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Foreword

Welcome to the 11th International Conference on Database Systems for Ad-
vanced Applications (DASFAA 2006)! This year’s conference was held in Sin-
gapore where DASFAA was last held in 1997. DASFAA 2006 continued the
tradition of providing an international forum for technical discussion among re-
searchers, developers and users of database systems from academia, business and
industry. Organizing DASFAA 2006 was a very rewarding experience—it gave
me an excellent opportunity to work with many fine colleagues both within and
outside Singapore.

I would like to thank Kian-Lee Tan and Vilas Wuwongse for putting together
a world-class Program Committee. The committee worked very hard to bring a
high-quality technical program to the conference. DASFAA 2006 also included
an industrial track. David Cheung and Hwee Hwa Pang co-chaired this track
and set up a separate committee to assess the quality of the submitted papers.

The conference also featured three tutorials: (1) Database Watermarking
by Radu Sion, (2) Multilingual Database Systems by Jayant R. Haritsa, and
(3) Video Sequence Indexing and Query Processing by Xiaofang Zhou, and a
panel session. I would like to thank Ee Peng Lim and Krithi Ramamritham for
their effort in organizing the tutorials and panel, respectively.

This conference would not have been possible without the support of many
other colleagues: Tok-Wang Ling (Honorary Conference Chair), Mong Li Lee
(Publication Chair), Masatoshi Yoshikawa (Publicity Chair), Sourav Saha
Bhowmick and Anthony Kum Hoe Tung (Local Arrangement Co-chairs), Chee
Yong Chan (Treasurer), and Mrs. Siew Foong Ho (Secretary).

Finally, I greatly appreciated the support of the National University of Sin-
gapore (NUS) and the Nanyang Technological University. In particular, T was
happy that DASFAA 2006 participated in the NUS Centennial Celebrations as
an event organized by the NUS academic staff.

April 2006 Beng Chin Ooi
Conference Chair



Message from the Program Co-chairs

The 11th International Conference on Database Systems for Advanced Applica-
tions (DASFAA 2006) was held in Singapore from April 12 to 15, 2006. As an
annual international conference in the Pacific Asia region, DASFAA 2006 kept
the traditions of the conference in promoting research and development activi-
ties in the database field among participants and their institutions from Pacific
Asia and the rest of the world.

This year, the conference received 188 (research-track) submissions from over
28 different countries. The submitted papers were rigorously reviewed by the
Program Committee members, and 46 full papers and 16 short papers were
accepted for presentation.

The papers chosen for presentation spanned a wide range of topics, rang-
ing from well-established areas such as XML, spatial and temporal databases,
and data mining to upcoming areas like sensor networks, uncertainty and data
streams, and subsequence matching and bioinformatics. The combination of se-
lected papers made the conference interesting and provided the basis for discus-
sion and exchange of ideas and for future development.

The conference was privileged to have keynote addresses delivered by Alon
Y. Halevy of Google Inc. and University of Washington, Krithi Ramamritham
of IIT Bombay, and Christian Jensen of Aalborg University. They provided in-
sightful thoughts into various research challenges on information management,
dissemination of dynamic data and geo-enabled mobile services.

DASFAA 2006 also included an industrial track with the aim of drawing indus-
try practitioners and the academic community to share practical experience and
real-world challenges that require research attention, and to advance the state of
the art by integrating new techniques and research results in novel systems and
applications. This track included a paper on automating the maintenance of the
statistics for query optimization in Sybase ASE 15.0, a paper on automatically
finding a mapping that transforms an XML schema into a relational counter-
part that is tuned to the application workload, and a third paper that treats
the problem of missing data from sensors deployed to monitor elderly dementia
patients.

The research and industrial tracks were both supported by their respective
Technical Program Committees. Both teams comprised renowned and hardwork-
ing researchers from around the world. Their invaluable efforts in reviewing the
papers ensured the high quality of the accepted papers. We would like to take
this opportunity to thank them again!

The technical program also consisted of three tutorials and a panel session.
The three tutorials featured were Database Watermarking by Radu Sion, Mul-
tilingual Database Systems by Jayant R. Haritsa, and Video Sequence Indexing
and Query Processing by Xiaofang Zhou.



VIII Preface

The conference would not have been a success without the help and con-
tributions of many individuals, and we would like to acknowledge them here:
Tok-Wang Ling, Beng Chin Ooi, Ee Peng Lim, Krithi Ramamritham, Masatoshi
Yoshikawa, Mong Li Lee, Sourav Saha Bhowmick, Anthony Kum Hoe Tung,
Chee Yong Chan and Mrs. Ho Siew Foong. Finally, we would like to thank the
session chairs, tutorial speakers, authors and participants, who contributed to
making this conference a success.

April 2006 Kian-Lee Tan and Vilas Wuwongse
Research Track Co-chairs

David Cheung and Hwee Hwa Pang
Industrial Track Co-chairs
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Dataspaces: A New Abstraction for Information
Management

Alon Y. Halevy', Michael J. Franklin?, and David Maier®

! Google Inc.
halevy@google.com
2 University of California at Berkeley
franklin@cs.berkeley.edu
3 Portland State University
maier@cs.pdx.edu

Most data management scenarios today rarely have a situation in which all the data
that needs to be managed can fit nicely into a conventional relational DBMS, or into
any other single data model or system. Instead, we see a set of loosely connected data
sources, typically with the following recurring challenges:

Users want be able to search the entire collection without having knowledge of
individual sources, their schemas or interfaces. In some cases, they merely want to
know where the information exists as a starting point to further exploration.

— An organization may want to enforce certain rules, integrity constraints, or conven-
tions (e.g., on naming entities) across the entire collection, or track flow and lineage
between systems. Furthermore, the organization needs to create a coherent external
view of the data.

— The administrators may want to impose a single “support system” in terms of recov-
ery, availability, and redundancy, as well as uniform security and access controls.

— Users and administrators need to manage the evolution of the data, both in terms of

content and schemas, in particular as new data sources get added (e.g., as a result

of mergers or new partnerships).

The aforementioned data management challenges are ubiquitous — they arise in enter-
prises (large or small), coordination within and across government agencies, data analy-
sis in large science-related research or development projects, management
of libraries (digital or otherwise), information collection and dissemination in the bat-
tlefield, search on one’s PC desktop or other personal devices, coordination between
devices in a “smart” home, and in search for structured objects on the web. In these
scenarios, there is some well-understood scope and control across the data and sys-
tems within these organizations, and hence one can identify a space of data, which, if
managed in a principled way, will offer significant benefits to the organization.

We recently introduced dataspaces [l1]] as a new abstraction for data management
for such scenarios, and proposed the development of DataSpace Support Platforms
(DSSPs) as an important agenda item for the data management field. In a nutshell, a
DSSP offers a suite of interrelated services and guarantees that enables an application
developer to focus on the specific challenges of an application, rather than the recur-
ring challenges involved in dealing consistently and efficiently with large amounts of
interrelated but disparately managed data.

M.L. Lee, K.L. Tan, and V. Wuwongse (Eds.): DASFAA 2006, LNCS 3882, pp. 1-21 2006.
(© Springer-Verlag Berlin Heidelberg 2006



2 A.Y. Halevy, M.J. Franklin, and D. Maier

Traditionally, data integration and data exchange systems have aimed to offer many
of the purported services of dataspace systems. In fact, DSSPs can be viewed as the
next step in the evolution of data integration architectures, but are distinct from current
data integration systems in the following way. Data integration systems require seman-
tic integration before any services can be provided. Hence, although there is not a single
schema to which all the data conforms, the system knows the precise relationships be-
tween the terms used in each schema. As a result, significant upfront effort is required
in order to set up a data integration system.

Dataspace management is not a data integration approach; rather, it is more of a
data co-existence approach. The goal of DSSPs is to provide base functionality over
all data sources, regardless of how integrated they are. For example, a DSSP can pro-
vide keyword search over all of the data sources it contains, similar to the way that
existing desktop search systems. When more sophisticated operations are required,
such as relational-style query processing, data mining, over certain sources, then ad-
ditional effort can be applied to more closely integrate those sources, in an incremental,
“pay-as-you-go” fashion. Furthermore, as we perform more integration tasks, we ex-
pect the cost of integration to decrease. Similarly, along the administrative dimension,
initially a DSSP can only provide weaker guarantees of consistency and durability. As
stronger guarantees are desired, more effort can be put into making agreements among
the various owners of data sources, and opening up certain interfaces (e.g., for commit
protocols).

To summarize, the distinguishing properties of dataspace systems are the following:

— A DSSP must deal with data and applications in a wide variety of formats accessible
through many systems with different interfaces. A DSSP is required to manage all
the data in the dataspace rather than leaving some out, as with DBMSs.

— Although a DSSP offers an integrated means of searching, querying, updating, and
administering the dataspace, often the same data may also be accessible and mod-
ifiable through an interface native to the system hosting the data. Thus, unlike a
DBMS, a DSSP is not in full control of its data.

— Queries to a DSSP may offer varying levels of service, and in some cases may return
best-effort or approximate answers. For example, when individual data sources are
unavailable, a DSSP may be capable of producing the best results it can, using the
data accessible to it at the time of the query.

— A DSSP should offer the tools to create tighter integration of data in the space as
necessary.
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The Internet and the Web are increasingly used to disseminate fast changing data such
as sensor data, traffic and weather information, stock prices, sports scores, and even
health monitoring information. These data items are highly dynamic, i.e., the data
changes continuously and rapidly, streamed in real-time, i.e., new data can be viewed
as being appended to the old or historical data, and aperiodic, i.e., the time between
the updates and the value of the updates are not known a priori. Increasingly, users are
interested in monitoring such data for online decision making. To provide users with
dynamic, interactive, and personalized experiences, websites are relying on dynamic
content generation applications, which build Web pages on the fly based on the run-time
state of the website and the user session on the site. These applications make use of
database backends. But, these benefits come at a cost, each request for a dynamic page
requires computation as well as communication across multiple components inside the
data dissemination and information processing infrastructure.

Consider the following scenario.

A company involved in developing IT enabled services responds to Request For pro-
posals (RFPs). Often RFPs are brought to its attention by customers, sometimes
through word of mouth. Won't it be convenient if the posting of a relevant RFP at a
(potential) customer's website is automatically brought to the attention of the
appropriate business unit or group within company? Our work is motivated by such
needs -- the need to constantly track and monitor the dynamics of information sources
-- some of which are identified through historical access patterns, others by monitor-
ing potentially useful sites judiciously. Also, often a company responding to RFPs is
looking to bolster its case by citing completed projects where the relevant skillsets
have been demonstrated. The needed information can be retrieved by maintaining a
knowledge repository and setting the following query that continuously sends
up-to-date information, as the knowledge base gets updated, to the proposal writer(s).

CQ RFP_tracker:
SELECT project_name, contact_info

FROM RFP_DB
WHERE skill_set_required € available_skills

Such a knowledge repository can be seen as an aggregator of data from specific dy-
namic sources. As another example, consider a user who wants to track a portfolio of
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stocks, in different (brokerage) accounts. He or she might be using a third party data
aggregator which provides a unified view of financial information of interest by peri-
odically obtaining information from multiple independent sources.

These examples reflect applications which make use of information that experience
rapid and unpredictable changes for on-line decision making in time critical or value
critical environments. The growth of the Internet as well as Intranets has made the
problem of managing and disseminating such dynamic data both interesting and
challenging. Resource limitations at a source of dynamic data or within the
dissemination infrastructure will limit the number of users that can be served directly
by the source. As user load on a site increases, the computation and communication
costs can result in significant delays, leading to poor scalability and availability of
dynamic data. Solutions needed to mitigate these problems involve techniques from
multiple domains:

o WWW and the internet -- caching, replication, dynamic page generation tech-
niques, edge servers;
Distributed systems -- replication, load balancing, distribution of data;
Networking -- content distribution networks, application level multicasting,
peer-to-peer networks; and

e Databases -- active, real-time databases, caching.

There is a lot of excitement about this topic if the papers in conferences related to all
the above areas are any indication. As part of our work, we have contributed to this
excitement, but many questions remain. In this keynote talk, we will discuss the fol-
lowing issues, focusing on the open problems (see reference for details):

Specification of user QoS needs

The focus in many applications such as traffic monitoring, network fault management,
etc., has been on the dissemination of important events as opposed to data, and on the
execution of continuous queries. There are several alternative ways in which these
can be expressed; Event-condition-action rules have been used for situation monitor-
ing, profiles have been proposed for retrieving data or changes from the web and
other sources, and continuous SQL-like queries have been used for processing
dynamic data. In spite of the communication and computation overheads being
non-negligible, the system should provide temporally coherent responses to queries
over distributed data. So, in addition to specifying the queries, users’ QoS should also
be formulated to quantify the required coherency in the responses.

Caching-based approaches

Caching and replicating are widely used approaches to mitigate the performance de-
gradations due to content distribution and delivery. But, unless updates to the data are
carefully disseminated from sources to caches (to keep them coherent with the
sources), the communication and computation overheads involved can lead to further
losses of coherence in the results of queries executed over dynamic data.

Content Distribution Networks (CDNs) for dynamic data

Resource limitations at a source of dynamic data will limit the number of users that
can be served directly by the source. A natural solution to this is to have CDNs for
Dynamic Data, formed by a set of repositories which replicate the source data and



Dissemination of Dynamic Data: Semantics, Algorithms, and Performance 5

serve it to geographically closer users. Services like Akamai and IBM’s edge server
technology are exemplars of such networks of repositories, which aim to provide
better services by shifting most of the work to the edge of the network (closer to the
end users). Although such systems scale quite well, when the data is changing rapidly,
the quality of service at a repository farther from the data source will deteriorate. In
general, replication can reduce the load on the sources, but replication of time-varying
data introduces new challenges. Unless updates to the data are carefully disseminated
from sources to repositories (to keep them coherent with the sources), the communi-
cation and computation overheads involved can result in delays as well as scalability,
further contributing to loss of data coherence.

Change detection and monitoring

This is a critical requirement for many dynamic data intensive applications. Timely
dissemination of changes to interested information sources is especially critical as
periodic pull by humans (current usage) is a waste of resources. Algorithms for de-
tecting changes to the contents of HTML and XML pages have been developed and
used in many systems. In general, it is important for the change tracking procedure to
be adaptive. Rather than having a periodic fetching of pages, the time of next fetch
needs to be determined depending on the observed trend of changes in fetched pages.
This would further reduce the amount of resources consumed for tracking and
monitoring.

While discussing solutions to the above topics, we will make connections to those
from peer-to-peer systems, stream processing, as well as sensor networks.
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Abstract. We are witnessing the emergence of a global infrastructure that en-
ables the widespread deployment of geo-enabled, mobile services in practice. At
the same time, the research community has also paid increasing attention to data
management aspects of mobile services. This paper offers me an opportunity to
characterize this research area and to describe some of their challenges and pit-
falls, and it affords me an opportunity to look back and reflect upon some of the
general challenges we face as researchers. I hope that my views and experiences
as expressed in this paper may enable others to challenge their own views about
this exciting research area and about how to best carry out their research in their
own unique contexts.

1 Introduction

Driven in large part by rapid and sustained advances in key computing and communica-
tion hardware technologies, an infrastructure is emerging that contains vast quantities
of interconnected computing and sensory devices.

Notably, we are witnessing continued improvements in the capabilities of consumer
electronics such as mobile phones, personal digital assistants, personal computers, cam-
eras, mp3 players, watches, navigation systems, and driver assistance systems. The per-
formance and performance/price ratios associated with key technologies utilized by
such systems and devices continue to increase quite rapidly.

Geo-positioning is also becoming increasingly available. For example, network as-
sisted GPS promises to eliminate the excessive power consumption of GPS receivers,
thus rendering GPS practical for outdoor, battery powered devices. The first satellite of
the Galileo positioning system has already been launched, and Galileo is expected to
be operational in 2010 [20]. Galileo will offer better positioning than does GPS with
respect to several aspects, including the accuracy, penetration, and time to fix [[L]. For
example, the best-case accuracy (without the use of ground stations) of Galileo is 45 cm
as opposed to 2 m for GPS. Next generation GPS will also offer better positioning, and
Galileo and GPS are expected to be interoperable.

Further, the trend is towards the ability of consumer electronics devices to commu-
nicate with one another and their becoming Internet-worked.

This emerging infrastructure has the potential for enabling entirely new, geo-enabled
applications and services that were either not relevant or of little use in fixed desktop
computing settings.
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The range of possible applications and services is virtually limitless. For example, it
includes traffic and transportation related services such as “fleet” management, includ-
ing emergency vehicle dispatching and hazardous cargo and traffic offender tracking;
road-pricing where payment is dependent on where, when, and how much a vehicle
drives; other “metered” services, such as insurance and parking. It includes services
that warn drivers about accidents, slow-moving vehicles, and icy and slippery road con-
ditions on the road ahead. It also includes a wider range of safety-related services, such
as services that track senile senior citizens, tourists traveling in potentially dangerous
environments, and prisoners serving time at home. Next, it includes the oft-mentioned
point-of-interest services that identify gas stations, restaurants, hospitals, etc. Finally,
it includes the emerging and challenging area of games and “-tainment” (edu-, info-,
enter-) services. One theme is to move games from taking part in a virtual world be-
hind a small computer screen to taking part in reality. Virtual objects, e.g., treasures (or
caches, cf. geocaching [|6]), monsters, and bullets, are given geographical coordinates
along with real, physical objects. This arrangement then enables games that aim to find
treasures, catch or escape monsters, and hit with (virtual!) bullets.

Adopting a data centric view, I believe that by capturing pertinent aspects of reality
in digital form—in semantically rich and appropriately organized structures, and with
powerful update and retrieval techniques available—an ideal foundation for delivering
a wide range of mobile services is obtained.

Members of the database research community are increasingly engaging in research
in this exciting area, for good reasons. Geo-enabled, mobile services have great poten-
tial for being applied throughout society. Data management is a central element of such
services. Further, this area offers ample new challenges to data management.

The remainder of this paper consists of four sections. In the next section, I discuss
several general issues that relate to conducting use-inspired research and that reach
beyond this research area. Section[3elaborates on the data centric view of geo-enabled,
mobile services espoused above. Then, Sect. [ presents selected challenges and pitfalls
specific to research within geo-enabled, mobile services. Finally, Sect. [3] summarizes
the paper and points to further readings.

2 Aspects of Conducting Use-Inspired Research

This section considers first the positioning of research activities according to the degrees
to which they are use inspired. Then, the positioning of research activities with respect
to when their results can be expected to find practical application is discussed. Finally,
Sect.[2.3] covers possible sources of inspiration for research ideas.

2.1 Solutions to Real Problems and Fundamental Insights

In his book “Pasteur’s Quadrant,” Donald E. Stokes [18] discusses the traditional di-
chotomy between basic research and applied research. He argues for a new, two-dimen-
sional taxonomy. One dimension distinguishes between research that is use inspired
and research that is not. The other distinguishes between research that yields (or aims
for) fundamental understanding and research that does not. Stokes names the other two
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interesting quadrants after Bohr (fundamental insight, not use inspired) and Edison (no
fundamental insight, use inspired). He gracefully leaves the last quadrant unnamed.

Our different research activities may be categorized according to Stokes’ concepts.
In particular, we may position our activities with respect to how use inspired they are.
At the one extreme, we find application development. Here, we may well have a re-
quirements specification that details what it takes to meet users’ needs. At the other
extreme, we typically find mathematical works that simply aim to solve open problems,
e.g., to establish new complexity bounds for theoretical problems.

Much research in the database area—certainly in relation to the specific area con-
sidered in this paper—belongs in-between these two extremes. On the one hand, we do
not base our work on articulated requirements specifications from real applications. On
the other hand, we do tend to state practical concerns as motivation for our research.

Both extremes have merit, as do positions in-between these two. However, there are
also dangers associated with in-between positions. In particular, when aiming for in-
between positions, we run the risk of neither meeting any real needs nor solving any
fundamental problems, thus ending up in the unnamed quadrant. Some years ago, |
discussed this issue with a senior researcher. He told me that when he reviews papers,
he is happy with a paper if it is able to simply point to one real application where its
contribution is useful. At first, I thought that these were low stakes. I have since realized
that this is not the case. It can actually be quite hard to identify such an application.
A single paper often represents only one step towards a contribution that may have
practical applications.

If we simply list, as an afterthought, specific applications in the motivational part
of the introduction to a paper when the research is being written up, the results are
often not convincing, and we run the risk of fooling ourselves. I believe that some of
our research activities may benefit from us spending more time thinking about their
positioning with respect to (specific or classes of) applications.

2.2 Timing

In many of our research activities, we aim for results that may eventually find applica-
tion in practice. For this research, it seems to make sense for us to consider early on
when we expect the results to be applied and then to formulate expectations to the state
of reality as of that future time. The point is that the research results should apply to
that reality.

It is of course not possible to accurately predict the state of reality, or even the aspects
of reality that may be most relevant for our research, in, say, five or ten years from now.
However, I still advocate that we spend a bit of time in formulating some expectations.
The alternative would be to work totally in the dark.

One starting point is to extrapolate technology trends. Moore’s Law effectively states
that processor speeds double every 2 years (the numbers of a transistors on a chip dou-
bles every 2 years) [8]. This self-fulfilling prophecy was put forward by Intel co-founder
Gordon Moore in the mid 1960s, and it has roughly held true for four decades. Similar
statements, with shorter doubling times, may be made for disk capacities and computer
network bandwidths.
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Let us consider what I term the Bicycle Analogy: How fast will a bicyclist be able
to go if Moore’s Law applied? Making the reasonable assumptions that the bicyclist
is able to travel at 30 km/h originally and that the speed doubles every 2 years for 40
years, the current speed is 31,457,280 km/h!

This analogy illustrates several points: First, it illustrates my view that quantita-
tive advances in hardware technologies are very important drivers of the research in
software technologies. They have a profound impact on the software research agenda.
(Qualitative advances, e.g., in the form of new types of sensors, are also important.)
Second, sustained, exponential improvements such as these are dramatic and difficult
to imagine. Indeed, they are counter-intuitive—we are simply not used to such rates of
improvements in our daily lives. So, even if we have heard about exponential improve-
ments, they are not natural to us.

I still remember how thrilled I was when, in 1991, I was able to get an external disk
for my Mac. This disk was heavier than my current laptop, it sounded like a jet plane
when it was turned on, and its capacity was less than 20 MB! At that time, if someone
had told me about today’s disks, or that I could get, e.g., a Secure Digital memory card
that weighs 2 grams, uses very little power, and has a capacity of 2 GB, I am not sure
that I would have believed it or acted wholeheartedly upon it in my research.

Third, the humans are the constant parts of the equation. While we perhaps think
we are getting a lot smarter as the years go by, the improvements are negligible in
comparison to the technology improvements.

Jim Gray’s DBLP listing [3] has a significant concentration of papers that concern
technology trends and is a good starting point for continued studies.

However, just because something is technically possible, this does not mean that that
something is being deployed in practice. If we simply adopt a very technological focus,
we may end up with overly optimistic predictions. Many technological possibilities do
not materialize in practice, or do so only much later than possible. For example, third-
generation mobile telephony has been technically possible for quite a few years, but is
only now being deployed in many parts of the world.

People and enterprises are often conservative. The availability of existing infrastruc-
tures, or legacy systems, that to a large extent are capable of meeting needs block the
deployment of new technologies. For new technologies to actually be deployed, a plau-
sible business case must exist.

Incidentally, one big difference between academia and business is the importance
of timing. In academia, it is probably not a disaster if a particular research result finds
application only a few years later than expected. Rather, it is likely to be considered
a success that the result found application at all! In business, where the potential fi-
nancial rewards are higher, timing is of the essence. Once an enterprise has invested in
new technology, that investment needs to generate revenue, so that salaries, etc. can be
paid.

2.3 Inspiration

One important aspect of doing well in research is to work on great research ideas. There
are many approaches to seeking inspiration that may lead to great ideas. Here, I discuss
three.
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A traditional way of getting ideas is to study the body of related work within one’s
area. In any event, it is important to be familiar with past, related work. One reason is that
research results have little value if they are not new. Another is that it is important to build
on past results where possible. By reading the literature, it is possible to get great ideas.
However, this approach may also have a tendency to foster research activities and results
that are closely related to existing activities and results. What has already been done had
a tendency to define the “universe,” and it is difficult to step well outside this universe.

For example, the research literature contains several dozen proposals for temporal
data models and query languages. It seems that as everybody in the temporal database
community read the many interesting papers about data models and query languages,
they had to also study these subjects and also had to propose their own. As more and
more proposals accumulated, it became increasingly harder to invent new and interest-
ing proposals. And at some point, it probably became more constructive to study other
problems.

The second approach to seeking inspiration is to interact with entrepreneurs. While
researchers are constantly on the lookout for interesting problems to work on and thus
thrive on problems, entrepreneurs thrive on solutions—they have plenty of problems.

During my interactions with entrepreneurs—e.g., via participation in advisory
boards or boards of directors for technology start-ups, via industrial collaborations in
research projects, and via participation in industry associations—many of my “great”
ideas have been shot down as either not a “real” problem (because there is an easy 80%
solution that does the job) or not an “important” problem (because there are many, more
pressing problems).

While entrepreneurs have their own agendas and can be quite strong minded, they
offer a different perspective. They serve as a filter that helps eliminate bad ideas and
prioritize the remaining ones. In my experience, this has a positive effect on relevance
and impact.

The third approach is to obtain inspiration from domain experts. One of the problems
with relying solely on the first approach is that the research literature is generally quite
abstract when it comes to the requirements of real problems. In contrast, domain experts
have much richer views of problems and requirements. By interacting with domain
experts, it becomes possible to “see” problems that would otherwise have remained
invisible. For example, I have benefited from interacting with traffic researchers. This
way, | have learned about problems that I would otherwise not have imagined.

3 Geo-Enabled Mobile Services

This section first elaborates on the data centric view of mobile services as formulated in
the introduction. It then discusses the various types of content of relevance for mobile
services, including business content (e.g., point-of-interest data), generic geo-content,
also termed infrastructure, and user-specific geo-context.

3.1 Overview

The introduction states that “by capturing pertinent aspects of reality in digital form—
in semantically rich and appropriately organized structures, and with powerful update



Geo-Enabled, Mobile Services—A Tale of Routes, Detours, and Dead Ends 11

and retrieval techniques available—an ideal foundation for delivering a wide range of
mobile services is obtained.” This section elaborates some on this statement.

First, this statement represents a data centric view of mobile services. The idea is that
a service request by a mobile user translates into queries against the database envisioned
in the statement. A key challenge in the delivery of mobile services then becomes a data
processing problem.

The phrase “digital mirror of reality” has been used for describing the envisioned
database. While this concise phrase is certainly to the point, it only partially reflects
the desirable capabilities of this database, which go well beyond simply being a mirror.
In particular, the database may capture past states of reality and one or more perceived
future states, in addition to the current state. In more technical terms, the database sup-
ports the valid-time aspect of data. Further, if accountability is a concern, the database
may include an incorruptible record of its past states. In technical terms, this is called
transaction-time support.

Next, the database and the database management system used may not be a single re-
lational or object-relational database stored in a centralized system. Rather, the database
and system may well be distributed and heterogeneous in a number of respects. For ex-
ample, the data may be physically distributed and may not adhere to the same common
schema or data model. The control and data processing may also be distributed.

3.2 Infrastructure and Business Content

The delivery of geo-enabled mobile services in practice is dependent on relevant con-
tent being available. Examples of content include weather data; traffic condition data,
including information about accidents and congestion; information about sights and at-
tractions, e.g., for tourists; information about hotel rooms, etc. available for booking;
and information about the current locations of populations of service users.

The management of such content includes several aspects. An information technol-
ogy infrastructure, as discussed briefly in the previous section, must exist that is capable
of capturing the content and capable of absorbing the content as it is made available,
while being able simultaneously to make the content available to services.

We may distinguish between two types of content: the geographical infrastructure
itself and all the other, “real” content that may be given geographical references and that
must reference the infrastructure. So-called points of interest exemplify real content.

The geographical infrastructure, or geo-content, concerns the geographical space
“itself,” with hills, lakes, rivers, fjords, etc. It also concerns the road networks for use by
vehicles and the transportation infrastructures for, e.g., pedestrians, trains, aircraft, and
ships. The infrastructure for vehicles is of high interest because users may frequently
be either constrained to, or at least using, this infrastructure.

Geo-content is essential. Users think of the real content as being located in a trans-
portation infrastructure, and they access the content via the infrastructure. For example,
the location of a point of interest is typically given in terms of the road along which it
is located, and directions for how to reach the location are given in terms of the trans-
portation infrastructure.

For the delivery of a range of geo-enabled mobile services, it is particularly impor-
tant that a representation of the road infrastructure is available that supports multiple
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functions, including content capture; content update and querying, including route
planning and way finding; and user display. This representation may be composed of
several constituent representations [11].

It is common practice to specify the location of some content relative to the nearest
kilometer post along a specific road. For example, the entry to a new parking area may
be indicated by a road, a kilometer post on that road, and an offset. One representation,
using linear referencing, is used in connection with the capture of such content.

A weighted, directed-graph representation may also be used that represents a quite
abstract view of an infrastructure. This representation ignores geographical detail, but
preserves the topology, and it may be used for connectivity-type queries, such as route
guidance and way finding.

Next, a geo-representation is also needed that captures the geographical coordinates
of the road infrastructure. With this representation, it is possible to map a location given
in terms of geographical coordinates, e.g., from GPS receivers or point-on-a-map-and-
click interfaces, to a location in the infrastructure. Finally, these three representations
must be integrated.

All the real content encompasses any content that may reference, directly or indi-
rectly, the geographical infrastructure. A museum, a store, or a movie theatre may have
both a set of coordinates and a location in the road network. This type of content is
open-ended and extremely voluminous. For example, it may include listings of movies
currently running in the movie theatre, it may include seat availability information for
the different shows, and it may include reviews of the movies. Often, the real content is
the primary interest of the users.

Content is generally dynamic. This applies to road networks, where road construction
and accidents change the characteristics of the networks with varying degrees of perma-
nence. Other content is also dynamic. Examples abound. New stores open and existing
stores relocate or close. The opening hours of a facility may change. The program of a
movie theater changes. The sales available in a store change. This dynamicity of content
implies that a representation of content must be designed to accommodate updates.

Content is more or less dynamic. The content that derives from the sampling of the
positions of moving objects belongs at the highly dynamic end of the spectrum. Captur-
ing the present positions, and possibly the past as well as anticipated future positions,
of a large population of mobile users requires special techniques, as discussed next.

3.3 User-Specific Geo-Context—Locations, Destinations, Routes, and
Trajectories

User-specific geo-context is another kind of content. Among such content, the current
position of a service user is the traditional geo-context used in location-based services.

To maintain an up-to-date record of the current position of a service user, we may
envision a scenario where a central server maintains a representation of the user’s move-
ment and where the local client, e.g., a mobile phone, is aware of the server-side repre-
sentation. The client frequently compares its GPS position to the server-side position,
and when the two differ by a threshold slightly smaller than the accuracy required, an
update is issued to the server, which then revises its representation of the client’s move-
ment and sends this new representation to the client [3,/4]. This arrangement, termed
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shared-prediction-based tracking, aims to reduce the number of updates needed in or-
der to main a current position at a given accuracy.

Different representations of a user’s movement result in different rates of update. We
consider several possible representations in turn. First, we may represent the movement
of a user as a constant function, i.e., as a point. With this representation, an update is
needed every time the user has moved a (Euclidean) distance equal to the threshold
away from the previous position. This is a simple representation, and it may be useful
when the user is barely moving or is moving erratically within an area that is small in
comparison to the area given by the threshold used.

Second, we may represent the movement by a linear function, i.e., by a vector. When
the user exceeds the threshold, the user sends the current GPS location and the current
speed and direction (which GPS receivers also provide) to the server. The server then
uses this information to predict the user’s to-be-current positions.

Third, we may utilize the infrastructure in the representation of a user’s movement.
This requires that we are able to locate the user with respect to the infrastructure. One
possibility is to assume that the user is moving at constant speed along the road on which
the user is currently located. We may use the GPS speed as the constant speed, and we
may assume that the user stops when reaching the end of the current road segment.
Depending on the lengths of the segments, this representation can be expected to be
better or worse than the vector representation. However, for realistic segments, this
representation has the potential for outperforming the vector representation.

Next, we may use the route of the user in place of the segments. Folklore has it that
most humans who travel do so towards a known destination. Most often, we do not
move around aimlessly. Further, being creatures of habit, and perhaps for maximum
efficiency, we tend to follow routes we have previously followed. Therefore, it is a
good assumption that we are frequently able to predict correctly the route on which
a service user travels. Using the correct route in place of a road segment means that
the number of updates needed to maintain a user’s position with the desired accuracy
decreases further. Indeed, updates occur only because of incorrectly predicted speeds—
no updates are caused by incorrectly predicted “locations.” It should also be observed
that if a route is predicted incorrectly, e.g., because the user makes a turn, this does not
lead to a breakdown. Rather, this simply forces an update and a new prediction.

The infrastructures currently available for mobile services support the accumulation
of GPS data from vehicles. Based on this data, it is possible to gradually create usage
patterns for vehicles that consist of the routes traveled by the vehicles along with usage
meta-data, which are temporal patterns that describe for each vehicle and route when
the route is being used by that vehicle [2]. For example, a pattern may specify that a
route is being used in the morning on weekdays. The resulting route and destination
data may subsequently be used in services. By also attaching travel speeds to routes, we
obtain trajectories, which are routes “lifted” into the time dimension [7]].

4 Pitfalls and Specific Recommendations

This section presents six recommendations for conducting research. These are in-
tended to apply to the area of geo-enabled, mobile services, but are to varying degrees
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applicable also to other areas of research. These are all recommendations that I am
trying to follow myself, with the hope that my research is going to benefit.

4.1 Perceived Reality

For application-oriented research, estimate the time of application and formu-
late expectations to the reality as of that time; then design for that reality.

This recommendation was discussed in an abstract setting in Sect.[2.21 My different re-
search activitied] have quite different use horizons. For example, my research on track-
ing (e.g., [3L14]]) is applicable here and now, and is expect to remain applicable for the
foreseeable future. For this research activity, we take care to only make assumptions
that are met by current infrastructures. Assumptions concern the available computing
and storage capabilities of mobile terminals, the available communication technologies,
the available positioning technologies, the available digital road networks, and existing
legislation.

Towards the other extreme, I expect that much of my research on the indexing of the
positions of moving objects (e.g., [12,[14,[15/|161[17]]) is only applicable in the longer
term. For disk-based indexing to be of interest, the sets of data items to be indexed must
be much larger than the data sets seen today. For indexes that consider the current states
of objects, the data sets should probably contain positions of hundreds of thousands
of objects, while for indexes that consider the entire lifetimes of objects, data sets that
concern thousands or tens of thousands of objects suffice to render disk-based indexing
relevant.

This line of research is more speculative than the research on tracking, and it is
also somewhat more removed from specific applications. Some of the results may not
offer the final answers, but may serve as inspiration for further work. Also, although
this research is generally cast in the setting of indexing of moving object, it might be
that the results will be applied in other settings, e.g., settings with low-dimensional,
continuous variables.

4.2 Architectural Setting

Ensure that at least one appropriate architectural setting exists or may be
envisioned for the research contribution.

For some research, it is important to be specific about the architectural assumptions
underlying the research. For other research, it may be sufficient to ensure that an ap-
propriate architectural setting exists or can be envisioned. And for yet other research,
architectural settings may not be an important concern.

In particular, for research that is expected to have practical application in the short
term, the architectural setting is likely to be a concern. In keeping with this, the research
I have conducted with my colleagues on tracking and also route acquisitioning and pro-
visioning [2] is fairly explicit about architecture, and attempts have been made to ensure

! T will generally concern myself with my own research, to avoid making bold statements about
the research of others.
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that the assumptions about the possible application contexts are reasonable. In particu-
lar, we believe that the contributions are applicable in current application contexts, e.g.,
existing server-side systems, existing mobile terminals that use GPS for positioning
and for GPRS data communication, and existing digital road networks. To justify these
claims, we have built and demonstrated proof-of-concept prototype implementations.

Considering next the research on the indexing of moving objects, which is less di-
rectly applicable in practice and only in the longer term, the issue seems to be to ensure
that architectural settings will indeed exist at the time when the various proposed in-
dexes become widely applicable.

One point here is that it appears unrealistic to assume that the many indexes for mov-
ing objects will find their way into conventional object-relational database management
systems. Other areas of data management and computer science research are also quite
prolific when it comes to the invention of new indexes, so these observations apply also
to those other areas. We may instead assume that the indexes may be applied in more
componentized and open data management architectures.

4.3 Composability

Invent solutions for composable functionality.

When research on query processing in relation to moving objects first took off, the ef-
ficient processing of many basic types of queries had yet to be explored in the new
moving-object settings. Examples included one-time and continuous range queries,
nearest-neighbor queries, and reverse nearest-neighbor queries, to name but a few.

As techniques for the processing of these basic types of queries accumulate, it is
natural that attention shifts to as yet unexplored or lightly explored types of queries. A
potential pitfall is that we start producing highly optimized solutions to very specialized
types of queries. This path is not advisable, as the prospects of these solutions finding
practical applications are likely to decrease with the degree of specialization of the
functionality.

To appreciate the point, consider SQL and the relational algebra as examples: We
should avoid following the path where we invent highly efficient algorithms for in-
creasingly complex SQL queries. Rather, we should focus on developing efficient al-
gorithms for the relational algebra operators in terms of which the SQL queries may
be expressed. At some point, query optimization should take over from efficient, stand-
alone algorithms.

4.4 Versatility and Robustness

Prioritize versatile and robust solutions over specialized and brittle, although
possibly highly performant, solutions.

One lesson to be learned from current, commercial data management technology and
existing applications is that versatile and robust solutions have better chances of finding
practical use than do very specialized ones, even if these exhibit very high performance
in some cases. The objective of a query optimizer is quite modest: it should avoid the
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clearly inefficient ways of computing a query and identify one good way of executing
the query. (Even meeting this objective can be a challenge.)

In the area of data processing for moving objects, the parameter space—the number
of parameters and parameter settings that characterize a data processing workload—
is very large. One consequence of this is that there is “room” for many solutions that
offer superior performance for certain settings, but may be clearly inefficient for other
settings.

The recommendation is that we try to aim for solutions that are versatile in terms of
the functionality they offer and that are robust in terms of the settings. A solution for
which there exist other solutions so that for every possible parameter setting, at least
one of these other solutions has twice the performance may still be preferable if it is
much more robust than its competitors.

One concern here is that is seems to be much easier to produce an experimental
study that demonstrates the merits of a highly performant, but possibly brittle, solution
than a study that demonstrates the merits of a robust solution with performance that is
dominated by existing solutions.

4.5 Context
Design query processing techniques that exploit the entire context.

Mobile services are delivered to devices that are typically without (qwerty) keyboards
and that have only small screens. Further, a service may be expected to be delivered in
situations where the main focus of attention of its user is not the service, but rather that
of, e.g., navigating safely in traffic. For these reasons, it is much more important than in
a desktop computing situation that the user receives only the relevant information and
service, with as little interaction with the system as possible. One approach to obtaining
these qualities is to make the mobile services aware of the user’s context, as covered in
Sects.[3.2land 3.3l Another benefit of taking the entire context into account is that better
functionality can be provided.

The user’s current location is one possible geo-context, and the user’s destination is
another. Yet another is the route that takes the user from the current location to the des-
tination. Also, the trajectory that takes the user to the destination is a possible context.

Routes are interesting for at least two reasons. First, as also discussed in Sect.
mobile users typically travel towards destinations. A user often, or typically, follows
the same route when going from one location to another. For example, a user typically
travels along the same route from home to work.

Second, routes are significant as context for a range of services. For example, a ser-
vice that knows the route of a user may alert the user about travel conditions, e.g.,
congestion and accidents, on the route ahead, while not bothering the user with con-
ditions that do not relate to the user’s route. As another example, routes may be used
when users request the locations of “nearby” points of interest.

Another type of geo-context is the infrastructure, e.g., the transportation infrastruc-
ture, into which the users are embedded.

When we design query processing techniques, I recommend that we try to use as
arguments all the context that we can reasonably expect to have available. So if we can
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assume to know the likely route of a moving vehicle, we may suggest restaurants or gas
stations to the driver that are near to the expected route, rather than merely to the driver’s
current location, which is the best a service can do if it ignores the route. And, utilizing
knowledge of the road network, we can use network distances as opposed to Euclidean
distances in our calculations, and we can augment the answers with distances, detour
distances, and suggested routes to the points of interest returned.

4.6 Queries and Updates

Pay attention to both query performance and update performance.

Many indexing and query processing techniques for geographical data were originally
developed for largely static data. For example, R-trees do not contend well with work-
loads with frequent updates.

In contrast, mobile-service application scenarios exist that are characterized by fre-
quent position updates. This puts focus on techniques that are capable of supporting
workloads consisting of frequent updates as well as queries, and it puts focus on studies
of the trade-off between query performance and update performance.

Updates of moving-object positions correspond to the sampling of continuous, po-
sition-valued variables. One implication of this is that our record of the position of a
moving object is inaccurate. Different services may tolerate different inaccuracies. For
example, a localized-weather service may tolerate a relatively high degree of inaccu-
racy without this affecting the functionality of the service, while a navigation service is
dependent on more accurate positions.

An obvious approach to taking advantage of the different accuracy tolerances of
different services is to perform updates only when needed to maintain the accuracies
needed (cf. Sect.[3.3). Indexing and query processing techniques should be able to ex-
ploit this approach to updates.

By forming predictions of the future movements of the objects, the numbers of up-
dates can be further reduced. Indexing techniques for moving objects that represent the
current and near-future positions of the objects as linear functions from time to points
in space predict that the objects move in linear fashion. Techniques that represent ob-
ject positions as points in space predict that the objects do not move. One study of the
movements of vehicles [3,/4] shows that constant prediction leads to almost three times
as many updates as does linear prediction for a range of reasonable accuracies.

S Summary

Based on my own research experience and with a focus on my research in the area
of geo-enabled mobile services, this paper first presents some of my general thoughts
about conducting use-inspired research. Following a data centric characterization of
geo-enabled mobile services and the content of relevance to such services, the paper
presents six recommendations for future work in mobile services.

Although I try to maintain a portfolio of research activities that range from ones with
practical applicability in the short term to ones that are more speculative and that may
only have indirect applications in the long term, the paper mainly concerns research
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with intended applications in the near and medium terms. Thus, those who conduct
research in an abstract setting that is unrelated to perceived applications may not find
the paper relevant.

It is important to realize that there is no single best approach to obtaining good
research results. I hope that the thoughts presented in this paper can inspire others to
possibly adjust the approaches they favor, so that they avoid detours and dead ends in
their research and instead are able to identify direct routes to even better results.

For those who are interested in introductions to the general area covered in this paper,
the recent books by Voisard and Schiller [19] and Giiting and Schneider [7]] come highly
recommended. Reaching beyond data management, the first offers a broad coverage of
location-based services, while the second is devoted specifically to data management for
moving objects. Also, two recent special issues [9,[10] of the IEEE Data Engineering
Bulletin are good starting points for those interested in doing research in indexing and
query processing for moving objects.
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Abstract. To process aggregation queries issued through different sen-
sors as access points in sensor networks, existing algorithms handle
queries independently and perform in-network aggregation only at the
query time. As a result of ad-hoc and independent execution of queries,
no partial result is sharable and reusable among the queries. Conse-
quently, scarce sensor network resources can be easily overconsumed,
particularly, those sensors commonly accessed by queries. In this paper,
we address this issue by examining strategies to maintain Materialized
In-Network Views (MINVs) that pre-compute and store commonly used
aggregation results in the sensor network. With MINVs, aggregated
sensed results for some spatial regions are available and sharable to
queries. Thus, the number of sensor accesses is greatly reduced. Through
simulations, we validate the effectiveness of proposed strategies.

1 Introduction

Sensor network applications are often interested in the sensed data in ceratin
geographical regions (typically in form of spatial windows) rather than on some
specific sensors. Examples of such applications include pollution monitoring and
city road traffic control. Through sensor networks, those environmental data
(i.e., pollution and traffic) are tracked and made available for querying. Due
to the expensive energy cost of communication in wireless sensor networks, a
summary of readings (i.e., aggregated readings) is preferred over a collection
of all individual sensor readings. This kind of queries that collect aggregated
readings from sensors within a geographical area is called spatial aggregation
query. In such queries, aggregate functions such as sum, count, average, max and
min are frequently used. Example queries include: “What is the average pollution
index value in the 10-meter space surrounding me?” and “How many available
parking slots in the car park?”.

In-network aggregation has been studied in sensor database projects (for ex-
ample, Cougar [I] and TinyDB [2]). These works focus on the construction and
optimization of a routing tree, an ad-hoc network topology over which query
results are aggregated and routed toward the root where the result is collected.
However, the design of these works focuses only on a single query. For a large-
scale sensor network, multiple queries may be issued from different locations with
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sensors close to the users serving as access points. With existing techniques, in-
dividual queries can be processed by forming independent routing trees with
access points as the roots. Due to independent topologies, the aggregated results
cannot be naturally shared with and reused by other queries. The scarce sensor
resources (in particular, the battery power) are therefore easily overconsumed.
Thus, the lifetime of a sensor network (or a certain portion of network) is quickly
shortened when a large number of queries are issued.

Sharing results of multiple aggregation queries and optimizing the query per-
formance presents some technical challenges that must be faced. An indepen-
dent executing query does not take other queries into consideration. Therefore,
it is difficult to (1) determine what partial aggregated result of a query will be
reusable (if any) by other queries; (2) decide which sensors to store sharable
results for later access; and (3) make other queries aware of the availability of
the stored query results. Moreover, processing on-demand queries issued from
arbitrary sensors is already a challenging issue.

In this paper, we address these challenges by maintaining Materialized
In-Network Views (MINVs) in the sensor networks. By identifying a set of
frequently-used sensor readings at the planning stage, a MINV can be defined to
store an aggregated result of readings from the set of sensors in support for pro-
cessing queries at the run time. Obviously, the deployment of MINVs has several
advantages. First, the study of query compatibility in multiple query optimiza-
tions is reduced to the matching between the view and the queries. A query can
take full advantage of the view if the aggregation required by the query is the
same as the view. Thus, multiple queries can be supported through the view.
Second, the views are distributed in the sensor network, so it does not overload
any single sensor and it does not require any super sensor (i.e., a more powerful
sensor) for data storage or processing. Queries are executed by traversing sensors
in the network to collect readings, either the raw data or aggregated results from
the views, based on the real requirements.

The rest of the paper is organized as follows. Section 2] describes the system
model our proposals are based on and reviews related work. Section [B] details
the proposed schemes to support multiple spatial aggregation queries. Section [
evaluates the impact of different factors on the performance through simulation.
Finally, Section [0l concludes the paper.

2 Preliminaries

In this section, we first describe the characteristics of sensor networks and our
assumptions. Then, we discuss spatial aggregation queries followed by the review
of some approaches in data dissemination reported in literature.

2.1 System Model and Assumptions

We consider the sensor network formed by homogeneous and stationary sensors
as shown in Fig. [[(a) where dots represent sensors. We assume that sensors
are densely and uniformly distributed in a geographical area. Sensors have four
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Fig. 1. Grid structure of sensor network

basic capabilities: (1) sensing, (2) storage, (3) computation, and (4) wireless
communication. Sensors can sense and collect its readings, and serve as storage
for its own collected readings and a partial content of a MINV. Computation
enables some query processing tasks and wireless communication enables a sensor
to relay messages from one sensor to its neighbors. All sensors are considered
identical in terms of processing power, memory size, radio transmission coverage
and energy. No task or data is sent to a specific super sensor for storage or
processing. All sensors either operate independently or collaborate with others.
We further assume the sensors are location-aware (i.e., each sensor obtains its
geographical location) and time synchronized, (i.e., each sensor obtains the global
clock) through GPS or other positioning techniques [3,[4].

As many well-known research in sensor data routing such as GAF [5] and
data dissemination such as TTDD [6] and Comb-needle [7], we model the sensor
network as a grid. We define the side length of a grid bound by R/+/5 with R the
transmission range of each sensor based on GAF [5]. Each cell is uniquely iden-
tified by a grid coordinate (x,y). For convenience, we refer to the cell at (x,y) as
grid(z,y). We assume the cell side length is at most R/v/5, therefore the signal of
a sensor in a cell is conservatively reachable to other sensors in adjacent cells. To
be specific, a message from a sensor located in grid(x,y) can be received by all
other sensors within the same cell and neighboring cells (above, below, left and
right) can also hear the message, but not sensors in diagonally adjacent cells. For
simplicity, each cell is assumed to have only one sensor located at the center of
grid(z,y) and denoted by s, ,. Fig.[[(b) shows a logical presentation of the grid-
structured sensor network. Further, we indicate a number in each cell as the read-
ing of a corresponding sensor located inside the cell. Based on a grid-structured
sensor network, we focus on the processing of spatial aggregation queries.

2.2 Spatial Aggregation Queries

Without loss of generality, we assume that each sensor maintains data in the
following form: (readings,loc). Based on the grid structured sensor network,
our spatial aggregation query is expressed in an SQL-like syntax as exemplified
in the following:
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SELECT AGG(readings) FROM SensorNetwork
WHERE loc IN ([z1,z2], [y1,y2]);

This expression means collecting (AGG(readings)), aggregated readings from
sensors in a logical relation, SensorNetwork, whose locations (loc) are within a
region specified by ([z1,x2], [y1,y2]) where 21, z3, y1 and yo are the grid co-
ordinates. Referring to the Fig. [l(a), two aggregation queries, denoted by Q1
and @, are issued at two different sensors (called access points) to aggregate
readings received at all the sensors within the specified spatial window. Later,
the query results are routed back to the user via the corresponding access points.

2.3 Related Work

A number of ongoing research projects focus on guiding the sensors to dissem-
inate their measurements to interested users. In general, those works can be
grouped in three major categories, namely, pure push, pure pull and hybrid ap-
proaches. They are briefly reviewed as follows.

Pure Push Approaches. Pure push approaches proactively propagate readings
from individual sensors assuming that queries located in different parts of the
sensor network may be interested in their readings. This approach is suitable
when multiple queries are scattered in the network and their locations are not
known in advance. Example push approaches include flooding, SPIN [§] and
TTDD [d].

Pure Pull Approach. In pure pull approach, sensors are silent unless a request
arrives. Queries play an active role to traverse the network to collect readings.
After having been triggered by a query, interested sensors deliver their readings
toward an access point (also called sink point) where the query is issued. Example
pull approaches include directed diffusion [9], TAG [10] and Cougar [I].

Hybrid Push and Pull Approach. Hybrid approaches combine the advan-
tages of both push and pull approaches. These approaches are composed of two
steps. First, sensors push their readings to collection points determined by dis-
semination algorithms. Second, from collection points, queries pull the readings
depending on requirements. Several distributed approaches are proposed such as
geographic hash-tables (GHTSs) [1I], DIM [12] and Comb-needle [7].

Our approaches proposed in this paper are also hybrid approaches, but are
very different from existing work. First, we consider multiple queries with more
complicated aggregation, which have not been considered in sensor networks.
Second, we assume each sensor can serve as an access point and queries can be
issued at any access point.

3 Materialized In-Network View

Motivated by the needs of sharing query results for multiple queries, we examine
the use of MINVs to support multiple spatial aggregation queries. The material-
ized view has been widely used in data warehouse and OLAP applications [I3] to
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improve the query response time. It computes aggregated values among a collec-
tion of disk resident operational data and stores the results as database views on
disks. When a query is issued, the partial results of interested views are retrieved
to ease query computation. We employ the similar idea in the context of sensor
networks.

However, techniques designed for manipulating materialized views in a cen-
tralized database system cannot be directly applied to sensor networks due to
the constraints of sensor networks. First, wireless communication is very energy
expensive. Thus, both the message size and quantity need to be minimized. Sec-
ond, each sensor has only a limited amount of memory and therefore a MINV
needs to be distributed among sensors. Third, in-network view maintenance tech-
nique, rather than central approaches, are applied to keep the size of messages
(intermediate view change) transferred among sensors compact.

Based upon the above factors, we propose three different approaches, namely,
full scanning, replication cluster, and prefiz sum, for managing a MINV and
process spatial aggregation queries. Full scanning does not maintain any view.
Replication cluster, as its name suggests, maintains a view of a pre-defined cluster
and replicates the view to all the nodes inside the cluster. Prefix sum, good for
supporting range sum queries, allows sensors to maintain cumulated readings
over a range of sensors [13].

For the sake of simplicity, the following discussion focuses on the aggregation
function, sum. Thus, a query accumulates sensor readings within a specified
spatial window ([z1, 23], [y1, y2]). A given sum-aggregation query @ is to retrieve
D itey 2oy, T(8i,3), With 7(s; ;) the reading received from a sensor s; ;. Let
us revisit the query @1 depicted in Fig. [Mi(b). The specified spatial window is
([1,3],[1,3]) and the corresponding sum is 28 (=2+1+5+4+2+3+3+2+6).

3.1 Full Scanning

Full scanning is a pure pull approach. It maintains no view and serves as our
baseline algorithm. Every query has to traverse all sensors within the query
window to collect and aggregate readings. Initially, a query is routed from an
access point to the closest sensor, named originating node, on the boundary of
the spatial window. The query traversal follows two sorts of paths, namely, border
path and interior paths. The border path runs along the window boundary and
readings are recorded from encountered nodes until the originating node is met
again. The interior paths are linear paths horizontally or vertically crossing the
window. Employing both border and interior paths has the following advantages:
(1) They ensure a complete coverage (and traversal) of all sensors in the window.
(2) Parallel traversal of border path and interior paths improves response time.
(3) The originating node where the scanning ends is the closest sensor to the
access point; facilitating the efficient final result delivery.

The detailed description of scanning process of @ is illustrated in Fig. 2
Initiated at the access point (4,0), Q1 is first routed to the originating node
(3,1) and traverses the border path in the clockwise direction. At (2,1), Q4
finds a row of nodes ((2, 1) through (2, 3)) not yet visited and forks a child query
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Fig. 2. Full scanning

Q) to traverse along the interior path to collect the reading of the sensor at
(2,2). Meanwhile, Q1 continues the traversal to (1, 1), (1,2), and (1,3). Then, at
(2,3), the intersection between the interior and border paths, @Q; collects @Q}’s
result (i.e., 2) and aggregates it with the tentative result (i.e., 20). Thereafter, Q1
carries the aggregated reading of 22 and scans through (3,3), (3,2), and (3,1),
with the final reading of 28. The final answer is sent back to the access point.
(2 traverses in the same fashion but with a counter-clockwise border path. The
description is omitted for space saving.

For every single query, full scanning takes one pass and visits all required
sensors once. However, sensors within a common query-interested region could
be accessed multiple times. In Fig.[2l sensors within the common region of Q1 and
Q2 (ie. {[1,2],[1,3])), are accessed twice. Therefore, the saving/sharing among
queries can be obtained if a sharable partial result is available somewhere.

3.2 Replication Cluster

The replication cluster approach is motivated by spatial access locality of queries,
i.e., sensors closely located are very likely to be accessed by a same query. Here,
we assume that certain clusters are determined at the system planning stage
based on analysis of query patterns and other system, network, and application
factors. Further, this cluster information is assumed known to both sensors and
issued queries via pre-programming. Our idea is to let each sensor within a cluster
maintain (and replicate) the view of an entire cluster. Thereafter, a query fully
covering a cluster can obtain the view by visiting any single sensor within the
cluster. Thus, the traversal of all the member nodes of a cluster is replaced by
one sensor visit, significantly reducing the number of sensor accesses.

To maintain the freshness of a view inside a cluster, every sensor knows other
member sensors in the same cluster and they adopt a flooding mechanism to
update the view. When a sensor obtains a new reading, it updates its own replica
of the view and then broadcasts the change (the difference between previous and
new readings for sum semantic) to intermediate neighbor nodes. The broadcast
is marked by a unique tuple (I Dy, IDy), with I D, the ID of the sender sensor
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Fig. 3. Replication cluster

and IDj, the ID of the sender’s broadcast. Once neighbor nodes receive the
change, they update their own view replica and rebroadcast the same message.
The flooding-based view update terminates at those nodes outside the cluster.

Fig. Bl shows query processing with replication cluster. Suppose two clusters
are formed, located at ([1, 2], [0, 1]) and ([1, 2], [2, 3]). Like full scanning, Q1 is first
routed to node (3, 1) and starts traversal in the clockwise direction. However, a
child query at (2, 1) can be avoided because the sensor at (2, 2) is part of a cluster
fully covered by the query. Thus, it takes only the border path and aggregated
result is 28 (= 2+ 4 + 3 4+ 13+ 5+ 1). The result is sent back to the access
point. Although @Q; traverses both (1,3) and (2,3) (the path annotated by a
dotted line), the query and the partial result are routed through the two sensors
without invoking computation at the application level in sensors. Q2 performs
similarly. Note that the cluster ([1,2],[2,3]) is shared by both @1 and Q2. @1
obtains the aggregated result (13) at node (1,2) while Q2 obtains it at node
(2,3). The workload of sensors within a cluster is also shared.

The cluster size has an impact on the performance. If the cluster size is rel-
atively large to a query, a query will be less likely to be completely covered by
a cluster; resulting in full scanning. If the cluster size is too small, the saving is
limited since it still needs to fork child queries to scan interior sensors, and the
sharing of aggregated readings is also limited.

3.3 Prefix Sum

The third approach is prefix sum view [I3] which accumulates readings through-
out the network. Each sensor maintains a partial cumulated sum of readings. We
present two variants, namely, I-dimensional (1-D) prefix sum and 2-dimensional
(2-D) prefiz sum. They employ the same aggregation concepts but are different
in scopes of aggregation.

1-Dimensional Prefix Sum. With 1-D prefix sum, every sensor, s; ; in a sen-
sor network maintains its own reading r(s; ;), and a cumulated sum of readings
denoted by V; ;—1 = ch;é r(s:,) (or simply Vi j_1 = r(s;j—1) + Vi j—2 where
Vi,—1 = 0). Sensor s; ; knows the sum of the readings of all the preceding nodes
namely s;0,8;,1 - S5,j—1 in the row 4. Fig. depicts a sample sensor network
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Fig. 4. Linear Access on a Wireless Broadcast Channel

partitioned into 5 rows. In the top row, sensors sg ; keep readings: 3, 5, 1, 2 and
2 and the corresponding cumulated sums V4 ;1 shown in braces: 0, 3, 8, 9 and
11 respectively, with 0 < 7 < 5.

Instead of sending a sequence of readings along a row to initialize and update
a view, in-network maintenance is used to propagate the sum of readings. At
row i, the first node, s; ¢ starts propagating its own readings as V; o (= 7(s:,0))
to the second node, s; 1. Then s; ;1 keeps this received reading, and computes
Vi1, ie., Vio+r(s;1) and sends it to s; 2. The propagation repeats until the last
sensor of the row is reached.

Upon request, a sensor s; j can report any of the three readings: (1) its reading,
r(8:,5); (2) Vi -1, a stored cumulated sum of r(s; o) through r(s; ;—1); and (3)
Vi,j» a derived cumulated sum from readings of s; ¢ through s; ; (ie., Vi j_1 +
7(8;,57)). Thus, it is efficient to find out the cumulated sum from s; o to s, (@ < b)
in a row ¢ by subtracting V; ,—1 from V; ;, since they are obtainable in s; , and
s;p. In Fig. accessing sensors at (0,2) and (0,4) can get the cumulated
sum from (0,2) to (0,4). The sensor at (0,2) provides V1 = 8 and the sensor
at (0,4) reports Vo4 = Vo3 +r(so4) = 11+ 2 = 13. The cumulated sum for the
range is Vo4 — Vo1 = 5.

Spatial aggregation query processing is reduced to accessing the two ending
nodes of rows covered by a query. For example, ()1 in Fig. covers three
rows. 0 is first routed to the originating node at (3, 1) to start clockwise border
path traversal. It visits sensors at (3,1), (2,1) and (1,1) to collect V3 o(= 3),
Va,0(= 2), and V4 o(= 7), respectively. Then the query is routed to (1,3), and it
visits (1, 3), (2,3), and (3, 3) in sequence, collecting V; 3(= 18), V2 3(= 11), and
Vs,3(= 11). Finally the query result of 28 (= =3 —2 — 7+ 18 + 11 + 11) is sent
back to the user.

2-Dimensional Prefix Sum. 2-D prefix sum view is in a 2-dimensional fash-
ion. Before the discussion, we define the notation W; ; as the cumulated sum of
reading of so 0 through s; ;, i.e., W; ; = >! _ 37 r(sqp). Different from 1-D
prefix sum view, each sensor s; ; has to maintain four readings, including (1) the
local reading, 7(s; ;); (2) the cumulated sum W; j_; provided by node s; j_1; (3)
the cumulated sum W;_; ; provided by node s;_; ;; and (4) the cumulated sum
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W;i_1,—1 from node s;_; j—1. With these four readings, s; ; can determine W; ;
that is T(si,j)+Wi,j—1 +Wi_17j _Wi—l,j—l- Tlustrated in Fig. a sensor, S22,
maintains four readings r(s22)(= 2), Wa,1(= 24), Wi o(= 21) and Wi 1(= 18).
The cumulated sum, W5 o, is then 2 + 24 + 21 — 18 = 29.

2-D prefix sum takes an entire 2D sensor network as a whole and maintain a
network-wise view starting from sg 0. When a sensor s; ; receives all the cumu-
lated sums, i.e., W; ;j_1, W;—1 ;, and W;_; ;1 from its neighbors, it calculates
W; ; and broadcasts two readings, W; ; and W; ;_1 to sensors s; j41 and s;11,;.
The reason to broadcast W; ;_1 is that s;41 ; may be located out of the trans-
mission range of s; j_1 and may not receive W; j_; during s; j—1’s broadcast.

The aggregated readings for a query can be efficiently derived with fewer
sensor visits. For a region ([z1, z2], [y1, y2]), the aggregated reading is Wy, 4, —
Wasyri—1 — Wai—1,ys + Wai—1,4,—1. Since fewer nodes are visited, spatial ag-
gregation queries can be performed at a much lower cost. As an example, @1
in Fig. specifies ([1, 3], [1, 3]) as its traversal window. First, @1 visits the
sensor at (3,1) where W5 o(= 15) is collected. Second, it visits the sensor at
(1,1) to collect Wy o(= 3). Then Q4 goes to sensors at (1,3) and (3, 3) to collect
Wy 3(=11) and W3 3(= 51). The final result is 28 (= —15+ 3 — 11 + 51).

Discussion. Unlike replication cluster, prefix sum does not reinforce any cluster
boundary. It provides better reuse of a MINV by simple addition and subtrac-
tion. With an 1-D prefix sum view, a range query can be answered by visiting
nodes along two ending columns while with a 2-D prefix sum view, readings from
four corner sensors are energy sufficient. 1-D prefix sum view has a slightly lower
maintenance cost, and higher concurrency in view update than 2-D prefix sum
view. Consider a sensor network of m X n nodes with insignificant signal inter-
ference. 1-D prefix sum view update performs a row-based update that involves
at most (n — 1) propagations. 2-D prefix sum view maintenance starts at sg,o,
the top-left grid, and terminates at sy,—1 n,—1. It requires (n — 1) propagations to
reach the top-right side of the sensor network and another (m — 1) propagations
to reach the bottom. Consequently, the time to update the entire network is
about the same as the time to propagate (m + n — 2) messages. Besides, the
storage overhead for 1-D prefix sum view is less than 2-D prefix sum view.

3.4 Extensions

In the above discussion, we have only considered the aggregate function sum.
Here, we discuss the necessary extensions to the three approaches in support
of other aggregate functions, such as max, min, count, averag, and median, as
shown in Table [Il To allow replication cluster to support max/min/median, the
view definition can be modified such that all other possible sensor readings are
maintained in the view. Keeping additional readings is useful to maintain the
min/max and median. From the table we can observe that optimization is highly
dependent on aggregate function types. Full-scanning can support all types of
aggregate functions but it generally performs worse than the other two schemes

! average can be determined by the dividing sum by count.
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Table 1. Support of aggregate functions

|Approach [count /sum /average |[max/min |median |
Full scanning Yes Yes |Yes

Replication cluster|Yes Additional readings required
Prefix sum Yes No |No

due to the high traversal cost. Other approaches incur view update cost. Depend-
ing on the aggregate functions, appropriate approaches can be chosen or used in
a combined way to evaluate a query. This observation inspires our future research
work, i.e., how to combine different approaches to process aggregate queries.

4 Performance Evaluation

In this section, we provide performance evaluation of proposed approaches. We
use simulation which is developed with CSIM18 [14] to examine the efficiency
of our proposal in terms of total message costs, energy consumption and query
response time. The system parameters are set as in Table 2l For simplicity, we
assume sensor network, window queries, and clusters are squares, i.e. m = n,
gz = @y and ¢, = ¢,. We take sum as the aggregation function. Periodically or
triggered by any sensor, update of a MINV is performed. We consider R, as the
ratio of the query issuing frequency (r,) to the frequency of the update happening
(ry), i.e., the average number of queries issued between two consecutive updates.
In addition to the proposed schemes, namely, full scanning (FS), replication
cluster (RC), 1-D prefix sum (1DPS) and 2-D prefix sum (2DPS), we considered
an alternative that all raw sensor readings are pulled out of the sensor network
and maintained at a remote base station. We label this scheme Base Station
(BS). All queries are routed to and processed at the base station. Assuming the
base station is resident at grid(0,0) in the network, the message relay cost for a
sensor at grid(4,7) is ¢ + j.

To compare the performance of the three proposed approaches and the BS
scheme, our simulation varies query window size, ratio of query/update rates and

Table 2. Parameters

|Parameter | Notation | Settings | Default Value |
Sensor network size mxn | 60° - 140° 100°
Query window size Qe X Qy 10%,--- 1007 207

Query rate (10> event per sec) Tq 50, 5, 0.5, 0.05 0.5
Update rate (10> events per sec) Tu 50 50

Ratio of query/update events Ry = ru/rq|1, 10,100, 1000 100
Cluster size Cx X Cy 2x2,4x4

Message Latency between two sensors 30ns

Energy consumption per every message 21,600nj (send),3,600nj(receive)
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network size and study their impact on the number of message relays, energy con-
sumption and query response time. The number of message relays counts the mes-
sage passings between sensors. Energy consumption refers to the energy consumed
per sensor in processing view updates and queries. For each sensor, the energy con-
sumed to send a message takes 21,600 nano-joules (nj) and that to receive a mes-
sage takes 3,600nj [T5]. Query response time refers to the duration between query
issue time and corresponding result collection time. On average, transmission of
a message between sensors takes 30ms. In our evaluation, all results to present
are averaged by the number of queries executed, so the average cost per query is
reported. In the following subsections, the impacts of each factor is studied.

Evaluation 1. Impact of Query Window Size: Our first evaluation studies
the impact of query window size which affects the query traversal costs. Generally
speaking, a larger query window is expected to yield a larger number of messages
transmitted for all proposed approaches. BS is however not affected by the query
window size. We vary the query window size (side length in 10,---100, with a
step of 10) and fix the ratio of query rate and update rate (R,) at 100 (by fixing
query rate, 4, at 0.5 x 1073 /sec and update rate, r,, at 50 x 1073 /sec).

The result is shown in Fig. Bl Firstly, Fig. B(a) shows the number of message
relays (in log scale). In the figure, we can see that 1DPS and 2DPS provide the
least number of message relays, outperforming all other approaches. FS perform
better than RC (both 2 x 2 and 4 x 4 clusters) only when small query sizes are
experimented. As the query size larger than 30 x 30, FC and RC(2 x 2) are very
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close. Finally BS maintains the constant and largest number of message relays
due to its high update costs.

Next, we study the impact of query size on energy consumption and query
response time in Fig. B(b) and Fig. Blc), respectively. In Fig. B(b), observation
of energy consumption per sensor is very similar to that of message relays since
message passing constitutes the major source of energy consumption. With this
reason, we can see both 1DPS and 2DPS perform reasonably better than all oth-
ers. BS maintains a constant level of energy consumption since it is independent
of query size. In Fig. Bl(c), query response time of all proposed schemes are the
same since they involve the same longest query path, i.e., the border path for
a same query window. Meanwhile, BS provides the shortest response time since
queries do not need to traverse the query windows.

To sum up, this evaluation shows that the increase of query window size
causes the message relays, energy consumption and response time increased for
our proposed approaches. 1DPS and 2DPS perform the best and RC performs
better than FC only when larger queries are experimented. BS provides constant
performance and it performs the best in term of response time, otherwise, it is
the weakest in the evaluation.

Evaluation 2. Impact of Ratio Between Query Rate and Update Rate:
In the second evaluation, we study the effect of the ratio between query rate
and update rate. The objective of this evaluation is to study the benefit of
our proposed approaches when many queries are executed in a sensor network.
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When the query rate is relatively high to update rate, the cost of MINV update
is shared among queries for PS, RC and BS. FS is expected to have a fixed
number of messages relays. We reuse the same settings as Evaluation 1 except
that we vary the ratio of query rate and update rate between 1, 10, 100 and 1000
(by fixing query rate, r,, at 50, 5, 0.5, 0.05 (x1073/sec) and fixing the update
rate, r,, at 50 x 1073 /sec) and we retain the query window size at 20 x 20.
Fig. @ shows different performance metrics against the specified variation of
ratio query/update rates. Fig. [Bl(a) shows the result in term of the number of
message relays (in log scale). When a small query/update ratio (1 and 10) is
experimented, all schemes except FS incurs higher costs due to heavy view update
cost. Later, they decrease dramatically when higher query/update ratio (100 and
1000) is evaluated. Both 1DPS and 2DPS perform the same and better than RCs.
BS is the weakest in this evaluation. Fig. [(b) shows the energy consumption.
The trends are similar to that of number of message relays because the message
transmission is the major source of energy consumption. Fig. [f(c) depicts the
query response time. BS performs the best and all other approaches have same
query response time regardless of query/update ratio.

Evaluation 3. Impact of Network Size: The third evaluation investigates
the scalability of our proposed approaches to the network size. We fix the query
size and ratio of query/update rate at 20 x 20 and 100 respectively and we
vary the network size from 60 x 60, to 80 x 80, to 100 x 100, to 120 x 120 and
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to 140 x 140. Fig. [0 plots the results. In Fig. [[{a), we can find the larger the
network size is adopted, the larger the number of message relays produced by
the schemes except for FS which does not maintain any view. Again, 1DPS and
2DPS perform the same and the best among all approaches while BS is the worst.
Even worse, we can see that rate of increase of BS is higher than others because
of increasing average distance between sensors and the base station; raising the
average update costs. These results indicate that our 1DPS and 2DPS are good
for various network size.

Fig.[(b) depicts the impact of network sizes on energy consumption. It shows
that the energy consumption all our proposed approaches generally decreases
with the increase of the network size since queries (whose size equal to 20 x 20)
become relatively small and they are scattered in the network. Therefore, the
average energy consumed per node per query is much reduced. On the other
hand, BS requires update propagation from every sensor, so that the update
cost is increased with the network size. This observation points out the fact
that the in-network query processing is more energy efficient. Fig. [(c) shows
the response time. This time all proposed approaches performs the same and
BS remains the best.

5 Conclusion and Future Work

Aggregation queries are very important for sensor-network based systems. This
paper identifies the limitations of existing ad-hoc based approaches for pro-
cessing multiple aggregation queries and proposes materialized in-network views
(MINVs) and associated access strategies, namely, full scanning, replication clus-
ter, and prefix sum. Each approach has its own advantage and can support var-
ious types of the aggregation functions. Based on simulation, we compare their
performance. Prefix sum provides the best performance in almost all the cases.

This is the first work addressing multiple spatial aggregation query processing
in sensor networks. In the near future, we plan to work on a number of extensions.
First, we are going to conduct in-depth analysis and extensive simulations and
prototyping to validate our proposals and analysis. At the current stage, we
consider queries issued in an one time fashion. To have continuous monitoring,
sensors stream and aggregate their readings to the access points periodically or
upon events of interest happen. As we have identified the minimum number of
sensors to visit for a query using 1-D prefix sum and 2-D prefix sum in this paper,
we will extend this model to register queries at those interested sensors in the
spatial window. When changes of interested aggregated readings are detected at
those query-registered sensors, the latest aggregated readings are propagated to
the users. Further, as sensor memory is limited to accommodate a large number
of views, we are studying the issue of memory management and selection criteria
to maintain MINVs among sensors in sensor networks. Last but not least, as we
explored in the paper, a query may include multiple aggregate functions and
each approach has its own strength. It may be possible to execute the query
using a combination of these proposed approaches.
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Abstract. Wireless sensor networks have been widely used for civilian and mil-
itary applications, such as environmental monitoring and vehicle tracking. The
sensor nodes in the network have the abilities to sense, store, compute and com-
municate. To enable object tracking applications, spatial queries such as nearest
neighbor queries are to be supported in these networks. The queries can be in-
jected by the user at any sensor node. Due to the limited power supply for sensor
nodes, energy efficiency is the major concern in query processing. Centralized
data storage and query processing schemes do not favor energy efficiency. In this
paper, we propose a distributed scheme called DNN for in-network processing
of nearest neighbor queries. A cost model is built to analyze the performance of
DNN. Experimental results show that DNN outperforms the centralized scheme
significantly in terms of energy consumption and network lifetime.

1 Introduction

A sensor network is a distributed ad-hoc network comprised of a large number of sen-
sor nodes equipped with capabilities of computing, storing and communicating [[1]].
The sensor nodes are usually battery operated and are deployed in an unattended man-
ner to gather and process information without human intervention. Therefore, energy
efficiency is the major concern in accessing the data captured by the sensor network.

A simple centralized method is to send all collected data to the base station for stor-
age [2,13]. The queries are also forwarded to and processed at a central base station.
This approach involves unnecessary communication cost if only a portion of the data
are accessed by the user. Moreover, due to message relay, the energy consumed by the
sensor nodes closer to the base station is much higher than that by the nodes further
from the base station. Unbalanced energy consumption reduces network lifetime [4,15].
To improve energy efficiency, it is desirable to store the data at the sensor nodes in a
distributed manner and apply in-network processing techniques to user queries [6,/7].
In this way, only the relevant data are extracted from the network and the communica-
tion cost is greatly reduced compared to the centralized scheme. Existing in-network
query processing techniques have focused on aggregation and join queries [[7,89,/10].
However, not much work has been done on spatial queries.

Nearest neighbor queries are an important class of spatial queries in object tracking
applications [[11]]. In this paper, we consider in-network processing of nearest neighbor

M.L. Lee, K.L. Tan, and V. Wuwongse (Eds.): DASFAA 2006, LNCS 3882, pp. 3549 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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Fig. 1. Nearest Sensor Node vs. Nearest Object

queries. Our objective is to locate the nearest objects to a given query point. For exam-
ple, consider a sensor network tracking the movement of taxies. The pedestrians carry
devices, such as PDAs, to interact with the sensor network. Each PDA accepts from
its user queries for nearest taxies and their locations, and injects the queries into the
network by sending them to nearby sensor nodes. The data will be extracted from the
relevant sensor nodes to respond to the user.

Existing work on nearest neighbor queries has focused on finding the nearest sensor
nodes to a specified query point [[12,[13]]. This is different from our objective to locate
the nearest objects to the query point because the nearest object may not be detected by
the nearest sensor node. Figure [I] shows an example where S; and S» are two sensor
nodes that detect objects 01 and o, respectively. S5 is closer to the query point than S;.
However, the nearest object to the query point is o0;.

In this paper, we propose a distributed scheme called DNN for in-network processing
of nearest neighbor queries in wireless sensor networks. A grid structure is constructed
for in-network storage of the collected data. Query processing in DNN proceeds in
four steps: query routing, preliminary search, expanded search and result routing. We
build a cost model to analyze the energy consumption of DNN and compare it with the
centralized scheme. Experimental results show that DNN achieves significant energy
saving over the centralized scheme.

The rest of the paper is organized as follows. Section[2l summarizes the related work.
Section [3] presents the DNN scheme for in-network processing of nearest neighbor
queries. Section [ develops a cost model. Section [3] describes the experimental setup
and discusses the experimental results. Finally, Section[6] concludes the paper.

2 Related Work

R-tree is a widely used indexing structure to support spatial queries in these databases
[14]. M. Demirbas and Hakan [12] applied R-tree to locate the nearest sensor nodes
in wireless sensor networks. In their approach, the sensor nodes are organized into a
distributed R-tree in a bottom-up fashion. Each node keeps pointers to the lower level
children and the higher level parent in the tree. Queries may be injected at any sensor
node. However, to locate the nearest sensor nodes, the query has to trace back to the root
of the tree making it a hotspot in the network. In addition, the tree structure is difficult
to maintain in a dynamic environment.

Lee et al. [13] proposed an algorithm to locate k nearest sensor nodes in wireless
sensor networks. They first locate the nearest sensor node to the query point and a set
of perimeter nodes around the query point. A circle centered at the query point is then
determined and is further divided into a set of subspaces each containing a perimeter
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node. The information of each subspace is collected by the perimeter node through a
tree structure. After the query is resolved, the perimeter tree is destroyed to avoid the
high cost of tree maintenance.

The above work has focused on locating the nearest sensor nodes. The locations of
sensor nodes usually do not change over time. Different from [12,[13]], we focus on the
moving objects tracked by the sensor network. Our objective is to locate the nearest
objects to a given query point. Although a number of indexing schemes have been pro-
posed for moving object databases [15,/16]], they targeted at centralized databases only
and therefore do not apply to in-network processing in wireless sensor networks.

3 In-Network Processing of Nearest Neighbor Queries

In this section, we propose a distributed scheme called DNN for in-network processing
of nearest neighbor queries in wireless sensor networks.

3.1 Distributed Data Storage

We consider a sensor network with the sensor nodes spreading over a 2-dimensional
space. The sensor nodes are aware of their locations through GPS [17] or other lo-
calization algorithms [18]]. The sensor nodes can sense the moving objects and collect
their location information. Instead of sending all collected data to a central repository,
we propose to store them at the sensor nodes in a distributed manner by partitioning the
sensor network into a set of grid cells.

As shown in Figure Pl each grid cell has an area of o X «, where « is a system
parameter known to all sensor nodes in the network. The grid structure is constructed
by designating a reference point (.., y,) as the corner of a grid cell. Then, given any
point (z,y) on the plane, the centroid of the grid cell containing (z,y) is given by
(zr + (1 Z=22] + 1) - o, yr + (|52 ] + 3) - ). The sensor node closest to the cen-
troid of a grid cell is called a grid index node (shown by a solid dot in Figure 2)). It
is responsible for maintaining the location data of the objects detected in the grid cell.
The object locations are periodically sampled by the sensor nodes and reported to the

S . [ecentroids” T
Ao x el

Sl

« grid index node

Fig. 2. Grid Structure in Sensor Network
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grid index nodd!|. The location data can be sent to the corresponding grid index node
through GPSR routinég [22] by setting the centroid position of the grid cell as the
destination.

To save communication cost, at each sampling, the location of an object is reported
to the grid index node only if its location has changed since the last sample. We shall
call it a location update. We assume that the objects being tracked are identifiable. They
are electronically tagged or are identified based on the pre-embedded object code table
in the sensor nodes [20,121]. When the object location changes, at most two messages
are needed to update the data at the grid index nodes. One message is used to signal
the grid index node to remove the old location data and the other message is used to
update the grid index node with the new location data. For example, Figure 3(a) shows
the case where an object moves from one grid cell G; to another cell G5. The location
of the object is detected by sensor nodes S; and S at two successive samplings. At
the latter sampling, S1 sends a message to the grid index node in G to remove the
old location data. Meanwhile, .S sends the new location data to the grid index node in
G>. Figure 3(b) shows another case where an object moves within a grid cell G;. The
location of the object is detected by sensor nodes S, and S, at two successive sam-
plings. At the latter sampling, both S, and S, send a message to the grid index node
in G1. S, s message signals the index node to remove the old location data while S’s
message feeds the index node with the new location data. If the object moves within a
grid cell and its location is detected by the same sensor node in two successive sam-
plings, only one message is sent from the sensor node to the grid index node for location
update.

! Although the sensor nodes may work collaboratively to determine the location of an object in
their vicinity [19]], we assume that for each object, only one sensor node (the sensing leader or
cluster head) is responsible for reporting its location at each sampling [201121]]. For simplicity,
the detecting sensor node in the rest of this paper refers to this node.

2 GPSR is a greedy location-based routing scheme. Given the geographic locations of the source
and the destination, GPSR routes the message to the node closest to the destination location.
All message routing in this paper refers to GPSR routing.
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3.2 Query Processing

In the preliminary search, we need a rule to determine the visiting order of grid cells.
Since the location of boundary object determines the search circle for expanded search,
to reduce the search cost, we would like the boundary object to be as close to the query
point as possible. Thus, it is intuitive to visit the grid cells based on their distances to
the cell Gy containing the query point. We propose a circle approach to determine the
visiting order of grid cells. Users issue queries for the locations of the nearest objects to
given query points. In this paper, we focus on one-shot queries which complete once the
results are returned. The queries can be injected into the sensor network at any sensor
node (e.g., depending on the locations of the users). Each query @ is characterized by
two locations (x5, ys) and (xg, yo), where (xs, ys) is the location where the query is
issued (called the query source), and (g, yo) is the location of the query point. If a user
queries for the nearest object in his proximity, then (s, ys) = (o, yo).

Query processing in DNN proceeds in four steps: query routing, preliminary search,
expanded search and result routing. When a sensor node receives a query message, it
calculates the centroid position of the grid cell G containing the query point (zg, yo).
In the query routing step, the query message is routed to the grid index node in Gj.
The purpose of preliminary search is to find an object (called the boundary object) and
define the search space. In this step, the grid cells surrounding G (more specifically,
the index nodes in these grid cells) are visited by message passing until a grid cell
containing at least one object is found. Among the objects detected in that grid cell,
the one closest to the query point is selected as the boundary object. A search circle
centered at the query point and with a radius of the distance between the query point
and the boundary object is defined as the search space. The nearest object to the query
point is guaranteed to be located within the circle. The next step is expanded search.
In this step, the grid cells within or intersecting with the circle, excluding those visited
in the preliminary search, are visited by message passing to locate the nearest object.
Finally, the query result is routed back to the user at (z, ys).

Now, we discuss the preliminary search and the expanded search in detail.

Preliminary Search. The search is divided into rounds. In each round ¢, the unvisited
grid cells intersecting with the circle centered at the centroid of Gy and with a radius
of i - « are visited in clockwise order (see Figure d(a)). This is done by sequentially
passing a message from the grid index node of one cell to that of another. The message
contains the locations of the query source and query point. Note that given the location
of the query point, each grid index node can determine autonomously which grid cell
to visit next. Figure B(b) shows the route of the message in the preliminary search. The
preliminary search completes when a grid cell containing at least one object is found.

Expanded Search. On completion of the preliminary search, a search circle centered
at the query point and with a radius of the distance between the query point and the
boundary object is defined. Let d be the radius of the circle. Intuitively, if the minimum
distance between a grid cell and the query point is smaller than d, the grid cell is likely to
contain objects less than distance d away from the query point. Therefore, a search list
for the expanded search is given by all grid cells within or intersecting with the search
circle, excluding those visited in the preliminary search. Figure [3] shows an example.
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Suppose the query point (g, yo) is in Gy and the boundary object a is found in grid
cell G13. The grid index node in G13 determines the search circle (shown by the outer
solid circle in Figure @) and derives the set of grid cells within or intersecting with it:
Set; = {Go — Ga4, G33, G34, G3s — G41, G43 — G4s }. The grid index node in G13 also
computes the set of grid cells that have been visited in the preliminary search (based
on the rounds shown by the dashed circles in Figure B): Sets = {Gy — G11, Glg}ﬁ.
Therefore, the search list in the expanded search is given by Sets = Set; — Sets =
{G12, G1a — G2a, G33, G34, G35 — Ga1, Gz — Gag ).

The message passed between cells in the expanded search contains the search list
and the locations of the boundary object, query source and query point. At each step,
the message is routed to the grid cell on the search list that is closest to the cell currently
holding the message. When a grid cell G receives the message, it first removes itself
from the search list. One of the following three cases can occur: (i) no object is detected
in G; (ii) all the objects detected in G. are further away from the query point than

3 The preliminary search completes in the middle of round 2, so the sensor nodes G14— Gis,
G17 — G19 and G21— G23 have not been visited in the preliminary search.
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the boundary object; (iii) at least one object detected in G. is closer to the query point
than the boundary object. In cases (i) and (ii), the search list is not updated and the
message is simply routed to the next grid cell on the search list that is closest to G.. In
case (iii), the object detected in G that is closest to the query point is selected as the
new boundary object by updating the message content. A new search circle is derived
accordingly. The search list is then updated by removing all grid cells outside the new
search circle. The message is then routed to the next grid cell on the updated search
list that is closest to G.. The expanded search continues until the search list becomes
empty. On completion of the expanded search, the message is routed to the query source
and the location of boundary object is returned to the user as the query result.

In the example of Figure[5] the message is first routed to cell G4 in the expanded
search (among the cells on the search list, G14 is closest to the grid cell G13 last visited
in the preliminary search). Object b detected in G14 is closer to the query point than
the current boundary object a. Thus, the search circle is shrunk and the search list is
updated by removing cells Gig, Gss, G39, Gag, Ga1, Gz, Gaa, Gus, G and Goy
from the search list because they are outside the new search circle (shown by the inner
solid circle in Figure [3). Among the cells on the updated search list, Gy is closest to
cell G14. So, the message is routed to G5 to continue the expanded search.

4 Cost Model and Analysis

In this section, we analyze the cost of the DNN scheme presented in Section [3] It is
known that the energy consumption in wireless sensor networks is dominated by the
communication cost [1]]. We assume a dense network. In this case, the cost of message
routing, i.e., the number of hops on the route from a source to a destination, is propor-
tional to the Euclidean distance between the source and the destination. Therefore, we
shall analyze the distance travelled by messages. We consider a square sensor field of
size s x s. It is divided into grid cells of size a X . A total number of N sensor nodes
are randomly deployed in the network. A total of n objects are tracked by the sensor
network.

4.1 Cost Model for DNN

In DNN, query processing and location update both involve communicationl For query
processing, let Cyyuery, Cpre, Ceazp and Cregyir be the expected costs of query routing,
preliminary search, expanded search and result routing per query respectively. The ex-
pected cost of a location update shall be denoted by Clypaate-

Query Routing and Result Routing. The expected costs of query and result routing
are approximated by the distance between the query source and the query point. Assume
the query source and query point are both randomly distributed in the network. Then,
the expected routing distance is given by the average distance between any two points
in the sensor network:

4 Since this paper focuses on energy-efficient query processing, we do not include the communi-
cation overhead in sensing and data fusion. Such overhead is the same for the proposed DNN
scheme and the centralized scheme we shall compare.
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It follows from the mathematical results [23]] that

Cquery = Cresult = %[\/5 + 2 + 5ln(1 + \/5)] - 05214 - S.

Preliminary Search. To derive the cost of preliminary search, we need to know the
number of grid cells visited. For simplicity, we assume that the probabilities of de-
tecting objects in different cells are identical and independent. We use p to denote the
probability that at least one object is detected in a grid cell. If the number of objects n
is much smaller than the number of grid cells (s x s)/(« X «), p is approximated by

m. Then, the probability that we need to visit ¢ grid cells in the preliminary

search to locate a boundary object is p(1 — p)*~L. Therefore, the average number of grid
cells visited in the preliminary search is given by
9 1
p+2p(1—p)+3p(l—p)°+- = P
Starting from the grid cell containing the query point, to visit ¢ cells, the message needs

to be sent between ¢ — 1 pairs of neighboring cells. Since the distance between a pair of
neighboring cells is bounded by v/2a;, the cost of preliminary search is bounded by

Cpre = (% -1)- V2a.

Expanded Search. Similar to the preliminary search, we need to derive the number of
grid cells visited in the expanded search. As described in Section[3.2] a search circle is
derived at the end of preliminary search. If we know the total number of grid cells in the
circle and the number of grid cells visited in the preliminary search, we can calculate
the upper bound on the number of grid cells to visit in the expanded search.

We start by analyzing the relationship between the radius of a circle and the number
of grid cells within or intersecting with the circle. It is intuitive that the number of
cells is proportional to the area of the circle. Therefore, we used quadratic regression.
The regression result shows that, given the circle radius r (r is a multiple of «), the
number of grid cells within or intersecting with the circle is: ar? + br + ¢, where

= 2107 — LU - — 2.3241. Figure[6] shows that the regression result (i.e., the
number of grid cells computed by ar? + br + c) well matches the empirical result (i.e.,
the actual number of grid cells within or intersecting with the circle).

Let ¢ be the number of grid cells visited in the preliminary search. We assume that
the last grid cell visited in the preliminary search is in round z;, i.e., the circle with
radius r; = x; - . Note that a(r; — a)? + b(r; — a) + c indicates the number of grid
cells visited in the first z; — 1 rounds, and ar? + br; + c is the number of grid cells
visited if round x; completes. It follows that

a(ri — a)? +b(ri —a) +c <i <ar? +bri +c.
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We then derive the average number of grid cells visited in the expanded search as
> p(1—=p) 7t (arf + bry + c— 1), (1)
i=1

where p(1—p)?~1 is the probability that i cells are visited in the preliminary search, and
ar?+br;+c—i is the corresponding number of grid cells to visit in the expanded search.
Since the sum () converges when 4 approaches infinity, we can compute it numerically.

Similar to the preliminary search, we use V2« as a bound on the distance between
neighboring grid cells. Thus, the cost of expanded search is bounded by

Cozp = Zp(l —p) 7t (ar? + b+ c—i)- V2a.
i=1

Location Update. The communication cost of each location update is determined by
the following factors: average distance from any pointin a grid cell to the centroid of the
grid cell; and the number of messages per location update. Following the mathematical
results [23], the average distance is given by

f()% fO% V2 + y2dzdy
« (o]
2. a

2

=0.3825 - a.

As discussed in Section 3.1 at most two messages are required for each location
update. Therefore, the cost per location update is bounded by

Cupdate = 2-0.3825 - a = 0.7650 - a.
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Let g be the rate at which queries are injected into the network. Let w be the total
number of location updates per time unit for all objects in the network (it is obvious
that u depends on the movement pattern of objects). Then, to summarize, the total
communication cost of DNN is given by

CDNN = (Cquery + Cpre + Cea:p + Cresult) q+ Cupdate ‘U
1—
= (2-05214- 5+ —L . \/2a
p

+> p(1—p)t - (ar? +bri+c— i) - V2a) - q+0.7650 - @ - u.
i=1

4.2 Cost Model for Centralized Scheme

For comparison purpose, we also derive the communication cost of the centralized
scheme in which all sensor nodes send the collected data to the base station and all
queries are also forwarded to the base station for processing. We refer to this scheme
as CNN. We assume the base station is located at the centroid of the networkl The cost
of CNN consists of three parts: query routing, result routing and location update. The
expected costs of query and result routing as well as the cost of per location update are
all given by the average distance between any point in the network and the centroid of
the network, i.e.,

3 (2 /22 ¥ v2dad
Cque'ry = Uresult =— Cupdate = fO fO i i =0.3825 - s.

5.8

2 2

In CNN, all collected data are maintained at the base station. Thus, only one message
needs to be sent from the detecting sensor node to the base station at each location
update. Therefore, the total communication cost of CNN is given by

Conn = (Cquery + Cresuit) - ¢ + Cupdate - v =2-0.3825-5-¢+0.3825- s - u.

5 Performance Evaluation

5.1 Experiment Setup

We conducted a wide range of experiments to evaluate the performance of the proposed
DNN scheme and compared it with CNN. Table [[l summarizes the system parameters
and their settings. We simulated a sensor network geographically covering a 50000m x
50000m area. The number of sensor nodes deployed in the sensor network was set at
4 x 10°, implying that on average, there is one sensor node in each 25m x 25m square.
The default size of a grid cell was set at 125m x 125m. The default number of objects
being tracked was set at 800. The object were initially placed in the network at random.
Their movement followed the random walk model. Specifically, time was divided into

5 We set the base station at the centroid of the network to favor the centralized scheme.
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Table 1. System Parameters and Settings

Parameters  Description Default Value Range
N Number of sensor nodes 4 x 10° —
R Communication range 40m —
sX S Size of sensor network 50000m x 50000m —
aXo Size of grid cell 125m x 125m [125m X 125m,
3125m x 3125m]
n Number of objects tracked 800 [160, 1600]
r Sampling rate of sensor nodes 1 per time unit —
v Object moving velocity 50m per time unit —
Priove Probability of object moving 0.5 [0.1,0.9]
in each time interval

q Query rate 50 per time unit [10, 100]

T 10

< 150 ¢

E 1207

g % DNN (Simulation) -G

g 60 CNN (Simulation) —F3

EE 30 DNN (Analysis) >

o 0 CNN (Analysis) A

S 160 480 800 1120 1440

Number of Objects
Fig. 7. Cost vs. Number of Objects

intervals. At the beginning of each interval, the object decided whether to move or pause
according to the probabilities P, ove and Ppouse (Prmove + Ppause = 1). If it decided to
move, the move direction was randomly selected between 0 and 27. The moving speed
was set at 50m per time unit. The default length of the interval was set at 1 time unit.
The default value for P,,,,e Was set at 0.5. The object locations were sampled by the
sensor network once every time unit. At each sampling, the sensor node closest to an
object was assumed to report the object location to the grid index node (in DNN) or
the base station (in CNN). The default query rate was set at 50 per time unit. Both the
query source and query point were randomly distributed in the network. The default
communication range of each sensor node is set at 40m.

5.2 Impact of Number of Objects

Figure[7] shows the simulation and analytical results of the Euclidean distance travelled
by messagesﬁ as a function of number of objects. As seen from Figure [/(a), the ana-
Iytical and simulation results match well. The analytical cost of DNN is slightly higher
than the simulation result. This is because the DNN cost analyzed in Section Ml is an
upper bound. As shall be explained soon, the cost of CNN increases with the num-
ber of objects, while that of DNN decreases with increasing number of objects. DNN
outperforms CNN over a wide range of object numbers.

% We measured the total number of location updates per time unit in the simulation experiments
and plugged it into the analytical model presented in Section 4]
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Figure[8(a) shows the total number of messages sent by the sensor nodes in the sim-
ulation experiments. It is seen that the curves have the same trend as those in Figure[7l
This verifies that the cost defined using Euclidean distance (SectionH) is a good measure
of message complexity. Figures[8(b) and[8l(c) show the breakdown of query processing
and location update messages. As shown in Figure [B(b), when the number of objects
increases, the number of query processing messages in CNN remains unchanged. This
is because in CNN, query processing consists of query routing and result routing only,
the cost of which are independent of the number of objects. For DNN, the number
of query processing messages reduces with increasing number of objects because the
boundary object is located closer to the query point. This not only cuts down the num-
ber of grid cells visited in the preliminary search but also reduces the size of the search
circle and hence the number of cells to visit in the expanded search. Figure[8[(c) shows
that the number of location update messages in DNN is considerably lower than that
of CNN. It also grows much slower compared to that of CNN when the number of ob-
jects increases. With large number of objects, the overall message complexity of CNN
is dominated by the location update messages and is much higher than that of DNN.

Figure Blshows the distribution of the number of messages sent by the sensor nodes
for DNN and CNN when the object number is 800. A point (x, y) on the curve means
that a fraction x of all sensor nodes send more than y messages each. As shown in
Figure [9] the workload distribution among the sensor nodes is highly unbalanced in
CNN. The top 0.1% of the nodes send substantially high numbers of messages than
the remaining nodes. On the other hand, the workload hence energy consumption is
much more balanced among the sensor nodes in DNN. The numbers of messages sent
by the top nodes are more than two orders of magnitude lower than those in CNN. If
we define the network lifetime as the time duration before the first sensor node runs out
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Fig. 9. Workload for Sensor Nodes
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of energy [24], DNN would prolong the network lifetime by a factor of more than 100
over CNN.

5.3 Impact of Object Movement

Figure [IQ shows the performance results for different P,,,,,e values. It is intuitive that
the objects move faster and hence incur more location updates at larger P, values.
Since the number of location update messages in DNN is much lower than the number
of query processing messages (recall Figures[8l(b) and (¢)), the total number of messages
in DNN is not significantly affected by the increase in P,,oy. The overall message
complexity of CNN, on the other hand, substantially increases with P,,,,e. This is
because the total number of messages in CNN is dominated by that of location update
messages. As shown in Figure[I0(a), DNN considerably outperforms CNN over a wide
range of P4, values.

5.4 Impact of Query Rate

Figure [[Tl shows the performance results for different query rates. The results indicate
that the overall message complexity increases with query rate for both DNN and CNN.
As shown in Figure [[1(b), the number of location update messages is independent of
the query rate for both schemes. Figure [[T(c) shows that the number of query process-
ing messages increases with query rate, leading to an increase in the overall message
complexity. DNN outperforms CNN over a wide range of query rates. In general, the
improvement of DNN over CNN is smaller for larger query rate.
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Fig. 11. Number of Messages vs. Query Rate
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5.5 Impact of Grid Cell Size

We also investigate the impact of grid cell size. Figure[I2lshows the message complexity
for different o values 125m, 500m, 2000m and 3125m when the number of objects
increases from 160 to 1600. In general, the number of query processing messages in
DNN decreases with increasing grid cell size (see Figure[[2[b)). On the other hand, the
number of location update messages increases with grid cell size (see Figure [[2(c)).
When the number of objects is small, the location update messages take up a negligible
portion of the total number of messages. Therefore, the overall message complexity of
DNN decreases with increasing grid cell size. When the number of objects is large, the
location update messages take up a larger portion of the total number of messages. As a
result, the overall message complexity of DNN may increase with grid cell size beyond
certain value. For example, when there are more than 800 objects being tracked, the
cost for o = 3125 is higher than that for o = 2000.

6 Conclusion

In this paper, we have proposed a distributed scheme called DNN for in-network pro-
cessing of nearest neighbor queries in wireless sensor networks. To avoid sending data
to a central repository, a grid structure is constructed for in-network storage of the col-
lected data. By localizing the location updates, DNN eliminates hotspots in the system.
Query processing in DNN proceeds in four steps: query routing, preliminary search,
expanded search and result routing. Experimental results show that DNN can signifi-
cantly reduce and balance network-wide energy consumption compared to the central-
ized scheme.
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Abstract. In sensor networks, multi-join queries are processed by join-
ing sensor data generated at different sensor nodes. Due to the energy
constraint, however, sometimes only partial sensor data can be trans-
mitted to the join site. In handling the energy constraint on each sensor
node, the load shedding strategy under the MAX-subset principle has
been considered for shedding selected data at each node so that trans-
mitted data may yield the maximal possible results in a multi-join. Exist-
ing load shedding approaches, however, isolate sensor data to be joined,
which often do not yield the maximal results. To obtain as many re-
sults as possible, we propose two load shedding strategies, the basic local
associated shedding strategy and the global associated shedding strategy,
based on different shedding constraints in this paper. We also present the
mazx-loss-first associated shedding strategy and the multi-round associated
shedding strategy for improving the basic local associated shedding strat-
egy. Experimental results show that the proposed strategies generate as
many results as possible on multi-joins.

1 Introduction

In recent years, wireless sensor networks have been developing as an effect of ad-
vanced communications and electronics [2,[9]. Wireless sensor networks, however,
have some notable constraints. First, sensor networks run for a long time when
habitat monitoring is required. Second, sensor nodes are limited in power, com-
putation capacity, and memory. Third, the number of sensor nodes in a sensor
network can be very large [2,[5,[12]. These constraints cause the energy efficiency
problem to become the most significant problem in sensor networks [9,[I7], since
communication between nodes is more energy consuming than processes that
are performed locally [T0]. In order to improve the energy efficiency in sensor
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networks, communication and data transmitting among different nodes should
be minimized.

Assume that in a sensor network there are two kinds of nodes: the ordinary
sensor nodes, which sense the environmental data and perform user specified
simple queries (such as selection, projection, etc.), and the prozy nodes, which
collect sensor data from ordinary sensor nodes and process join queries [I1].
Ordinary sensor nodes are power constrained while the proxy nodes have no
such restriction. In such a network, we note that processing multi-join operations
requires large amount of communications and data transmission between nodes.
In at least two different scenarios, only a portion (or none) of the sensing data
should be transferred: (1) some sensing data collected from different nodes may
not produce any join result and hence transferring them wastes energy, and (2)
if the remaining energy in a sensor node is insufficient to transfer all the sensing
data to the proxy node, then only a subset of data can be transmitted to satisfy
the energy constraint. Whenever one or the other scenario occurs, some sensor
data must be dropped (i.e., they are not transferred to the proxy node to be
joined). Hence, the problem of choosing which portions of the data set to drop is
of crucial importance for processing multi-joins in sensor networks, since different
input data sets yield different join results. This is the load shedding problem for
multi-joins in sensor networks. A well-known measurement is MAX-subset [§],
which uses the size of the final join, i.e., the results after shedding of stream
data, to determine the shedding decision.

In this paper we focus on the problem of load shedding over multi-joins in
sensor networks using the measure of MAX-subset. We first define two shedding
constraints, the local shedding constraint and the global shedding constraint, each
of which represents a different multi-join shedding problem in sensor networks.
Hereafter, we propose three different strategies, the basic local associated shed-
ding strategy, mazx-loss-first associated shedding strategy, and the multi-round
associated shedding strategy in solving the shedding problem under local shed-
ding constraint, and apply the global associated shedding strategy in solving shed-
ding problem under the global shedding constraint. We will provide experimental
results to verify the effect of the proposed strategies.

The rest of the paper is organized as follows. In Section 2] we survey related
work. In Section 3] we define the problem of load shedding for multi-joins in sen-
sor networks. In Section ] we describe our load shedding strategies. In Section[B]
we present the experimental results on the proposed load shedding strategies. In
Section [ we give a concluding remark.

2 Related Work

The load shedding problem in data stream systems has been widely studied
during the past few years. In a data stream management system, the incoming
rate of stream data is unpredictable. Thus, when the incoming rate exceeds the
processing rate, it is necessary to drop some data in order to make sure that
the system load is below the accepted upper bound. Most of the existing data
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stream management systems, such as STREAM [3|4][13/[15], AURORA [7.[16],
and TelegraphCQ [IL[6,[14], have their own load shedding mechanisms. There
are two fundamental types of drop operators: random drop and semantic drop.
The former randomly chooses tuples passed through the operator to drop with
probability p, which expresses the fraction of tuples that should be dropped,
whereas the latter looks like a filter, since it checks the value of each tuple
and then decides whether the tuple should be dropped. When performing the
semantic load shedding, there are also several measurements, such as QoS [16]
that uses the importance of tuple’s content to measure whether it should be
dropped, and MAX-subset [§] that uses the number of join results generated by
each input tuple to determine whether this input tuple should be dropped. [15]
defines two different stream arrival models, the frequency-based model and the
age-based model, when performing MAX-subset load shedding on data streams.
In the frequency-based model, the number of join results produced by each input
tuple is determined by the attribute value, whereas in the age-based model, the
number of join results that a tuple produces is a function of the age of the tuple
in the window. Based on various drop operators, measures, and models, different
load shedding approaches are proposed in previous research works.

[8] views the join approximation problem in sensor networks as the static join
approximation problem (as opposite to the dynamic join approximation prob-
lem in data streams). [8] also surveys possible error measures in approximated
join queries (i.e., when some input tuples have to be evicted), and propose the
measurement of MAX-subset, since most of the popular and common set ap-
proximation errors actually reduce to MAX-subset. [8] reduces the static join
approximation problem into a bipartite graph problem and proposes the opti-
mal dynamic programming solution and two fast 2-approximation algorithms,
i.e., the node degree greedy (NDG) algorithm and the average degree greedy
(ADG) algorithm, in solving the static join approximation problem. Among the
two approximate algorithms, the former is applicable to the formulation when
H, and Hp tuples from the two relations R4 and Rp are to be deleted, respec-
tively, while the latter is applicable when H number of tuples are to be deleted
from Ry and Rp overall.

[8] also considers m-relations-joins, m > 2. It has been proved [§] that the
static join approximation problem for maximizing the size of results of a multi-
join is an NP-hard problem. An approximate algorithm is also proposed [8] for
maximizing the size of results while H; tuples are evicted from relation R; (1 <
i < m). We call this method the independent shedding strategy (IS for short),
since IS independently chooses tuples from each relation that produce the lowest
number of join results to be dropped. [§] proves that IS is an m-approximation
algorithm. [§], however, does not consider another shedding constraint for multi-
joins, i.e., when altogether a total of H tuples need to be deleted from relations
involved in a multi-join. Furthermore, IS does not always generate the maximal
results of a multi-join, which is a major design fault of IS.

We have investigated the features of multi-joins, as well as the sensor networks,
and have developed several shedding strategies for performing multi-joins in
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sensor networks. We consider the shedding problem according to two different
constraints: the local shedding constraint and the global shedding constraint. We
show that our methods are better than IS, which is the only work directly related
to ours, i.e., in solving the load shedding problem of multi-joins under the static
assumption in sensor networks.

3 Problem Statement

In this section, we first discuss the multi-join shedding constraints in sensor
networks. Hereafter, we introduce the measure of MAX-subset in load shedding
and illustrate the approach proposed in [§] through a simple example.

Throughout this paper, it is assumed that relations Ri, Ro, ..., Ry, join with
each other according to the order Ry <y Ra IXlg ... Xy—1 Ry, where x; (1 < ¢ <
m—1) is the equal join operation over attributes shared by R; and R;+1, and X is
the combination of join attributes in R;. Further assume that R; (2 <7< m—1)
uses two different attributes to join with R;_; and R;41, respectively.

3.1 Load Shedding Constraints

According to different applications discussed in Section[Il we design two kinds of
load shedding constraint, which are local shedding constraint and global shedding
constraint.

Definition 1 (Local shedding constraint). Given relations Ry, Ra, ..., Ry, involved
in a multi-join. For each relation R;, it is required to remove H; (< |R;|) tuples from
R;. We call (Hy,...,H,,) the local shedding constraint with respect to Ry, Ro, ...,
R, and H; the local shedding constraint value of relation R;.

Definition 2 (Global shedding constraint). Given relations Ry, Ra, ..., Ry in-
volved in a multi-join. It is required to remove a total of H tuples from the m
relations, where 1 < H < |Ry|+|Ra|+- - -+|Rm|. We call (H) the global shedding
constraint over Ri, Ro, ..., Ry,.

Adopting different shedding decisions for multi-joins yield different results, and
the size of each join resultant tuple is used as the measure of corresponding
shedding decision, based on the assumption that each resultant set is equally
important to the query user. We apply the measurement of MAX-subset [§]
to load shedding over multi-joins, and propose several load shedding strategies
based on the two constraints as given in Definitions[I] and 2l to obtain larger pos-
sible retained join results than the results computed by using existing approach.

3.2 Overview of the Independent Shedding (IS) Strategy

[8] proposes an approximate algorithm IS that handles load shedding based on
the local shedding constraint. IS independently deletes H; (1 < i < m) tuples
that produce the fewest join results from R; in a multi-join. We illustrate how
IS works through Example [
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Fig. 1. R1 X1 Rz X Rs, where D1 is R1 [A} = Rz[A} and X is Rz [B] = R3 [B]

Example 1. Assume that relations Rp, Ro, and R3 are joined together in the
order of Ry iy Ry <2 R3 such that the predicate of <y is R1[A] = Ra[A] and
the predicate of g is Rg[B] = R3[B] as shown in Fig. [l

As shown in Fig. [l if no shedding is performed on any relation, ¢; in Ry can
produce 2 results, while ¢5 and t3 each can produce 1 result, whereas t; and t5
in R3 each can produce 1 result, while 3 in R3 can produce 2 results. Given a
local shedding constraint (2,0,2) applied to Ry, Ra, and Rs, IS drops ts and t3
from R;, and ¢; and t; from Rj, since they are the ones that produce fewest
results when considering load shedding on the three relations independently.
Unfortunately, IS obtains zero-join results after shedding, i.e., after shedding,
Ry >y Ry i R = . Instead, if we drop t2 and t3 from R;, and to and t3
from Rj3, then Ry <1 Ry <o R3 yields 1 result, which is a better solution than
IS in terms of generating maximal join results. Since IS considers tuples from
different relations independently, it isolates the complex relationships among
all the tuples in different relations involved in a multi-join, and as a result, its
multi-joins may not obtain the maximum resultant sets.

4 Our Load Shedding Strategies

In this section, we introduce our load shedding techniques, which include three
shedding strategies conforming to local shedding constraint: (1) the basic local
associated shedding strategy, (2) the max-loss-first associated shedding strategy,
and (3) the multi-round associated shedding strategy, and global associated shed-
ding strategy to global shedding constraint.

The basic local associated shedding strategy performs shedding in an ordered
manner, through which larger join results can be retained than the ones com-
puted by using strategy adopted by IS [8]. The max-loss-first and the multi-round
strategy are designed for improving the basic local associated shedding strategy
by quickly defining a shedding order and multiplying the number of rounds of
shedding, respectively. The global associated shedding strategy, on the other
hand, solves the shedding problem under the global shedding constraint using
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a global ranking of tuples on all relations. Prior to introducing the proposed
strategies, we define different terms used in the strategies.

4.1 Output_rate

In a multi-join Ry <11 Rg X ... X,,—1 Ry, suppose t is a join attribute value in
relation R; (1 <4 < m), then output_rate(t) is defined as the number of tuples
generated by each input tuple that has the join attribute value ¢, i.e.,

_ 1
B |6X171:t(Ri)‘

Note that if two tuples in one relation have the same join attribute value, then
they must have the same output_rate. Hence, we only compute the output_rate
of each join attribute value, instead of tuples.

It is not desired to obtain output_rate using the above equation, since we can
only obtain the result of multi-join after the join-operation has been processed
at the proxy node. In order to calculate output_rate before computing the join-
operation at proxy node, we calculate the frequency of each join attribute value
and send those frequencies to proxy node to compute the output_rate of each
join attribute value. For relation R; (R, respectively), the frequency fi(v)
(fm(v), respectively) of join attribute value v is defined as the number of tuples
in 6x,=v(R1) (0x,,=v(Rm), respectively). For relation R; (2 < i < m — 1), the
frequency f;(u,v) of join attribute values (u,v) in a tuple of R; is defined as the
number of tuples in x,—(y,.) (1)

The output_rate of each attribute value v in relation Ry (R,,, similarly) is
defined as follows:

output_rate(t) |Ry <y .. <1 Ox, =t (Ry) < ... DXy R

output_rate(v) =

Yoo (hw) DY (- > (fm-1(g. ) - fm(h))...))

(v,u)ER2[X>] (u,w)€R3[Xs] (g:h)ERm —1[Xm_1]

The output_rate of each attribute value in relation R; (2 < ¢ < m — 1) is defined
as follows:

output_rate(u,v) =

C > (ficr(w,w) ... > (falk.p)- fr(K)) ..)

(w,w)ER;—1[Xi—1] (k,p)ER2[X>]
( > (fit1(v,0) ... > (fm-1(g,R) - fm(h)) -..))
(v,0)€ER;+1[Xit1] (g,h)ERm—1[Xm—1]

We demonstrate in Example 2] the process of computing the output_rates using
frequency information on various join attributes.

Example 2. Assume that three relations Ry, Ro, and Rg3 are joined in the order
of Ry <11 Ry < Rs, and each relation involved in the join has eight tuples.
The frequency information of join attribute value in R;, Ro and Rs (denoted as
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R, R,
Join attribute value | frequency Join attribute value | frequency | output_rate
a 2 a 2 10
b 3 b 3
c 3 c 3
R, R,
Join attribute value | frequency Join attribute value | frequency | output_rate
a, a 2 a, a 2 10
b, a 1 b, a 1 15
b, c 3 b, c 3 3
¢ a 1 ¢ a 1 15
[ 1 [ 1 3
R; R;
Join attribute value | frequency Join attribute value | frequency | output_rate
a 5 a 5 10
b 2 b 2 0
c 1 c 1 12
(a) (b)

Fig. 2. (a) Frequencies of join attribute values. (b) Output_rates of join attribute values.

f1, f2, and f3, respectively) are shown in Fig. 2(a), which are used to compute
the output_rates as shown in Fig. 2(b). For example, the output_rate of the join
attribute value ‘b’ in Ry is

output_rate(b) = fa(b,a) - fa(a) + fa(b,c)- fs(c)=1-5+3-1=28.
The output_rate of the attribute value ‘(a,a)’ in
output_rate(a,a) = fi1(a) - f3(a) =2-5=10.

The output_rate values of other tuples can be computed likewise and are shown
in Fig. 2(b).

4.2 The Basic Local Associated Shedding (BLAS) Strategy

IS comnsiders tuples from different relations independently, and often can not gen-
erate the maximum results of a multi-join. In order to improve IS, we propose
the basic local associated shedding strategy (BLAS for short), which is designed
to consider the load shedding on tuples in an associate way, in stead of indepen-
dently. First, BLAS arranges relations in an order, which is called the shedding
order in BLAS. For example, consider the three-relations-join R; <1 Ry <1 Rg un-
der the shedding constraint (H;, Ha, Hs), there are six possible shedding orders,
e.g., Ri — Ry — Rz and R3 — Ry — R;. In a shedding order, BLAS starts from
the first relation R;(1 < ¢ < 3) and drops H; tuples with the lowest output_rate
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Table 1. Different shedding orders on relations in Example ] lead to different join
results under the local shedding constraint (4,4,4). Item “ 3-c ” under the “Drop
Tuples from R;” column denotes that three tuples with the attribute value ‘c’ are
removed from relation R1 when shedding is performed.

Shedding  # of Join Drop Tuples Drop Tuples Drop Tuples
Order Results from R, from Ro> from Rs3

Ri—R>—R3 24 1-b, 3-¢ 2-(b,c), 1-(c,a), 1-(c,c) 1l-a, 2b, 1-c
R1—R3—R> 24 1-b, 3-c 2-(b,c), 1-(c,a), 1-(c,c) 1l-a, 2-b, 1-c
Ro—R1—R3 24 1-b, 3-¢ 3-(b,c), 1-(c,c) l-a, 2:b, 1-c
Ro—R3—R; 24 1-b, 3-¢ 3-(b,c), 1-(c,c) l-a, 2:b, 1-c
Rs—Ri1—R> 18 1-a, 3-c 2-(a,a), 1-(c,a), 1-(c,c) 2-a, 2:b
R3;—Ro—R; 18 1-b, 3-¢ -(b,c), 1-(c,c) 2-a, 2:b

values among all tuples in R;. Hereafter, the output_rate values of tuples in the
second relation in the shedding order are updated, which is followed by choosing
tuples that yield the smallest join results in the second relation to drop. This
process is repeated until shedding over the last relation in the shedding order is
accomplished.

Consider Example [Tl again. Given the local shedding constraint (2,0,2) (i.e.,
does not drop any tuples from Rj). If the shedding order is Ry — R3 — R,
then BLAS first drops t2 and t3 from R;. While noting that retaining ¢3 in Rj
would yield empty result, BLAS will drop t3 from R3. Hereafter, another tuple
in R3 will be dropped, and BLAS will randomly select ¢; or t2 to drop. As a
result, BLAS can generate 1 result, instead of none using IS.

Note that different shedding orders result in different performances of BLAS.
In Example 2, suppose the local shedding constraint is (4,4, 4), which yield 6
different shedding orders, and the number of join results are shown in Table [l
Note that different shedding orders yield the same number of join results if the
number of shed tuple values of each corresponding relation is the same, since
is associative and commutative. (See, for example, the first two shedding orders
in Table[Il)

In order to obtain the largest join results, BLAS explores the shedding order
space and chooses the one with the join result with the largest number of tuples
to be the final shedding decision.

4.3 The Max-Loss-First Associated Shedding (MxLF) Strategy

BLAS searches the order space to find the best order, i.e., selects one of the
shedding orders that yields the largest results among all the orders in the order
space, as the final shedding decision. However, when m (m > 1) relations are
joined, there are m! different shedding orders. If m is very large, the searching
cost could be very high. In solving this problem, we propose the maz-loss-first
associated shedding strategy (MxLF for short), which computes only one shed-
ding order in a multi-join, instead of m! shedding orders. For example, instead
of considering the six shedding orders as shown in Table[Il] MxLF computes only
the shedding order Ry — R3 — Ra.



58 X. Yang et al.

When performing shedding over relations, the shedding loss of a relation R is
the number of lost join tuples caused by shedding over R. In MxLF, the larger
the shedding loss is, the higher the priority it is in the shedding order to be
adopted.

We define two different methods that follow the design philosophy of MxLF.
In the first method, MxLF calculates the shedding loss of each relation while
shedding is being performed. First of all, MxLF computes the shedding loss of
each relation, given that the sets of lowest producing tuples are dropped (i.e., for
each relation R;, H; tuples are dropped). The relation with the largest loss value
is chosen as the first one in the shedding order. Hereafter, MxLF computes the
revised shedding losses of the remaining relations, i.e., updating the shedding
losses of the other relations involved in the multi-join due to the shedding on
the first relation. This process is repeated for choosing the next relation in the
shedding order.

In the second method, MxLF computes the shedding loss of each relation only
once before all shedding is processed. Hereafter, the loss values are used to rank
relations in a descending order, and this order is used as the shedding order by
MxLF.

We call the two MxLF methods MAX; and MAX,, respectively. Note that
MAX; is the real max-loss-first method, whereas MAX5 uses only the loss value
before shedding of each relation involved in a multi-join without prorated ad-
justments on shedding losses on other involved relations to estimate the real loss
value during the shedding process. Obviously, MAX5 is more practical since its
computational cost is lower than MAX;. Furthermore, MxLF is just an approx-
imate method that chooses a shedding order quickly in order to avoid the cost
of searching the order space in BLAS. Whether MxLF can choose the optimal
shedding order is largely dependent on the data sets to be joined. We have ex-
perimented many data sets in which MxLF yields the optimal shedding order in
most cases; however, occasionally MxLF fails, which is anticipated.

4.4 The Multi-round Associated Shedding (MLAS) Strategy

Even though in most cases, MXLF can find the best shedding order among all m/!
possible orders when m relations are joined, it may not yield the maximum resul-
tant set. For instance, consider the shedding order Ry — Ry — R3 — ... — R,
is chosen by MxLF when joining Ri, Ra, ..., R, under the local shedding con-
straint (Hy, Ha, ..., H,,). MXLF first removes Ho number of the least productive
tuples from Rs, which is followed by computing the output_rates of tuples in Ry
and dropping H; number of the least productive tuples from R;. Suppose in
R, tuple ¢ that matches with tuples s1, s2,...,8; (¢ > 1) in Ry is retained, but
$1, 82, ----, §; are all removed from R; in the subsequent shedding step. This causes
t € Ry to become “useless,” as shedding using a shedding order is irreversible,
i.e., shedding using shedding orders can only work forward, but not backward.
To further enhance BLAS (or MxLF'), we propose the multi-round associated
shedding strategy (MLAS for short). MLAS satisfies the local shedding constraint
through multi-rounds of BLAS, and in each shedding round the local shedding
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constraint values are fractions of the original ones. For example, if the original
local shedding constraint is 10 tuples for each relation and the round number is
set to be 5, then MLAS processes the shedding through 5 rounds of consecutive
shedding. In each round BLAS is adopted to drop the two least productive tuples
from each relation. The shedding rounds are performed one after the other,
thus in the latter rounds the output_rates of tuples which are retained from the
former rounds are calculated and the least productive tuples in each relation are
dropped. Adopting this strategy, MLAS can minimize the probability of retaining
least productive tuples or shedding tuples that yield the largest resultant sets.
In the example above, if tuple t € Ry becomes “useless” after the first shedding
round, ¢t will be dropped by MLAS in the subsequent shedding round.

In MLAS, the number of rounds to be processed has the impact on the resul-
tant size of multi-joins. In most cases, more rounds yield larger resultant sizes,
even though occasionally more rounds lead to smaller resultant sizes. As shown
in Fig.[6(a), the resultant size of the 5th round is smaller than the resultant size
of the 4th round.

4.5 The Global Associated Shedding (GAS) Strategy

The global associated shedding strategy (GAS for short) considers tuples to be
shed from all relations globally under global shedding constraint (H) rather than
shedding individual relations. Before shedding, the output_rate of each tuple in
each relation involved in a multi-join is calculated and a global ranking of all
the tuples is established according to the output_rate value of each tuple in the
descending order. Tuples at the end of the ranking, regardless which relation
they come from, are dropped because they have the smallest output_rate values
among all the tuples (and thus are treated as “least productive” tuples).

We can also adopt the multi-round shedding strategy on GAS, in which a
set of tuples with the smallest outpui_rates among others are dropped from the
global ranking in each shedding round, and the dropped set size in each round
is a fraction of H. This process is similar to that of MLAS.

5 Experimental Results

In this section, we study the effect of our proposed load shedding strategies
through 3-relations equi-join. First, we compare the number of results obtained
by applying the local associated shedding approaches and IS considering different
types of data distributions, data sizes under different local shedding constraint.
Second, we study the performance of the global shedding approach GAS and the
local shedding approach BLAS.

We generated five synthetic data sets as shown in Table 2] by considering
two common types of data distributions, i.e., uniform distribution and normal
distribution. Three data sets are uniformly distribution, whereas the other two
data sets are normally distribution. In each data set, let |R1| = |R2| = |R3]
(where |R;| is the number of tuples in R;, i = 1, 2, 3). In the case of 3-relations
equi-join, each of R; and Rs provides an join attribute to join with Ry, while
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Table 2. Synthetic data sets, in which “Size” means the number of tuples in each
relation

Data set  Size  Distribution Parameters
1 100K Uniform D1=D2=D3=Dy, |D1|=50
2 100K Uniform D1:D2CD3:D4, |D1|:30, |D3|:60
3 10 Uniform D1:D2:D3:D4, |D1|:3
4 100K Normal p1=0, p2=20, pu3=40, pns=60, c1=02=03=04=10
5 100K Normal p1=po=p3=ps=0, cr=02=03=04=1

Ry provides two join attributes to join with R; and Rg, respectively. We assume
that the involved four join attributes come from the value domain Dy, Ds, D3,
and Dy, respectively. For uniform distribution, we generated different data sets
by adjusting the number of value domains, i.e. |D;|. For normal distribution, we
generated different data sets by setting different distribution expectations and
standard deviations of D; (i = 1,...,4), i.e. u; and o;, respectively.

We ran each test for 10 times to obtain average results over the five data sets.
Through the experiments on different data sets. We conclude that the proposed
local shedding strategies come very close to generate the optimal solution. We
also compared the experimental results of GAS and BLAS.

The configuration on the hardware and software used in the experiments
were (1) hardware: CPU P3 1.0GHz, memory: 384MB RAM, disk size: 40G;
(2) operating system: Microsoft Windows 2000 Professional; (3) programming
environment: Microsoft Visual C++ 6.0.

5.1 Effect of Data Distribution

We compared the effect of two common types of data distributions, i.e., uniform
distribution and normal distribution using data sets 1, 2, 4, and 5. We randomly
chose tuples from data sets to form R; (i = 1, 2, 3) and varied the number of
tuples in |R;| from 10K to 100K. In both uniform and normal data distributions,
we compared the number of results using different load shedding strategies. Let
T, = I%I’ where H; is the local shedding constraint value, and R; is the number
of records in relation R;. Fig. Bl shows the comparison results on data sets 1 and
2, and Fig. Ml shows the comparison results on data sets 4 and 5.

Earlier, we have mentioned that BLAS exhaustively searches the order space
to find the best order which generates the maximal results. Fig. [3] shows that the
number of join results using BLAS and MxLF are significantly higher than that
of IS. When the number of tuples in each relation R; increases, the gap between
BLAS (MxLF, respectively) and IS becomes wider, which indicates that BLAS
and MxLF are especially good for large data set.

Fig. M shows that when the attribute values follow normal distribution, both
BLAS and MxLF outperform IS, even though the differences between BLAS
(MxLF, respectively) and IS are not as significant as that in the data sets 1 and
2 with uniform distribution. It is interesting to know that in Fig. [{(c), when all
the join attributes are in standard normal distribution, the BLAS, MxLF, and
the IS superposed with one another. The reason is that join attributes in data
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Fig. 4. Comparisons between local associated shedding approaches and IS using various
data sets with normal distribution

set 5 conform to standard normal data distribution. That is, for a join attribute
value v, if v has high (low, respectively) frequency in one relation, v must also
have high (low, respectively) frequency in other relations. When IS is adopted
to perform load shedding, tuples that produce the smallest amount of tuples in
the multi-join results may be ranked at the beginning (end, respectively) of the
associated relation. In this scenario, all involved relations will be consistent in
making the decision to drop the same join attributes. Since there is little conflict
between relations in making deletion decisions, the number of join results is
maximized and there is little room for BLAS to improve.

Both Fig.Bland Fig. @ indicate that the curves of MxLF rarely fall below the
curves of BLAS, which implies that in most cases MxLF often chooses the best
shedding orders.

5.2 Effect of Different Local Shedding Constraint

We used three different data sets (i.e., 1, 3, and 4) to test the effect of applying
different local shedding constraint by varying T; from 0.1 to 0.9.

Figs. [ (a) and (b) show the comparison results using data sets 1 and 4
with uniform and normal data distribution, respectively. No matter which data
distribution, i.e. normal or uniform distribution, is adopted and various numbers
of tuples to be dropped from different relations, BLAS and MxLF always perform
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Fig. 5. Comparisons of various local shedding constraint

better than IS. Figs. Bl (a) and (b) also show that MxLF behaves well under
various local shedding constraint.

Fig. Bl (¢) shows the comparisons between different approaches and the optimal
solution using data set 3 (a small data set). We plotted the number of join results
in Fig. Bl(c) generated by IS, BLAS, and the optimal solution. The figure shows
that the curves of BLAS and the optimal solution are superposed with one
another, and IS does not catch up with the optimal solution in most cases. We
have observed that in most cases BLAS comes very close to the optimal solution.

5.3 Effect of Round Numbers in MLAS

Intuitively, one may think that more rounds lead to a larger resultant set. We
have verified this hypothesis through a number of test cases. We used data sets
1 and 4, and randomly chose a number of tuples from these data sets to form R;
(i > 1) and |R;|=20K. Figs.[6l(a) and (b) show the number of join results using
different round numbers in MLAS (BLAS is the special case when the round
number equals to 1). The round numbers were changed from 1 to 50.

Figs. Bla) and (b) show that when the shedding round number is small, the
multi-round approach significantly incre