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ABSTRACT

During the last decade, data management and storage have become
increasingly distributed. In consideration of the huge amount of
data available in such systems, advanced query operators, such as
skyline queries, are necessary to help users process the data. For
example, a user who is interested in buying a car wants to find a
good trade-off between minimum age and minimum price. It is
not obvious how much cheaper a car should be, if it is one year
older than another car. Thus, the skyline query will retrieve a set
of data items that are the best trade-offs for the user’s preferences.
The skyline operator has been proposed about a decade ago, but
research on skyline queries, especially in distributed scenarios, is
still an ongoing process.

Query processing in distributed environments poses inherent chal-
lenges and requires non-traditional techniques due to the distribu-
tion of content and the lack of global knowledge. In this tutorial,
we will outline the objectives and the main principles that any dis-
tributed skyline approach has to fulfill, leading to useful guidelines
for the design of efficient distributed skyline algorithms. More
importantly, distributed processing of other query types share the
same objectives and principles, therefore several of the guidelines
are applicable also for other query types. Furthermore, this tutorial
will provide a broad survey of the state-of-the-art in distributed sky-
line processing, present a categorization of the existing approaches
based on their characteristics, and point out open research chal-
lenges in distributed skyline processing.
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1. INTRODUCTION

Developments in the past couple of years have revealed a trend
towards distributed data management and storage systems. In the
presence of the huge amounts of data that today’s systems are pro-
viding access to, it is a tedious task for a user to find the most
interesting available data without using advanced query types, such
as skyline queries. Whereas the problem is known as skylines in
database research, in other areas it was already known before as
the maximum vector problem or the Pareto optimum [11, 15]. The
popularity of the skyline operator is mainly due to its applicability
for decision making applications; skyline queries help users make
intelligent decisions over complex data, where different and often
conflicting criteria are considered.

Consider, for instance, a database containing information about
hotels. Assume a user is looking for hotels at a specific location
that are as cheap as possible and as close as possible to the beach.
In this case, it is not obvious whether the user would prefer a hotel
that is very close to the beach but more expensive than others or
rather a hotel that is very cheap but farther away from the beach.
The skyline set contains all hotels that are not worse than any other
hotel based on all criteria, without requiring a scoring function that
defines the relative importance of the different criteria. Thus, the
skyline set contains all tuples that represent the best trade-offs be-
tween the different criteria. Figure 1 shows an example, where
each point represents a hotel with price per night and distance to
the beach as coordinates; hotels a, 7, m, and k are in the skyline
set.
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Figure 1: Skyline example

The same considerations also hold for a variety of applications
(e.g., electronic marketing places or real-estate databases for houses),
where the user is interested in mobiles, cars, houses, or other prod-
ucts. The user might, for instance, be looking for a new mobile sup-



porting all fancy features such as WiFi, high resolution camera and
display, but with long talk/standby times and still minimum weight
and size. Likewise, a user who is interested in buying a car wants
to find a good trade-off between minimum mileage, minimum age,
and minimum price.

Skyline queries have originally been proposed for centralized en-
vironments [1], i.e., single-database environments. As nowadays
data is increasingly stored and processed in a distributed way, sky-
line processing over distributed data has attracted much attention
recently. Consider a global-scale web-based hotel reservation sys-
tem, consisting of a large set of independent servers geographically
dispersed around the world (Figure 2). Servers accept subscrip-
tions from travel agencies in order to advertise their hotels. Each
server may provide offers for hotels all over the world, e.g., servers
in Paris, Sydney, and Los Angeles might provide different offers
for hotels in Miami. Such a system could potentially provide book-
ing services without requiring each travel agency to register with
each server. This need becomes even more important due to the
fact that the number of providers (and therefore data) increases at
tremendous rates. The challenge is to enable users to pose interest-
ing queries, such as skyline queries, over a network of servers and
retrieve only those tuples that match the user-defined query.

Figure 2: Distributed hotel reservation system

Skyline query processing in distributed environments poses in-
herent challenges and requires non-traditional techniques due to the
distribution of content and the lack of global knowledge. There are
various different distributed systems with different requirements
and unique characteristics that have to be exploited for efficient
skyline processing. Peer-to-peer (P2P) systems can be considered
as an example of a distributed system architecture for which several
distributed skyline approaches have been proposed. Other archi-
tectures, such as Web information systems, parallel shared-nothing
architectures, distributed data streams, or wireless sensor networks
have different requirements, therefore specialized algorithms have
been proposed.

The variety of existing distributed systems leads to a variety of
existing distributed skyline approaches. Moreover, the fact that sev-
eral skyline variants, beyond the traditional skyline operator, have
also been proposed in the past decade [5,13,14,22,23] leads to var-
ious distributed approaches that support different skyline variants.
The most important variants are: subspace skylines (only some at-
tributes of a tuple are considered for evaluation), constrained sky-
lines (only tuples that have values in a given range are considered,
e.g., tuples with the distance to the beach in [0, 10] and the price
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per night in [50,200]), and dynamic skyline queries (the skyline
is not executed in the original data space but the data points are
transformed into another data space before evaluating the skyline).
The characteristics of the skyline variants require sophisticated and
specialized algorithms for efficient processing. Depending on the
underlying network and communication architecture, these variants
allow for different optimizations.

In recent years, there has been much research on distributed sky-
line query processing so that today it is hard to get an overview of
this area. The goal of this tutorial is to provide an overview of the
state-of-the-art without requiring expert knowledge on the topic.
We will outline the objectives and the main principles that any dis-
tributed skyline approach has to fulfill, leading to useful guidelines
for developing algorithms for distributed skyline processing. We
will discuss in detail existing approaches, clarify the assumptions
of each approach, and provide a comparative performance analysis.
Our analysis leads to a taxonomy of existing approaches and a cat-
egorization based on the skyline variants each approach supports.
Finally, we will present interesting research topics on distributed
skyline computation that have not yet been explored.

2. OBJECTIVES AND SCOPE

The aim of this tutorial is to provide a broad survey of the state-
of-the-art in distributed skyline processing as well as to lead to a
deeper understanding of the existing approaches and point out open
research challenges in distributed query processing. The tutorial is
based on a recent survey [9].

The skyline operator was introduced [1] for a single database
environment, i.e., in a centralized setup. Since its introduction in
2001, over a hundred papers have been published. These papers
have not only studied efficient skyline computation in centralized
or distributed systems but also proposed variations of the tradi-
tional skyline operator and studied different premises. Nowadays,
it is very common that data is stored and processed in a distributed
way, therefore skyline processing over distributed data has attracted
much attention recently.

In this tutorial, we give an overview of the existing approaches
for skyline query processing in highly distributed environments,
where each server stores a fraction of the available data. For exam-
ple, the peer-to-peer (P2P) paradigm emerges as a powerful model
for organizing and searching large data repositories distributed over
independent sources. Although the majority of relevant papers have
been proposed for P2P architectures, many principles are also ap-
plicable in other distributed systems, where the data is distributed
over autonomous servers such as grid systems, large-scale data cen-
ters, or cloud computing infrastructures.

The key property of the skyline operator that is used in dis-
tributed skyline processing is the additivity of the skyline opera-
tor. Given a set of servers that store locally relevant data, the sky-
line sets are the same if the skyline operator is evaluated on (i) the
union of the local datasets or (ii) first on each dataset in separate
and then once more on the union of the result sets. Due to the addi-
tivity of the skyline operator, the skyline query can be processed in
a distributed fashion, where each queried server processes a skyline
query based on the data that are stored locally and reports back its
local skyline set (or a fraction of it). An important factor that in-
fluences the performance of a distributed skyline approach is query
routing, which is the process of deciding which servers may con-
tribute to the skyline set and hence which servers should be queried
in the subsequent round.

During query processing, a server aims to forward the query only
to the (neighboring) servers that may contribute to the skyline set.
Most approaches for distributed skyline processing cause queries



to travel along paths in the network. In general, these paths are not
determined in advance but influenced by the local skyline points
retrieved at each server, which are used to decide on the subset of
neighboring servers that can contribute to the skyline set. For exam-
ple, in the case of structured P2P systems, a server exploits the in-
formation about data distribution in the underlying overlay to route
queries efficiently to relevant neighboring servers [3,4, 12,20-22].
On the other hand, in unstructured P2P networks due to the absence
of any information about the data distribution, a straightforward al-
ternative is to forward the query to all available servers using flood-
ing [6, 10, 18]. Then, each server that receives the query forwards
it to all of its neighbors. A more efficient alternative used in un-
structured P2P networks is to build routing indexes that store suffi-
cient information to decide on the relevance of neighbors [7,8, 19].
Finally, in approaches [2, 5, 16, 17, 24] assuming direct communi-
cation between servers, the querying server contacts all servers to
gather some summary information about their data. Then, based
on this information, the querying server decides which servers are
queried in a subsequent round in order to compute the skyline set.

The goal of this tutorial is to provide a deep understanding of
the principles of distributed skyline processing and provide use-
ful guidelines for the design of efficient distributed algorithms. To
this end, we will present an overview of the state-of-the-art in dis-
tributed skyline processing and analyze in details the main proper-
ties of each approach. The existing approaches are classified based
on their characteristics and based on the skyline variants they sup-
port. The similarities and differences of the different approaches
will be discussed and a comparative performance analysis that re-
lies on the aforementioned differences and similarities will be pro-
vided.

3. TUTORIAL OUTLINE

This tutorial is divided into six parts that cover the background
knowledge of the area, a survey of the existing techniques, as well
as the open research problems. In the following, we provide a short
description of the content of each part.

3.1 Introduction

Our tutorial will start with a short introduction to the topic. We
will highlight application scenarios for distributed skyline queries
proposed in the literature.

3.2 Basic Concepts and Background

In this part of the tutorial, we provide all the required background
knowledge for attendees that are unfamiliar with skyline queries or
distributed systems.

Skyline Queries: For attendees having little prior knowledge about
skyline queries, we will give a short introduction of skyline queries
consisting of illustrative examples in addition to formal definitions
of the skyline set and its variants (subspace, constrained, and dy-
namic skylines). To give the audience a basic understanding of sky-
line processing, we will briefly discuss a basic approach to evaluate
skyline queries in centralized environments. Furthermore, we will
summarize the evolution of skyline queries in database research
over time and shortly describe related work.

Distributed Systems: To provide non-experts in the audience with
some background on distributed systems and to point out the most
important characteristics to experts, we will also briefly present dif-
ferent architectures of distributed systems focusing on highly dis-
tributed systems, namely P2P systems.

3.3 Objectives and Principles of Distributed
Skyline Processing
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In this part of the tutorial, we will point out the goals that any dis-
tributed approach for query processing must fulfill. This will offer
a basic understanding of the main challenges related to distributed
query processing. Then, we will elaborate on the characteristics
of the skyline operator and point out specific optimization tech-
niques that are only applicable to skyline computation in specific
environments. Then, we will present the main principles of dis-
tributed skyline processing and point out the major phases of any
distributed skyline algorithm. We will also describe the objectives
of distributed skyline processing and show how these are fulfilled
through the aforementioned phases. Thus, we will provide useful
guidelines for the design of efficient distributed skyline algorithms.
More importantly, distributed processing of other query types share
the same objectives and principles, therefore several of the guide-
lines are applicable also for other query types.

3.4 Approaches for Skyline Processing in Dis-
tributed Environments

The main part of the tutorial will then outline in detail existing
approaches for processing skylines in highly distributed environ-
ments. We will discuss differences and similarities between them
and in addition to explaining the algorithms as proposed in the orig-
inal papers, we will also point out if the presented approach is ex-
tensible to support skyline variants other than the approach was
originally proposed for. As it is hard to evaluate approaches relying
on different system architectures against each other in a fair way,
our discussion will also provide a theoretical performance analysis
so that the approaches become comparable.

Finally, we will provide a categorization of distributed skyline
approaches in a taxonomy that summarizes and highlights their dif-
ferences and similarities. The categorization is based on the main
techniques that distributed approaches use to optimize skyline com-
putation. The main categories are determined by (i) the routing
technique that is used, (ii) how are results propagated back to the
query initiator, and (iii) whether filter points are used to distinguish
relevant and irrelevant peers and paths. We will also briefly discuss
the optimization goals, e.g., response time or scalability, that the
approaches were designed for.

3.5 Other Distributed Environments

Whereas the main part of the tutorial focuses on highly dis-
tributed systems, the tutorial also sketches some approaches that
were proposed for other distributed environments. In particular,
skyline approaches have been proposed for Web Information Sys-
tems, parallel shared-nothing architectures, distributed data streams,
and wireless sensor networks. This tutorial will shortly describe
these approaches and highlight their fundamental differences to ap-
proaches proposed for highly distributed systems.

3.6 Concluding Remarks and Open Problems

We will conclude the tutorial by summarizing the existing work
in distributed skyline processing. This summarization allows us to
identify interesting and challenging issues about distributed skyline
computation that have not been studied so far in the related litera-
ture. Thus, this tutorial will end with a discussion of important
open problems and research directions that aim to encourage even
more researchers to study distributed query processing.

4. INTENDED AUDIENCE

Our tutorial is intended to benefit researchers who are interested
in distributed query processing in general. Therefore, we will point



out general objectives and principles applicable not only for sky-
line queries but also for many other query types. Thus, we expect
that the majority of audience will be familiar with basic knowl-
edge about the general concepts of distributed systems but with
little prior knowledge on skyline queries. Nevertheless, our tu-
torial provides the necessary background so that non-experts in
distributed processing can follow the tutorial. For attendees hav-
ing little prior knowledge about skyline queries, a short introduc-
tion of skyline queries consisting of illustrative examples is given.
To provide non-experts in the audience with some background on
distributed systems, different architectures of distributed systems
focusing on highly distributed systems are also briefly presented.
However, the detailed discussion of existing approaches will ben-
efit also researchers with advanced knowledge in any of the above
mentioned areas. To conclude, this tutorial does not require any
knowledge on distributed skyline processing and aims at a broad
range of researchers.
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