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Skyline queries rely on the notion of Pareto dominance, filter the data items by keeping
only those data items that are the best, most preferred, also known as skylines, from a
database to meet the user’s preferences. Skyline query has been studied extensively
and a significant number of skyline algorithms have been proposed, mostly attempt to
resolve the optimisation problem that is mainly associated with a reduction in the
processing time of skyline computations. In today’s era, the presence of incomplete
data in a database is inevitable. The skyline algorithms in such situation will have to
deal with several issues besides the optimisation problem. The missing values in
databases give a negative influence on the number of pairwise comparisons that needs
to be performed between the data items. Moreover, the transitivity property of skylines
is no longer hold. Cyclic dominance is another issue that needs to be tackled as it
yields empty skyline results. Furthermore, databases are dynamic in nature in which
their states change throughout the time. These changes are necessary as databases must
reflect the current and latest information of the applications. The changes are normally
achieved through data manipulation operations and data definition operations. The
skylines derived before changes are made towards the initial database are no longer
valid in the new state of the database. Utilising the existing skyline algorithms would
require performing the algorithms on the new state of the database. However,
computing the skylines over the entire database after changes are made is inefficient
as not all the data items are affected by the changes.

In tackling the above stated issues, we propose a solution, named Dyln-Skyline, which
consists of three main phases, namely: Phase | — processing skyline queries over the
initial incomplete database, Phase 11 — processing skyline queries over a dynamic and
incomplete database, in which the changing state of the database is due to a data
manipulation operation(s) (insert, delete or update a data item(s)), and Phase Il —
processing skyline queries over a dynamic and incomplete database, in which the



changing state of the database is due to a data definition operation(s) (add or remove
a dimension(s)). For each phase, a framework is proposed. The proposed framework
in the Phase | consists of three main components, namely: Data Grouping Builder
(DGB), Bucket Skyline Identifier (BSI), and Final Skyline Identifier (FSI). We have
also introduced and designed three lists, namely: Bucket Dominating (BDG), Bucket
Dominated (BDD), and Domination History (DH) to keep track of the dominating data
items, dominated data items, and dominance relationships, respectively; this
information is useful and is utilised by the Phase 11 and Phase 111 of the DyIn-Skyline
solution. The framework of Phase Il consists of three components, namely: Skyline-
Insert Identifier (S-11), which derives a set of skylines after a data item(s) is inserted
into a database, Skyline-Delete Identifier (S-DI), which derives a set of skylines after
an existing data item(s) is deleted from a database, and Skyline-Update Identifier (S-
Ul), which produces a set of skylines after an existing data item(s) of a database is
updated. Meanwhile, the framework of Phase 111 consists of two components, namely:
Skyline-Add Dimension Analyser (S-ADA) which derives a set of skylines after a new
dimension(s) is added to a database and Skyline-Remove Dimension Analyser (S-RDA)
which derives a set of skylines after an existing dimension(s) is removed from a
database.

Extensive experiments have been conducted to evaluate the performance and prove
the efficiency of our proposed solution, Dyln-Skyline, in processing skyline queries
over a dynamic and incomplete database. The performance results of DyIn-Skyline are
compared to other existing works that are the closest to this research, namely: 1Skyline,
SIDS, and Incoskyline. In most cases, Dyln-Skyline shows a steady performance and
achieves better performance with regard to the number of pairwise comparisons and
processing time compared to the previous works. Unlike ISkyline, SIDS, and
Incoskyline which derive skylines over the entire database after changes are made
towards the database, i.e. the new state of the database, Dyln-Skyline avoids
unnecessary skyline computations. It relies on the information saved in the following
lists: Bucket Dominating (BDG), Bucket Dominated (BDD), and Domination History
(DH) and focuses only on those data items that are affected by the changes.
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Pertanyaan latar langit bergantung kepada tanggapan penguasaan Pareto, menyaring
item data dengan hanya menyimpan item data yang terbaik, paling digemari, juga
dikenali sebagai latar langit, daripada sebuah pangkalan data untuk memenuhi
keutamaan pengguna. Pertanyaan latar langit telah dikaji secara meluas dan sebilangan
besar algoritma latar langit telah dicadangkan, kebanyakannya berusaha untuk
menyelesaikan masalah pengoptimuman yang berkait terutamanya dengan
pengurangan di dalam masa pemprosesan pengiraan latar langit. Dalam era hari ini,
kehadiran data tidak lengkap di dalam pangkalan data tidak dapat dielakkan.
Algoritma latar langit di dalam situasi sedemikian akan perlu berurusan dengan
beberapa isu di samping masalah pengoptimuman. Nilai yang hilang di dalam
pangkalan data memberi pengaruh negatif ke atas bilangan perbandingan berpasangan
yang perlu dilakukan antara item data. Lebih-lebih lagi, sifat transitiviti latar langit
tidak lagi dipegang. Keutamaan kitaran adalah isu lain yang perlu diatasi kerana ia
menghasilkan keputusan latar langit yang kosong. Lagi pun, pangkalan data adalah
dinamik secara semula jadi di mana keadaannya berubah sepanjang masa. Perubahan
ini adalah perlu kerana pangkalan data mesti mencerminkan maklumat semasa dan
terkini aplikasi. Perubahan ini biasanya dicapai melalui operasi manipulasi data dan
operasi definisi data. Latar langit yang diterbitkan sebelum perubahan dibuat ke atas
pangkalan data asal tidak lagi sah di dalam keadaan baharu pangkalan data.
Menggunakan algoritma latar langit sedia ada memerlukan pelaksanaan algoritma
tersebut ke atas keadaan baharu pangkalan data. Namun begitu, mengira latar langit
ke atas keseluruhan pangkalan data selepas perubahan dibuat adalah tidak efisien
kerana tidak semua item data adalah terjejas dengan perubahan tersebut.

Di dalam mengatasi isu yang disebut di atas, kami mencadangkan satu penyelesaian,
dinamakan DylIn-Skyline, yang mengandungi tiga fasa utama, iaitu: Fasa | —
memproses pertanyaan latar langit ke atas pangkalan data tidak lengkap asal, Fasa Il



— memproses pertanyaan latar langit ke atas pangkalan data dinamik dan tidak
lengkap, di mana perubahan keadaan pangkalan data disebabkan operasi manipulasi
data (masuk, padam, atau kemas kini item data), dan Fasa Il1 — memproses pertanyaan
latar langit ke atas pangkalan data dinamik dan tidak lengkap, di mana perubahan
keadaan pangkalan data disebabkan operasi definisi data (tambah atau buang dimensi).
Untuk setiap fasa, satu kerangka dicadangkan. Kerangka yang dicadangkan di dalam
Fasa | mengandungi tiga komponen, iaitu: Data Grouping Builder (DGB), Bucket
Skyline Identifier (BSI), dan Final Skyline Identifier (FSI). Kami juga telah
memperkenalkan dan mereka bentuk tiga senarai, iaitu: Bucket Dominating (BDG),
Bucket Dominated (BDD), dan Domination History (DH) untuk mengesan item data
menguasai, item data dikuasi, dan pertalian penguasaan, masing-masing; maklumat
ini adalah berguna dan digunakan oleh Fasa Il and Fasa Il penyelesaian Dyln-
Skyline. Kerangka Fasa Il mengandungi tiga komponen, iaitu: Skyline-Insert Identifier
(S-11), yang menerbitkan satu set latar langit selepas item data dimasukkan ke dalam
pangkalan data, Skyline-Delete Identifier (S-DI), yang menerbitkan satu set latar langit
selepas item data sedia ada dipadamkan dari pangkalan data, dan Skyline-Update
Identifier (S-Ul), yang menghasilkan satu set latar langit selepas item data sedia ada
pangkalan data dikemas kini. Sementara itu, kerangka Fasa Il mengandungi dua
komponen, iaitu: Skyline-Add Dimension Analyser (S-ADA) yang menerbitkan satu set
latar langit selepas satu dimensi baharu ditambah ke dalam pangkalan data dan
Skyline-Remove Dimension Analyser (S-RDA) yang menerbitkan satu set latar langit
selepas dimensi sedia ada dibuang dari pangkalan data.

Experimen yang luas telah dijalankan untuk menilai prestasi dan membuktikan
kecekapan penyelesaian cadangan kami, Dyln-Skyline, di dalam memproses
pertanyaan latar langit ke atas pangkalan data dinamik dan tidak lengkap. Keputusan
prestasi DyIn-Skyline dibandingkan dengan kerja sedia ada lain yang paling hampir
dengan penyelidikan ini, iaitu: 1Skyline, SIDS, dan Incoskyline. Dalam kebanyakan
kes, DyIn-Skyline menunjukkan prestasi yang stabil dan mencapai prestasi yang lebih
baik dengan mengambil kira bilangan perbandingan berpasangan dan masa
pemprosesan berbanding dengan kerja sebelum ini. Tidak seperti ISkyline, SIDS, dan
Incoskyline yang menerbitkan latar langit ke atas keseluruhan pangkalan data selepas
perubahan dibuat ke atas pangkalan data, iaitu keadaan baharu pangkalan data, DyIn-
skyline mengelak pengiraan latar langit yang tidak perlu. la bergantung kepada
maklumat yang disimpan dalam senarai berikut: Bucket Dominating (BDG), Bucket
Dominated (BDD), dan Domination History (DH) dan memfokus hanya pada item
data yang terjejas oleh perubahan tersebut.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Query processing which extracts data items! from a database according to a set of
access criteria, also known as conditions, and presents these data items to the user for
use, has achieved tremendous success at both research and industry levels. There are
many types of queries that have been introduced mainly to accommodate the different
needs of applications or systems. For instance, a temporal query (based on temporal
query language) retrieves time-referenced or temporal data for applications that
require information relating to the past, present, and future time. On the other hand, a
spatial query which uses geometry data types such as points, lines, and polygons and
considers the spatial relationships between these geometries; is useful in Geographic
Information System (GIS), Multimedia Information System (MIS), or Computer
Aided-Design (CAD).

The traditional query processing operates either by retrieving data items from a
database that strictly satisfy each condition specified in the query or returning an
empty result if otherwise. The recent developments in query processing attempt to
relax these stringent requirements, by retrieving the best, most preferred data items
from a database according to the conditions specified in the query, also known as user-
defined preferences. These queries known as preference queries employ preference
evaluation techniques, have achieved significant success, as they are widely used in
applications related to multi-criteria decision support. During the two past decades,
several preference evaluation techniques have been introduced, among them are: top-
k (Surajit Chaudhuri and Luis Gravano, 1999), skyline (Stephan Bdrzsonyi et al.,
2001; Donald Kossmann et al., 2002; Jan Chomicki et al., 2003; Yidong Yuan et al.,
2005; Jian Pei et al., 2005; Parke Godfrey et al., 2005; Jan Chomicki et al., 2005; llaria
Bartolini et al., 2006; Man Lung Yiu et al., 2007; Yuan Fang et al., 2010), k-
dominance (Chee-Yong Chan et al., 2006a), top-k dominating (Man Lung Yiu and
Nikos Mamoulis, 2009), and k-frequency (Chee-Yong Chan et al., 2006b).

Skyline queries rely on the notion of Pareto dominance filter the data items from a
database by keeping only those data items that are not worse than any other. It is a
well-known technique that is utilised to identify the best, most preferred data items,
also known as skylines, from a database to meet the user’s preferences. Consider a
user who wanted to go for a holiday with the following preferences: (i) hotel that is
nearest to the beach (minimum distance) and (ii) hotel with the cheapest price
(minimum price). Generally, hotels that are near to a beach are expensive as compared
to those which are far away from a beach, which implies that the chances to find a
hotel that meets both preferences are nil. Taking this into consideration, the user is left

! Without loss of generality, we use the term data item throughout this thesis to be in line with other
research works in similar area. The terms data, object, record, and tuple can also be used in this context.
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with three choices: (i) hotel that is nearest to the beach (minimum distance) while the
price is not the cheapest, (ii) hotel with the cheapest price (minimum price) while it is
not the nearest hotel to the beach, and (iii) hotel(s) with price cheaper than hotel (i)
and distance nearer than (ii). Eventually, the user will have to make the final decision
by choosing a hotel from these filtered hotels. Unlike the traditional query which will
obviously return an empty result since there is no hotel with minimum price and
minimum distance, the skyline query which relies on the powerful skyline operator
introduced by Borzsonyi et al. (2001) managed to return results that are not dominated
by any other based on the user-defined preferences.

Since the introduction of skyline queries, there are a lot of research works that have
been conducted mainly to solve the optimisation problem in computing the skylines
(Kian-Lee Tan et al., 2001; Jan Chomicki et al., 2003; Donald Kossmann et al., 2002;
Parke Godfrey et al., 2005; Dimitris Papadias et al., 2003; Ilaria Bartolini et al., 2006).
The skyline operator introduced by Borzsonyi et al. (2001) only works with the
assumption that data items in the database are comparable. However, in today’s era,
the presence of incomplete data in a database is inevitable. Furthermore, databases
need to frequently change their state to reflect the current and latest information of the
applications. The incompleteness and dynamism nature of data make the process of
identifying skylines no longer a trivial task. This thesis takes the challenge to solve
the problem associated to identifying skylines over a dynamic and incomplete
database.

1.2 Problem Statement

Skyline query has been studied extensively since the introduction of skyline operator
by Borzsonyi et al. in 2001. Since then, a significant number of skyline algorithms
have been proposed, mostly attempt to resolve the optimisation problem that is mainly
associated with reduction in the processing time of skyline computations. With this
regard, most of the studies calculate the number of pairwise comparisons that needs to
be performed in filtering the database to keep only those data items that are not worse
than any other. Solving the optimisation problem is crucial especially when dealing
with huge database with millions of objects and large number of dimensions.
Comparing each pair of data items in the database without any optimisation is
inefficient. Many variants of skyline algorithms have evolved; among the notable
algorithms include Divide-and-Conquer (D&C), Block Nested Loop (BNL) (Stephan
Borzsonyi et al., 2001), Bitmap and Index (Kian-Lee Tan et al., 2001), Sort Filter
Skyline (SFS) (Jan Chomicki et al., 2003), Nearest Neighbor (NN) (Donald Kossmann
et al., 2002), Linear Elimination Sort Skyline (LESS) (Parke Godfrey et al., 2005),
Branch and Bound Skyline (BBS) (Dimitris Papadias et al., 2003), and Sort and Limit
Skyline algorithm (SaLSa) (llaria Bartolini et al., 2006). However, these algorithms
are designed with a rigid assumption that the database is complete. Obviously, with
this assumption, all data items in the database are comparable.



In the present information age, most real-world applications often deal with data that
are partly missing or incomplete. There are many reasons that give rise to the existence
of incomplete data in a database. Among them are negligence in data entry, inaccurate
data from heterogeneous data sources, and integrating heterogeneous schemas (Garrett
Wolf et al., 2009; Mohamed A. Soliman et al., 2010). The incompleteness of data can
be viewed as data items that are missing as a whole or dimension values of a data item
that are absent, indicated by a null value. In this thesis, we dealt only with the second
view, i.e. we cover only missing dimension values. The skyline algorithms proposed
for databases with the assumption that they are complete are not suitable for databases
with incomplete data. Deriving skylines in incomplete database is not as
straightforward as deriving skylines for a complete database. The skyline algorithms
in such situation will have to deal with several issues besides the optimisation problem.
The missing values in databases give a negative influence on the number of pairwise
comparisons that needs to be performed between the data items. Moreover, the
transitivity property of skylines is no longer hold. Cyclic dominance is another issue
that needs to be tackled as it yields empty skyline results (Mohamed E. Khalefa et al.,
2008). To solve the above issues, several algorithms have been proposed which
include ISkyline (Mohamed E. Khalefa et al., 2008), SIDS (Rahul Bharuka et al.,
2013), and Incoskyline (Ali A. Alwan et al., 2016).

Databases are dynamic in nature in which their states change throughout the time.
These changes are necessary as databases must reflect the current and latest
information of the applications. The changes are normally achieved through data
manipulation operations (like insert, delete, update operations) and data definition
operations (like alter table). The skylines derived before changes are made towards
the initial database are no longer valid in the new state of the database. Utilising the
existing skyline algorithms would require embarking the algorithms on the new state
of the database. However, computing the skylines over the entire database after
changes are made is inefficient as not all the data items are affected by the changes.
Specifically, this thesis attempts to overcome the following two challenges:

Challenge 1: As deliberated in the above section, there are a lot of skyline algorithms
that have been proposed (Divide-and-Conquer (D&C), Block Nested Loop (BNL),
Bitmap and Index, Sort Filter Skyline (SFS), Nearest Neighbor (NN), Linear
Elimination Sort Skyline (LESS), Branch and Bound Skyline (BBS), Sort and Limit
Skyline algorithm (SaLSa), etc) that mainly dealt with the optimisation problem with
the assumption that the database is complete. A few skyline algorithms have been
proposed, namely: ISkyline (Mohamed E. Khalefa et al., 2008), SIDS (Rahul Bharuka
et al., 2013), and Incoskyline (Ali A. Alwan et al., 2014) to tackle the issues related to
the incompleteness of data in a database. These algorithms are not suitable for a
dynamic database as they blindly examining the entire database after changes are made
to derive the skylines which is inefficient as not all data items are affected by the
changes. Undoubtedly, this incurs unnecessary computations of skylines. Hence, an
efficient method is needed to avoid unnecessary skyline computations when changes
are made towards the database either thru a data manipulation operations or data
definition operations. To achieve a comprehensive solution, the method will also need
to consider the possibility of having incomplete data in the database. Hence, besides



the main issue of optimisation, issues associated to the presence of incomplete data,
namely: transitivity property and cyclic dominance, need to be tackled as well.

Challenge 2: In order to avoid the recomputation of skylines when a new set of
skylines needs to be identified, i.e. unnecessary pairwise comparisons between data
items when changes are made towards the database (as stated in Challenge 1), it is
essential to retain the domination relationships between data items that are identified
when pairwise comparisons are performed. The dominance relationships are identified
when skylines are derived based on (i) the initial database, (ii) the new state of the
database owing to inserting a new data item(s), deleting or updating an existing data
items(s), and (iii) the new state of the database owing to adding a new dimension(s)
or removing an existing dimension(s). A mechanism that identifies the relevant
information to be retained to be utilised later in the process of identifying a new set of
skylines with the aim at avoiding unnecessary computations of skylines is needed.
Keeping track of each dominance relationship is unwise as not only it will incur
unnecessary storage cost, also not all the dominance relationships will be utilised in
the subsequent processes of skyline computations. Hence, besides the main issue of
optimsation, identifying the prominent dominance relationships among all possible
dominance relationships is another issue to be dealt with.

1.3 Objective of the Research

The main goal of this research work is to propose an efficient skyline computation
framework that is able to process skyline queries over a dynamic and incomplete
database. To achieve this goal, the following objectives are set:

(i) To propose an efficient framework that avoids unnecessary skyline
computations when changes are made towards an incomplete database due to
a data manipulation operation(s).

(i) To propose an efficient framework that avoids unnecessary skyline
computations when changes are made towards an incomplete database due to
a data definition operation(s).

(iif) To propose an approach that identifies the relevant information to be retained,
to be utilised later in the process of identifying a new set of skylines with the
aim of avoiding unnecessary computations of skylines.



1.4 Research Scope

The scope of this research work is outlined as follows:

(i) This research assumed a relational database model as it is the most dominant
model that is widely used by almost all businesses and is reflected in the
major software offerings from Oracle, SQL Server, etc (Yidong Yuan et al.,
2005; Xuemin Lin et al., 2007; Dalie Sun et al., 2008; Mohamed E. Khalefa
et al., 2008; Garrett Wolf et al., 2009; Justin J. Levandoski et al., 2010; Ken
C. K. Leeetal., 2010).

(i) The incompleteness of data can be viewed as data items that are missing as a
whole or dimension values of a data item that are absent, indicated by a null
value. In this thesis, we dealt only with the second view, i.e. we cover only
missing dimension values. This is in line with other works that have
contributed skyline algorithms over an incomplete database (Mohamed E.
Khalefa et al., 2008; Rahul Bharuka et al., 2013; Ali A. Alwan et al., 2014).

(iii) The state of the database changes throughout its lifetime to reflect the current
and latest information of the applications. The changes are normally achieved
either through data manipulation operations (like insert, delete, update
operations) or data definition operations (like alter table). This thesis
considers both type of operations although changes due to data definition
operations are infrequent as compared to data manipulation operations.

1.5 Organisation of the Thesis

This thesis is organised as follows:

Chapter 1 is the introduction chapter of the thesis which starts with an overall
overview and the motivation behind this study. The problem statement, the research
objectives as well as the research scope are deliberated in this chapter.

Chapter 2 is the literature review chapter that gives a brief overview of preference
queries in database systems with focus given mainly on skyline queries. There is a
large volume of published works on preference queries which are reviewed in this
chapter. Discussions include the Top-k, Top-k dominating, K-dominance, K-
frequency, and skyline preference queries. In this chapter the features, strength, and
weaknesses of these preference queries are highlighted.

Chapter 3 presents the research methodology of the research reported in this thesis.
This chapter begins with the theoretical dimensions of the research and presents the
phases that are conducted in achieving the main goal of this research work. It also
presents the performance measurement metrics and the data sets that are utilised in the
experiments of this research work.



Chapter 4 describes the design and gives the detail phases and algorithms of the
proposed framework for processing skyline queries over an incomplete database. The
chapter deliberates on the proposed approach in identifying prominent dominance
relationships to be saved and utilised later by the subsequent processes. The phases of
the proposed framework are illustrated step by step with a running example.

Chapter 5 describes the design and gives the detail phases and algorithms of the
proposed framework for processing skyline queries when a database is changed due
to a data manipulation operation(s), i.e. insert a new data item(s), delete or update an
existing data item(s). In this chapter we show how the saved prominent dominance
relationships identified in Chapter 4 are utilised with the aim to avoid unnecessary
computations of skylines. The phases of the proposed framework are illustrated step
by step with a running example.

Chapter 6 describes the design and gives the detail phases and algorithms of the
proposed framework for processing skyline queries when a database is changed due
to a data definition operation, i.e. add a new dimension(s) and remove an existing
dimension(s). Similar to chapter 5, the saved prominent dominance relationships
identified in Chapter 4 are utilised with the aim to avoid unnecessary computations of
skylines. The phases of the proposed framework are illustrated step by step with a
running example.

Chapter 7 presents the experiments that have been carefully designed and conducted
in order to accurately evaluate the performance of the proposed frameworks. The
results of the experiments are reported and these results are compared to the previous
works that are related to the study to ascertain the improvement gained. The
experiments are evaluated with different parameters that are data set size, number of
dimensions, number of dimensions with missing values, and changing rate.

Chapter 8 presents the conclusion and contributions of the research works. Some
recommendations for the future works are also listed.
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