.
Methods called in historical objects should in general be immutable, i.e., read-only me-
thods. The advantage of this approach is that all object versions accessed will be object
versions valid at the same time.

All access, creation, modification and deletion of persistent objects must be done
within a transaction. In the ODMG C++ binding, transactions are implemented as objects
of the class d_Transaction.

The set_snapshot (d_Timestamp ts) and set_current () functions are done in
the scope of a certain transaction, so it is reasonable to extend the ordinary C++ transac-
tion class with these methods, for example with a derived class based on d_TTransaction,
which includes these functions as methods.

Each temporal object can be viewed as a collection of object versions. A collection
interface should exist to make it possible to iterate through the object versions in a
flexible way. This collection interface is also used when assigning a value to a d_HRef
variable, i.e., assigning an object version to the d_HRef.

4.2 To Bind or Not to Bind?

We have now outlined how objects could be accessed through a standard language
binding. It should be noted that the problems involved in this integration also can be an
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argument against doing this. It is possible that only allowing access to historical versions
through a temporal query language is less error prone and more efficient than providing
access through an explicit language binding. A more in-depth study of the language
binding, and whether to have it at all, is interesting further work.

5 Conclusions

The area of temporal ODBs is still immature, and there are many design issues that
need to be solved. In this paper, we have discussed problems and possible solutions
derived from the design of Vagabond. These issues includes object storage, clustering
of temporal objects, OID indexing, and language bindings.

We hope in the near future to have a prototype that can give a more final answer to the
design choices, and what performance can be achieved in a system with real workloads.
We also plan to study in more detail the aspects of access patterns and clustering of
temporal objects.

References

1. I. Ahn and R. Snodgrass. Partitioned storage for temporal databases. Information Systems,
13(4), 1988.

2. L. Fegaras and R. Elmasri. A temporal object query language. In Proceedings of the Fifth
International Workshop on Temporal Representation and Reasoning, 1998.

3. D. Hulse and A. Dearle. A log-structured persistent store. In Proceedings of the 19th Aus-
tralasian Computer Science Conference, 1996.

4. K. Ngrvag. An efficient index structure for OID indexing in parallel temporal object-oriented
database systems. Technical Report IDI 3/99, Norwegian University of Science and Techno-
logy, 1999.

5. K. Ngrvag. A performance evaluation of log-only temporal object database systems. Technical
Report IDI 15/99, Norwegian University of Science and Technology, 1999.

6. M. Rosenblum and J. K. Ousterhout. The design and implementation of a log-structured file
system. In Proceedings of the Thirteenth ACM Symposium on Operating System Principles,
1991.

7. V. Singhal, S. Kakkad, and P. Wilson. Texas: An efficient, portable persistent store. In
Proceedings of the Fifth International Workshop on Persistent Object Systems, 1992.

8. A. Steiner and M. C. Norrie. Implementing temporal databases in object-oriented systems.
In Proceedings of the 5th International Conference on Database Systems for Advanced Ap-
plications (DASFAA’97), 1997.

9. T. Suzuki and H. Kitagawa. Development and performance analysis of a temporal persistent
object store POST/C++. In Proceedings of the 7th Australasian Database Conference, 1996.

10. M. Tsangaris and J. Naughton. On the performance of object clustering techniques. In
Proceedings of SIGMOD’92, 1992.



Mbobile Transaction Management in Mobisnap*

Nuno Preguica!, Carlos Baquero?, Francisco Moura?, J. Legatheaux Martins!,
Rui Oliveira?, Henrique Domingos!, J. Orlando Pereira?, and Sérgio Duarte!

! Departamento de Informatica, FCT, Universidade Nova de Lisboa,
Quinta da Torre, 2845 Monte da Caparica, Portugal,
{nmp, jalm,hj,smd}@di.fct.unl.pt
2 Departamento de Informatica, Universidade do Minho,
Largo do Pago, 4700 Braga, Portugal,
{cbm,fsm,rco,jop}@di.uminho.pt

Abstract. In this paper we describe a transaction management system
designed to face the inherent characteristics of mobile environments.
Mobile clients cache subsets of the database state and allow disconnec-
ted users to perform transactions independently. Transactions are spe-
cified as mobile transactional programs that are propagated and execu-
ted in the server, thus allowing the validation of transactions based on
application-specific semantics. In the proposed model (as in others pre-
viously presented in literature) the final result of a transaction is only
determined when the transaction is processed in the central server. Users
may be notified of the results of their transactions using system support
(even when they are no longer using the same application or even the
same computer). Additionally, the system implements a reservation me-
chanism in order to guarantee the results of transactions performed in
disconnected computers.

1 Introduction

Database systems designed for mobile computing must handle the inherent cha-
racteristics of those environments [10]. In particular, mobile applications have to
face periods of disconnection that may arise due to economical factors, unavai-
lable connectivity or application model. To allow mobile users to continue their
work even during these periods, it is common to rely on optimistic replication
techniques. In such approaches, shared data is replicated on mobile computers
and users are allowed to continue their work while disconnected. Updates perfor-
med by disconnected users are logged and later propagated to servers. Several
problems arise from such approaches: (1) updates performed by different dis-
connected users may conflict among them; (2) due to the previous problem, it
is usually impossible to determine the result of an update in the mobile device;
(3) mobile users may wish to perform operations over data that is not locally
replicated. In this paper we present the Mobisnap [6] approach to tackle these
problems in a relational database system.
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The Mobisnap system is based on a central database server that holds the pri-
mary replica of all data items. Mobile clients replicate subsets of the database in-
formation and mobile users are allowed to update database information through
the submission of “mobile transactions”. These “mobile transactions” are speci-
fied in an extended subset of the PL/SQL language [§], allowing programmers to
clearly state the intended semantics of each operation — pre-conditions, post-
conditions and different alternatives may be defined for each transaction. The
final result of a “mobile transaction” is only determined when the transaction
is performed in the central database. The Mobisnap system provides linguistic
and system support to allow mobile users to be notified of this final result (even
when they are no longer using the same application or even the same computer).

“Mobile transactions” submitted while disconnected are tentatively applied
to the local database state. The result of this local execution represents the ex-
pected final result of the transaction. However, concurrent updates performed
by other users may lead to a different result when the transaction is performed
in the master database. To alleviate this problem, we have designed a reserva-
tion mechanism that allows mobile clients to make reservations upon database
information. Therefore, mobile clients are able to determine the result of mobile
transactions that only depend on reserved information. This mechanism com-
bines leasing [I] with an extension of, previously proposed, escrow techniques
[B].

The remainder of this paper is organized as follows: Section 2 discusses the
motivation and design principles; Section 3 describes the Mobisnap transactional
model; Section 4 discusses related work and Section 5 concludes the paper with
some final remarks.

2 DMotivation and Design Principles

In this section we present the ideas that lead to the Mobisnap approach to mobile
transaction processing. We illustrate the proposed mechanisms with a system in-
tended to support salespeople. The system manages not only information about
products but also the personal datebooks of sellers where product demonstrati-
ons can be scheduled by the salesperson or by the sales department. Although
the presented database is very simplified, we believe that this example illustra-
tes most of the proposed ideas. Furthermore, similar problems can be found in
other applications designed for mobile environments. Details about the outlined
mechanisms will be described in the next section.

2.1 Mobile Transactions should Be Conceptually Simple

In mobile computing, it is often necessary to rely on optimistic replication tech-
niques to face disconnection: transactions are tentatively executed in mobile
units and they are later validated and integrated in the master database. In
Mobisnap, mobile transactions are defined in an imperative language based on
PL/SQL [g], thus allowing programmers to specify the intended semantics for
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NEW ORDER

BEGIN
SELECT price, stock INTO prd_price, prd_cnt FROM products WHERE name = ’BLUE THING’;
IF prd_price <= 10.00 AND prd_cnt >= 50 THEN
-- update orders, current stock,

NOTIFY( ’SMTP’, ’sal-07@thingco.pt’, ’Order completed ...’);
COMMIT;
ENDIF;
ROLLBACK;
ON ROLLBACK NOTIFY( ’SMS’, ’351927435456’, ’Impossible order ...’);
END;
NEW DEMO
BEGIN

SELECT count(*) INTO cnt FROM demo WHERE day=’17-FEB-2000’ AND hour=10;
IF (cnt = 0) THEN
-- update demos, send notification if appropriate,
COMMIT;
ENDIF;
SELECT count(*) INTO cnt FROM demo WHERE day=’18-FEB-2000’ AND hour=9;
IF (cnt = 0) THEN
-- update demos, send notification if appropriate,
COMMIT;
END IF;
ROLLBACK;
ON ROLLBACK NOTIFY( ’SMS’, ’351927435456’, ’Impossible demo ... ’);
END;

Fig. 1. Definition of two mobile transactions (declaration of variables is omitted).

each transaction, testing pre and post-conditions and defining possible alterna-
tives. In the example of Figure [I] we present two mobile transactions. In the
“new order” transaction the precise preconditions are tested — the customer
orders some product if the price is less than a given maximum value and there
are enough products in stock. There is no need that the values in the server are
the same that have been seen in the mobile unit. In the “new demo” transaction
two alternative schedules are checked for the request of a new demonstration.
These mobile transactions are instantiated from predefined templates using the
values selected by the users.

The result of a mobile transaction is completely and safely determined by the
execution of the transaction program in the server. Instead of integrating mobile
updates in the server relying on read/write and write/write conflicts to validate
transactions, this approach allows the use of semantic information associated
with the operations performed. Therefore, conflict detection and resolution can
be specified in a precise and simple way in the code of the mobile transaction. The
programmer can reason about the mobile transaction as a mobile program sent
from the client to the server holding the primary copy and executing later on that
server. We believe that this approach offers a conceptually simple model, allowing
simple and powerful operation definition. We also believe that this model allows
a high degree of concurrency and scalability since the asynchronous nature of the
client/server interaction and the semantics of mobile transactions only require
short lasting locks in the database (no “long transaction” processing is required).
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2.2 Awareness Should Be a First-Class Citizen

The common client/server approach to transaction processing assumes that the
user that issues a transaction is connected to the system when its execution is
completed. Therefore, users can be immediately notified of the results of their
transactions and may perform alternative actions if necessary — a typical ex-
ample is the flight reservation system. The proposed mobile transaction model
differs from this approach in a fundamental way: users may not be connected to
the system when the results of their transactions are determined. Therefore, the
propagation of transactions’ results to the client machines is not sufficient (and
it will be sometimes impossible due to the disconnection of those devices). The
system should integrate a simple and clean mechanism that allows the active
notification of users, to be used when it is appropriate, using the users preferred
transport mechanisms — electronic mail, SMS/pager messages, ... (additionally,
a pull-based mechanism should also be provided). In the examples of Figure[] it
is possible to observe the use of this mechanism in different situations and using
alternative transports depending on the importance of the messages.

2.3 Guarantees Are Valuable

In the proposed mobile transaction model, as in others previously proposed in
literature [TTJ4J2]9], the result of a transaction submitted in a mobile unit is
only determined when the transaction is finally executed in the database server.
However, the transaction is tentatively performed in the mobile unit to provide
a hint of its final result. In some applications, the ability to provide a stronger
hint about the results of transactions would be very valuable — for example,
salespeople would like to immediately guarantee that they could meet customers
orders. To this end, we have integrated a reservation mechanism in the Mobisnap
system.

This reservation mechanism combines and extends ideas used previously in [5]
(escrow techniques) and [I] (leases). We have defined four types of reservations:

Escrow It is used to divide a partitionable resource. For example, different
subsets of the available instances of a given product can be reserved by
different salesmen.

Slot It is used to reserve the right to insert a record with pre-defined values.
For example, someone may want to reserve the right to schedule a meeting
in a room in a defined period.

Value-change It is used to reserve the right to change some values in the data-
base. For example, someone may reserve the right to change the description
of some product.

Value-use It is used to reserve the right to perform transactions that use a
given value for some fields. For example, a salesperson may reserve the right
to sell some product for a given price, even if the price is updated.

Reservations held by mobile units are leased, i.e., limited in time, thus gua-
ranteeing that the system will be able to use the reserved values after a limited
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period of time even if the mobile unit becomes permanently disconnected. Ho-
wever, while reservations are valid, the reserved values can not be used by any
other transaction. Due to this reservation mechanism, the result of a transaction
can be correctly established in the mobile unit if it only depends on reserved
values (assuming that the mobile transaction can be propagated to the server
before the expiration of involved reservations).

In the example presented in Figure [1 a salesman may request several re-
servations to be able to guarantee his decisions even while disconnected. These
reservations would be granted during the period of his workday. First, he may
request escrow and value-use reservations over some products to be able to gu-
arantee orders — using both reservations he can guarantee not only that the
product is available but also a given price. Second, he may request slot reserva-
tions to be able to schedule new demonstrations with the visited clients, without
the danger of having multiple demonstrations scheduled for the same period of
time (remember that the sales department may also schedule new demonstra-
tions). In the next section we detail the outlined mechanism and describe the
overall model for transaction processing in Mobisnap.

3 System Model

The Mobisnap system manages information structured according to the relatio-
nal data model. Its architecture is based on the extended client-server model [3].
The server component is composed by a mostly connected server that holds the
primary copy of all data items. The clients are devices that locally replicate a
subset of the database state. They are allowed to continue their normal opera-
tion even while disconnected from the server. Clients can be mobile or stationary
computers. In most situations the server will be a stationary computer but no-
thing prevents the server from being mobile, as long as the mostly connected
assumption holds.

Clients maintain two copies of the replicated data: committed and tentative.
The committed version contains data received directly from the server and it
reflects a possibly outdated database state. The tentative version is based on
the committed one and it reflects the execution of previously submitted mobile
transactions in the client unit. While disconnected, applications may access both
database versions. Applications should reflect the possible weak consistency of
data to users, and they should use the tentative data version to present the
expected data evolution.

When clients interact with the server to fetch data copies, they can also
request data reservations. In the previous section we have already defined the
different types of reservations that the Mobisnap system can handle. For each
specific database, the database designer should specify the associated reservation
script. This script specifies the data elements that can be reserved. For each data
element, it defines the type of reservations available. In escrow reservations, it
also defines the number of instances that can be reserved by each client. Finally,
the reservation script specifies to whom and for how long can a reservation be
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granted. It should be noted that the efficiency of the reservation mechanism
depends highly on the adequate definition of the above parameters for each
specific system. It is also important that clients request the adequate reservations
for their operation.

As usual, users manipulate the database information using applications that
run on client units. These applications display data and provide operations to
modify the database state through a graphical user interface. In consequence
of each performed operation that modifies the database state, the application
creates a mobile transaction instantiating a previously defined template with the
values specified by the user. This mobile transaction program is submitted for
evaluation.

If the client can communicate with the server, the mobile transaction is syn-
chronously propagated to the server and the final result of its execution is re-
turned to the application. If the client is disconnected, the mobile transaction is
immediately executed in the client unit. The result of this execution can be one
of the following:

Reservation commit. This result means that the mobile transaction code has
executed successfully until a commit instruction and that all tests performed
during its execution are backed up by granted reservations. This result gu-
arantees that the transaction will commit when it is finally executed in the
central server if it correctly tests all dependencies and if it is propagated to
the server before the expiration of the involved reservations.

Tentative commit. This result means that the mobile transaction code has
executed successfully until a commit instruction using the tentative data-
base state. However, there is not enough reservations to guarantee that the
transaction will commit when it is executed in the server.

Tentative abort. This result means that the mobile transaction code has exe-
cuted until an abort instruction using the tentative database state.

Unknown. This result means that the currently cached data is not sufficient to
evaluate the result of the transaction (e.g. a field or record that is referenced
is not cached).

Mobile transactions are also stored by the system for later propagation to
the server. By default, transactions that have been “tentatively aborted” are not
uploaded. However, applications may request the propagation of all transactions.
Transactions that have returned the result “reservation commit” are propagated
to the server associated with references to the reservations used to guarantee
them.

When the server receives a mobile transaction, it executes its transactional
program. This execution may lead to the final commit or abort of the transaction.
Besides propagating to users any messages defined in the mobile transaction, the
server maintains a log recording the result of all executed transactions. Clients
may access this log, if needed, to verify the result of any transaction. It should be
noted that reserved values are not considered when transactions are processed
(e.g. if for some product there are 10 instances in stock and some mobile client
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has reserved 4 instances, only 6 instances are available for usage by other tran-
sactions). Two exceptions exist. First, the reserved values used by a “reservation
committed” transaction are used and consumed when it is executed in the server
— this situation guarantees that the transaction will commit. Second, when a
client synchronously submits a mobile transaction for execution, this transaction
may consume any reservation held by that client.

4 Related Work

In this section we will briefly overview some of the previously proposed transac-
tion management solutions designed for mobile environments.

In Oracle Lite [7], mobile units cache database snapshots. Transactions per-
formed in mobile units are propagated as sets of modified values (write set/old
write set values) that must be integrated in the master database. Validity of
transactions is checked through conflict detection — write/write, uniqueness
and delete conflicts are detected. Conflict resolution functions can be associated
with different database tables (or table fields). This approach has some limita-
tion in the use of semantic information to solve conflicts — semantic information
associated with updates can not be used.

In Bayou [11], data is replicated in a group of servers that synchronize their
state using epidemic techniques. Bayou updates include information to allow ge-
neric automatic conflict detection and resolution through dependency checks and
merge procedures. In [2], mobile nodes may propose tentative update transac-
tions. These transactions are propagated to base nodes, where they are reapplied
to the object master copy. An acceptance rule can be specified to verify the va-
lidity of transaction execution. Invalid transactions are aborted and diagnostic
messages are returned to the mobile nodes. In [9], for each transaction executed
in a mobile unit, the read and write sets are stored. Additionally, each transac-
tion must specify two functions: a conflict resolution and a cost function. These
functions are used to serialize transactions in the server. The conflict resolution
function is always executed in the server and it can capture not only the actions
of client transactions but it can extend them to capture additional semantics on
the server.

As in Mobisnap, the above approaches allow the use of semantic information
associated with updates to detect and solve conflicts. However, they can not gu-
arantee the result of updates in mobile units. To solve this problem, it has been
proposed the use of escrow techniques — the idea is to divide the total number
of available instances of an item among different sites and/or transactions. In
[5] the authors use this idea to allow mobile units to independently guarantee
the results of mobile transactions. The reservation mechanism proposed in this
paper includes and extends these ideas. In [I2] the authors generalize the usage
of escrow techniques by exploiting object semantics. However, the proposed ap-
proach can be used only with some data types (e.g. stacks, sets) and it is more
adequate to object oriented databases.
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5 Final Remarks

In this paper, we have presented the Mobisnap mobile transaction management
model. In this model, mobile transactions performed by applications are defined
in a language based in PL/SQL. These “transaction programs” are propagated
and executed in the server, thus allowing the validation of transaction execution
based on application-specific semantics. As mobile users may not be connected to
the system when the final result of a transaction is determined and therefore they
can not immediately perform alternative actions if it aborts, these programs may
contain a set of alternative actions to be executed depending on the database
state. Moreover, our model provides explicit mechanisms to provide awareness
information to mobile users.

One important aspect of our model is the reservation mechanism. It allows
mobile units to guarantee, in some circumstances, that mobile transactions will
commit. We propose the definition of several types of reservations. The interested
reader can obtain more information about the Mobisnap project, including an
extended version of this paper that includes the system design used to implement
the proposed model, from [6].
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Abstract. We propose to face unpredicted requirements within OODB
evolution problematic. We point to a designer having to cope with important
and bulky OODB. We propose a simulation tool to help him to express new
changes not directly on classes but on involved instances. The idea is to help
him by proposing best ways of evolution, by provoking emergence of new
adapted abstractions according to structural evolution of instances, and by
analyzing these emergent abstractions by using metrics.

1 Introduction

Generally, a designer can choose among a great number of strategies to manage the
evolution of engineering applications. Most of these strategies differ in the manner of
managing evolution according to goals and needs, but they have a common point
since they are defined to manage schemas and classes [6]. However, experience gained
in OODB systems and applications [10] has brought to light that new needs appear
more often during their manipulation, so during manipulating instances. We propose
to cope with new or badly specified needs since they appear.

2 The Object Evolution: A State of the Art

In a general way, to prepare a system to evolve, it is necessary to be able to formulate
changes in order to achieve the pursued goal, namely the model after evolution; to
manage the impacts generated by these changes; to define the link between the
starting model and the arrival one. OO defined systems and programming languages
propose strategies and mechanisms to manage evolution. Experience gained in OODB
design and development outlines, as well at design level as implementation one, lacks
of actual evolutionary approaches. We propose to examine these strategies according
to different viewpoints or facets of evolution:

2.1 The Three Facets of Evolution

Rather than classifying some evolutionary strategies according to some common but
not exhaustive criteria, we propose a classification resting on own evolution’s criteria.
We consider that evolution of any OO system presents three facets:

J. Stuller et al. (Eds.): ADBIS-DASFAA 2000, LNCS 1884, pp. 387-394, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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- Type of evolution: when needs are taken into account during the analysis and
design phases, the evolutionary strategy is preventive or anticipated. When an
evolutionary strategy can face new or badly specified needs, the evolution is said
curative or unanticipated.

- Object of Evolution: the evolution can concern be the product (code, class,
schema...) or the process (a part of reasoning, a development process of an
application...).

- Process of Evolution: we distinguish two kinds of evolutionary processes:
development and emergence. The development concerns classes and their impacts
on corresponding sub-classes and instances. The emergence concerns instance
evolution and their impacts on corresponding classes.

Each facet is represented by an axis. We obtain a three-dimension representation of

the object evolution.

Process of ?

Evolution | &
o
£
Q
o
[
g Most

Existing
Strategies
8
3
)
@
=
N u Curative Preventive Iype of
ds\so Evolution
< Proposed
Model
5
8
<Y/ Object of

Evolution

Fig. 1. Three facets of object evolution

In order to classify a strategy, we have just to answer these three questions:

1. What kind of evolution this strategy propose (curative or preventive)?
2. What does it process on (product or process)?
3. What kind of evolutionary process does it allow (development or emergence)?

2.2  Object Evolution Problematic under the Product Viewpoint

We restrict fig.1 to a two-dimension figure because we only consider the product.
Fig.2 shows that most of OO evolutionary strategies (detailed in [9]) are preventives
and allow development processes. We note that their principal lack is their inability to
cope with unexpected or poorly specified needs and incomplete data. Moreover,
instance evolution is always limited by class’s one. Our model leads with this aspect,
principally with the emergence.
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A Evolutionary
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£ |
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Categorization
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Characteristic migration

Development

Readjustment

) " Classification || " Reorganization ||

Evolution Type

Curative Preventive

Fig. 2. Principal strategies according to the process and the type of evolution

3 The Model

Because instances are the object representatives of real entities, we consider them as
full individuals. This leads de facto to make an analogy with living individuals,
principally in their evolving and adapting feature according to their environment. We
give a brief presentation of Artificial Evolution, since we use some of their principles
and concepts (see [9]). Next, we present basic and advanced concepts of the model and
its evolutionary processes:

3.1 Artificial Evolution

Even if they have been defined and are used in different scientific areas, Artificial
Life [4] and Genetic Algorithms [3] toke their inspiration from biology in order to
simulate evolutionary biological mechanisms. From evolutions and mutations, newly
well adapted parts of information arise. We have been attracted by this principle.
Artificial Life uses concepts of GTYPE and PTYPE (by analogy to genotype and
phenotype of biology). They evolve by unceasingly interacting through development
and emergence processes. Genetic Algorithms [3][5] inspire us in their mechanical
operating and used operators.

3.2 Basic Concepts

- Population and Genetic patrimony: a group of classes representing various
abstractions of the same entity forms a population (like members university
population). All the attributes constitute its Genetic Patrimony.

- Instance-PTYPE: instances are the phenotype and represent real entities.
- Class-GTYPE: classes define instances features, their genetic code.

We present an example which will be taken again and unrolled all along the article :



390 D. Tamzalit and M. Oussalah

UNIVERSITY-MEMBER Classes
Identification-Num
Name B
Surname Inheritance Link
ADMINISTRATIVE TEACHER
Spesly
RESEARCHER odules
Research-Theme
Laboratory
Nbr-Publications
<
PERMANENT
TEMPORARY Beginning-date
*ATER: is a person
who is temporary SENIOR-RESEARCHER
attached to teaching ATER* RESEARCH-STUDENT Research-Team
and research Nbr-hours Year Research-Project

Modules Tutor

Fig. 3. Members of a university

3.3 Advanced Concepts

In a class, not every gene plays the same role or has the same prevalence. We
consider that any class is entirely specified through three types of genotypes:

Fundamental Genotype FG: constituted of genes representing the minimal and
fundamental semantics inherent to classes of a same population.

Inherited Genotype IG: properties inherited by a class from its super-class.

Specific Genotype SG: it consists of specific properties locally defined within a
class.

Scheme: the scheme expresses in a simple and concise way, genes in the attributes
and methods form. It has the same genetic structure as the represented entity. Each
gene is represented by 0, 1 or #: O for absence of the gene, 1 for its presence and # for
its indifference. The scheme is a simple and powerful means to model groups of
individuals. We consider two kinds of schemes: the permanent scheme, associated
with each specified class and having the same structure, and the temporary scheme,
which is a selection unit of one or a group of entities (instances or classes).

3.4 Evolutionary Processes

An evolutionary process is triggered when a change, envisaged or not, appears in the
model. The process must be able to detect this change, find entities implicated in the
evolution and reflect this change adequately:

341 Phases
Each process is carried out in three phases: extraction, exploration and finally
exploitation:

— Extraction Phase: extracts the object’s genetic code within a temporary scheme.

— Exploration phase: explores all classes to locate adapted, even partially, ones. First
it selects set of concerned populations, then it carries out the search in that set.
Selection is the operator used thanks to the calculation of the adaptation values
Avs (section @
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— Exploitation phase: manages the impacts by development or emergence way. The
development process represents the impact of class evolution on instances, while
the emergence processes concern any emergence of new conceptual information,
by way of impacts on classes. There are two possible outcomes: local emergence is
related to the emergence of new information within existing class(es). The genetic
code of the object has mutated and this can force mutation in its class; and the
global emergence related to the emergence of a new conceptual entity.
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FG Name \
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Fig. 4. the same example in our model

3.4.2 Object Operators
Basic operators are defined to handle instances and classes. This is a brief
presentation (more details in [9]):

— Selection: is defined to determine, after structural evolution of an instance, which
class holds part or all of its specification.

— Crossing-over: works on two entities via their scheme to interchange their genes to
define a new group of genes. It constitutes the core of the emergence process (took
from [8)). It amounts to granting a weight relating to parents for genes transmission
to children. We add to that a significant constraint: a permanent scheme presents at
most two significant blocks (after FG): IG’s genes and SG’genes. When processing
the crossing-over, these blocks must be respected. It is the constraint of bocks of
genes. The crossing-over is guided by the block constraints in order to ensure a
minimal coherence for emergent schemes.

— Adaptation value Av: calculate the semantic distance between the evolved object
and classes. Denoting the evolved object’s scheme by Sch,,; and the close class’s
scheme by Sch the adaptive function is defined, using the operator A

param?
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haran) =

hX

(i=1>mn

{Sch,[i]ASch,

aram

[i]}/n, where n is number of genes

specified in the evolved object; i is the variable index from 1 to n, defining, at each
stage, the position of two respective genes of the analyzed schemes.

— Semantic Distance sd: is the value which expresses the semantic proximity
between an emergent scheme and one of its ancestor. It helps to choose the
super-class of the new abstraction. We use the same adaptive function defined for
the calculation of Avs.
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Examples

We consider following instances evolving from their initial state and structure:

[ Genetic Patrimony |

Instances become

o, , 0O, o, [0)
Identification-Num(1) #3 #3 #4 #7 #1
FG Name (2) N1 N2 N3 N4 NS5
Surname_(3) Pl P2 P3 P4 P5
Research-theme (4) Automatic -Mathematics Object Constraints Object
Laboratory (5) L1 -L2 L3 L1 L5
Nbr-Publications (6) -1 4 6
Specialty (7)

Modules (8) + Segmentation DSI
duration (9) 1 -1
Beginning-date (10) 01-10-2000 01-10-2000 01-09-2000
Nbr-hours (11) -96

Year (12) -1 - 2™ - 3"
Tutor (13) - Dupont - Durant - Dupond

Research-Team (14) + Vision + Object

Project-Team (15)
—_ _ .=
Rank ++ Professor
Position ++ Engineer
Responsibility ++ Supervisor
Responsible ++ Mr. X
[attribute _: existing attribute [ -attributc _Lost attribute [ +attribute : gained attribute | +-+attribute : new attribute |

— Exploration phase: we calculate the Adaptation Value Av for each temporary
scheme with each existing class:

Entity Scheme (IG and SG) AvO, | AvO, | AVO, | AVO, | AvVO,
Object O; 1 1 # # 1 0 1 0 0 0 1 #
Object O, 00 00 0 0 00 0000
Object 05 1 1 1 0 0 0 1 # 0 0 1 #
Object O, 1 1 1 # 0 1 0 0 # 0 # #
Object Os 1 1 # # 1 0 1 0 0 0 # #
University-Member 0 0 0 0 0 0 0 0 O0 O0 0 O0 0/5 0 0/5 0/4 0/4
Researcher 1 1. # 0 000000 0O 2/5 0 3/5 3/4 2/4
Teacher 0 0 0f1 1 00 0 0O OO 1/5 0 0/5 0/4 1/4
Temporary. 1 1 #]Jo o1t o0 0 0 0 0 0 2/5 0 4/5 4/4 2/4
Permanent 1 1 1j0 0 Of1 0 O O O Of 3/5 0 4/5 3/4 3/4
Ater 1 1 #]|olt[L]ol1t oo o o35 | o [ 35 | 44 | 34
Research-Student 1 1 _#]|0 ofL]o o | 1 1 0 0| 255 0 3/5 4/4 2/4
Senior-Researcher [1 1 1[0 0 O L]0 0 0 | 1 # 455 0 5/5 3/4 3/4
with : G | sG

Conclusions for each object: O, : partially adapted classes: Teacher, Ater, Research-
Student and Senior-Researcher. They are candidates for crossing-over. O,: no
adapted class. O,: one completely adapted class: Senior-Researcher. O, : three
completely adapted classes: Temporary, Ater and Research-Student. O, : partially
adapted classes: Teacher, Ater, Research-Student and Senior-Researcher. They are
candidates for crossing-over
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— Exploitation phase
e O, crossing-over on Teacher, Ater and Senior-Researcher’ schemes. Avp is an
adaptation value which is pondered with the other Avs.

N°Population Crossing-over
0,
1
1: 1
Teacher #
Ater #
Sr-Researcher (1)
1
0,
1
2: 1
El #
E2 #
Sr-Researcher (1)
1
O,
1
3: 1
El #
E3 #
E4 1
0
1

Scheme Selected scheme
0

Absent gene from all schemes are ignored in the crossing-over since it has no significance

Crossing-over ends because we have two emergent schemes: E4 and ES.

— 0,: global emergence by direct creation of the abstraction - place of insertion? As
a sub-class of University-Member because O, has only the FG which is common
with all other classes.

e O, local emergence of the new attribute ‘Responsibility’ in Senior-researcher
class because it is the unique completely adapted class.

e O, global emergence by direct creation of the abstraction - place of insertion?
Three Avs are equal to 1. Among the three well-adapted classes, Temporary is
the most eligible because it’s the representative abstraction of the temporary
subpopulation. But as it’s an abstract class, O, represents another abstraction
of temporary researchers. So, it provokes emergence of a new sub-class of
temporary.

— O, crossing-over on the same population as O,. Crossing-over steps are the same.

The final step stops with the emergent scheme ES.

3.5 Discussion on Emergence

After the structural evolution of O,, ..., O,, the emergent processes permit to detect
the kind of emergence, the abstractions concerned and also the location of changes
and insertion of new classes (there are more details in [9]). But sometimes, we can just
conclude that the emergent scheme is an abstraction of the permanent sub-population,
but not it’s precise location in this sub-population. We propose to enrich the
emergence process in order to control it and to choose in a better way by using
metrics.
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4 Model of Metrics

We adopt for this the. We apply the GQM technique [1] in order to determine where
metrics are useful in the emergence process. We take our inspiration from class
context metrics [2]. We first distinguish the pertinent contexts for our model. As we
want to analyze any emergent abstraction in an internal and external way, we identify
two contexts for metrics:

Question Sub-questions Metric Comments
the most significant S=difference between scheme and instance neari;tgf;?séne to
Intra- 77777 theless | C= number of contradictions between attributes and | weaker =less
Abstraction contradictory ? attribute blocs contradictions
Context [~== - T T TS TS T T oo o D ST oo oo oo m oo STt

C, =2simple attributes + 3. attribute contradictions + 3,
blocs + Y, blocs contradiction

_____ parents? ___ | ________ P=detectionofsuperclass() ________| _______Sd_________
ontradiction with . . . .
Inter- c arents? C,=Xcontradictory attributes+Xcontradictory blocs weaker=less contradiction
Abstraction r---- pare it ettt et bele et AT Euiic ---
Context | ---Coupling | __C, = Freferences towards and from other classes ___| weaker=minimal coupling
- TS . weaker=lessreorganizatio
Depth in hierarchy? P, = position inside the hierarchy &

n

Since we apply these metrics, we could better choose and apply emergence results.

5 Conclusion

The first objective of our research work is to allow a designer to attempt to apprehend
and to anticipate the future changes and requirements of complex and bulky OODB
applications. This is possible by simulating several evolution ways by expressing new
requirements on instances. We have seen in fact that several ways of class evolution
can emerge from structural instance evolution. In this paper, we propose metrics in
order to analyze and control what emerge, how it can change class specifications and
the possible impacts, according to two kinds of metrics: intra-abstraction and
inter-abstraction metrics. Metrics are not systematically applied if the designer
precise invariants to respect during evolution and emergence. All this is done in order
to offer a simulation tool to help the designer for managing complex OODB
applications.
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