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techniques are also developed for modeling and managing uncertain databases. Although these
techniques were efficient, they didn't deal with distributed data uncertainty. This paper proposes
a framework that deals with both data distribution and uncertainty based on ranking queries.
KeJ’W"rL?Sf Within the proposed framework, communication and computation-efficient algorithms are inves-
Uncertainty tigated for retrieving the top-k tuples from distributed sites. The main objective of these algo-
Distributed databases . . . L . .
- rithms is to reduce the communication rounds utilized and amount of data transmitted while
Database applications .. . . . .
Ranking achieving efficient ranking. Experimental results show that both proposed techniques have a
Threshold great impact in reducing communication cost. Both techniques are efficient but in different situa-
tions. The first one is efficient in the case of low number of sites while the other achieves better
performance at higher number of sites.
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1. Introduction

Distributed data processing has been a major field in nowadays applications. Many applications collect data from distributed sites
and process it to gain an overall result. Content Distribution Network (CDN) [1,2], sensor networks [3-6], multimedia database [7],
information retrieval from geographically separated data centers [8-10], network monitoring over distributed logs [11] and data ex-
tracted from a set of data streams [12,13] are all examples of distributed data processing applications. In these applications, processing
sites' data at a centralized server is a very expensive task. Both the large amount of data transfer and network delay make it hard to
process these applications in a centralized manner [1]. Usually, in most of these applications, user does not need to process all data in
the system. Instead only a fraction of data is returned to user according to his interest. This is often done by using ranking queries.

Ranking or top-k queries return only the highest ranked k tuples according to a user-defined scoring function. Many techniques
have been designed to rank distributed database systems introducing many efficient algorithms [3,7-9,11,12]. But, none of these tech-
niques have dealt with distributed uncertain data. However in most of the applications nowadays, data is fuzzy or uncertain. Examples
of these applications are distributed sensor networks with imprecise measurements [14,15] and multiple data sources for information
integration based on fuzzy similarity scores [16,17].

Ranking query in uncertain database system is finding the highest ranked k tuples over all possible instances of the database. These
instances are called possible worlds. Each possible world is a certain relation on which any query can be evaluated. The problem is
how to combine query result from all the possible worlds without materializing them all. Ranking in distributed uncertain database
has two steps, first, ranking tuples at each site, second, getting the overall top-k list. Processing this query will consume both time and
communication.
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The motivation for this work is obvious through the study and analysis of the Shipboard Automated Meteorological and Oceano-
graphic System (SAMOS) project [18]. This project aims to improve the quality of meteorological and near-surface oceanographic ob-
servations collected in-situ on research vessels (R/Vs) and select volunteer observing ships (VOS). It is a form of data logging system
that continuously records navigational (ship position, course, speed, and heading), meteorological (wind speed, air temperature,
pressure, moisture, rainfall, and radiation) and surface oceanographic (sea temperature and salinity) parameters while the vessel is
at sea.

In the SAMOS project, it can be observed that: (1) Data is naturally distributed because ships and vessels are at geographically
separated locations. (2) Ambiguity, errors, imprecise readings and uncertainty are present in the data collected due to measurement
conditions and multiple readings. (3) A large amount of data needs to be processed continuously. Answering a query such as “What
are the most highly temperature regions during last week?” is a case of uncertain distributed data ranking.

Many recent approaches have dealt with ranking centralized uncertain database [19-22], others with ranking distributed certain
database [1,2,4-6,11,13]. However, there are only two approaches that have dealt with ranking in distributed uncertain systems
[15,23]. These approaches have had some drawbacks, such as multiple communication phases, extensive calculation of certain values
(e,g. Sufficient Boundary in [15]) or lack of data updates monitoring. This paper proposes a new framework that will help in overcom-
ing these drawbacks. The framework utilizes only one or two rounds of communication in the proposed algorithms. So, the amount of
transmitted data is minimized for achieving efficient distributed uncertain database ranking.

The rest of this paper is organized as follows. Section 2 briefly overviews the background and the most related work to the pro-
posed framework. Section 3 formally defines the used data model and formulates the distributed uncertain database ranking
problem. Section 4 presents the proposed framework and its layers. Section 5 discusses the details of the proposed
algorithms. Section 6 validates the proposed algorithms and evaluates their efficiency and performance by a comprehensive experi-
mental study. Finally, the paper is concluded in Section 7.

2. Background

Uncertain data modeling and query processing have received great attention in database applications nowadays. Many models de-
scribing uncertain data have been introduced recently in literature. Systems such as, Trio [24,25], MayBMS [26,27], MystiQ [16] and
Orion [28,29] are examples of systems developed recently providing a variety of uncertain data modeling and processing techniques.
Trio is a DBMS that adapts tuple-level uncertainty model based on an uncertain relational model called ULDBs [30]. MayBMS is another
uncertain DBMS that adapts possible world semantics. It uses the probabilistic world-set algebra [31]. MystiQ is a system that adapts
efficient query processing techniques for large probabilistic databases. Orion presents query processing and indexing techniques to
manage uncertainty over continuous intervals.

Other systems are based on possibility theory such as that proposed by Bosc et al. [32,33]. They presented a framework to deal with
the so-called generalized yes-no queries. In this framework, processing obeys three steps scheme: (1) — Pre-processing in order to
eliminate the unnecessary attributes. (2) — Evaluation of the query to get the result. (3) — Post-processing aimed at computing the
final possibility and certainty [34].

In uncertain database environment, there are many types of queries in two main categories; queries over one-dimensional and
queries over multi-dimensional uncertain data [35,36]. Aggregate, Join and Top-k queries are one-dimensional queries. Range, Nearest
neighbor, Skyline, and Similarity join queries are multi-dimensional queries. Top-k query is the query type utilized in the proposed
framework. Uncertain database models and the main semantics of the top-k query in uncertain database are discussed in the next
two sub-sections.

2.1. Uncertain database models

Many models have been presented to describe uncertain data. An uncertain database can be seen as a discrete probability space
with a set of possible instances. These instances are called Possible Worlds (PWs). Each world is simply a set of tuples with certain
values chosen. These tuples or values are responsible for specifying the probability of the world. Correlations are considered while
specifying each world. For example, two mutually exclusive tuples cannot appear in the same world [24,37].

Consider uncertain database D with number of tuples N. Each tuple t has probability p. D can be spread over a set of PWs W = wy,
Ws,.., Wy,. The probability of any PW w to appear is p(w) = [] p(t), and the total probability of all PWs is: P(W) = ZW p(w) =1.
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The structure of PWs makes it easy to map uncertain data into conventional data which is the most important advantage of PWs
model. Uncertain databases can be classified into two main categories; attribute-level and tuple-level uncertainty. Many describing
models were introduced inheriting their characteristics from these categories. These categories model database at different levels
of uncertainty. In attribute-level, a tuple exists with uncertainty in its attributes, while in tuple-level, the existence of the tuple is
uncertain.

2.1.1. Attribute level uncertainty model

In this model, uncertain relation is a table with N tuples. Each tuple has one attribute with uncertain value together with other cer-
tain attributes. The uncertain attribute obeys a probability density function describing its value distribution. A possible world in this
model is instantiated by taking one independent value for each tuple's uncertain attribute according to the distribution. This model
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