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handheld devices with limited computational capabilities such as patient monitoring, driver
monitoring, providing real-time analysis and visualisation for emergency and disaster
management, real-time optimisation for courier pick-up and delivery etc. There are many
challenges in visualisation of the analysis/data stream mining results on a mobile device.

sffﬁirsd;gion These include coping with the small screen real-estate and effective presentation of highly
Data streams dynamic and real-time analysis. This paper proposes a generic theory for visualisation on
Data mining small screens that we term Adaptive Clutter Reduction ACR. Based on ACR, we have developed
Clustering and experimentally validated a novel data stream clustering result visualisation technique
Mobile computing that we term Clutter-Aware Clustering Visualiser CACV and its enhancement of enabling user

Adaptive clutter reduction interactivity that we term iCACV. Experimental results on both synthetic and real datasets

using the Google Android platform are presented proving the effectiveness of the proposed
techniques.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The phenomenal growth of mobile devices coupled with their ever-increasing computational capacity presents an excit-
ing new opportunity for real-time, intelligent data analysis in pervasive/ubiquitous environments. Ubiquitous/Mobile Data
Mining is the process of analysing data streams using mobile and/or embedded devices (e.g. sensors) to support critical ap-
plications such as mobile healthcare, intelligent transportation systems, and emergency/disaster management like bushfires.

The typical constraints that have to be addressed in performing mobile data mining are: (1) data streams are generated
and sent in real-time in a stream format [14] with little or no potential for persistent storage, (2) resource constraints
include limited computational resources such as memory, processor speed, network bandwidth, battery power, and screen
real-estate, (3) temporal constraints refer to real-time information and decision-making needs that, in turn, necessitate the
analysis to be online, incremental and continuous, (4) mobility of users and devices and the connectivity issues thereof, and
(5) adaptation of the analysis process to varying/dynamically changing resource-levels and user needs.

In the last few years, rapid strides have been made in accurately and efficiently mining high speed data streams [15] in
mobile devices such as Personal Digital Assistants (PDAs) [10,11,6] and there is a growing focus on “in-network” processing
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using embedded devices such as sensor nodes [7,12,13]. Kargupta et al. [11] have developed a client/server data stream
mining system: MobiMine which focuses on data stream mining applications for stock market data. Kargupta et al. in the
Vehicle Data Stream Mining System VEDAS [10] develop algorithms that are operational on a PDA. VEDAS is a data stream
mining system that allows continuous monitoring and pattern extraction from data streams generated on-board a moving
vehicle. MOLEC [13] is a mobile cardiac monitoring system that aims to analyse ECG signals to identify a range of anomalies
and arrhythmias using decision trees that were built off-line. In [7], real-time mining of information from in-vehicle sensors
to minimise driver distraction is proposed through adaptation of the instance-selection process based on changes to the
data distribution. Dynamic adaptation to data rates and fine tuning of processing parameters can significantly enhance the
longevity of continuous real-time processing of data streams in mobile environments. Several mobile data stream mining
algorithms have been proposed that operate using the principles of adaptation for Clustering, Change Detection, Classifica-
tion and Frequent Items Analysis [6,8,9]. In summary, these techniques leverage the body of work that exists in mining data
streams and aim to enable the operation of these algorithms in resource-constrained environments [9].

However, there are currently no general strategies for visualisation developed or available for mobile data mining. Thus,
while much research has focused on developing novel ways of analysing data in real-time on mobile devices, there have
not been specific techniques developed for visualisation of the analysis. We do note that visualising data streams has been
the focus of recent research [25-27]. This can be primarily attributed to the fact that it is only now that even analysis is
possible on mobile devices. Visualisation of the results from analysis in real-time is therefore an emerging challenge - but
one that is vital in order to effectively leverage the benefits of mobile data mining to enable real-time decision making by
mobile users. The key challenges to visualisation of mobile data mining are:

1. the small screen real-estate of mobile phones/PDAs and therefore the need to effectively use this limited screen space
to present useful and easy-to-understand information;

2. the need to dynamically perform computations relating to visualisation; and

3. the need to rapidly change the visualisation so that they capture and reflect accurately the current state of the under-
lying analysis process.

In this paper, we present a generic approach for real-time visualisation for mobile data mining — Adaptive Clutter Reduc-
tion ACR. This approach is based on the principles of clutter reduction [16]. In general, visualisation theory studies have
established that reducing the clutter on the screen is a key to improving perception and understanding of information that
is presented. An evaluation of clutter levels of traditional visualisation techniques has been discussed in [16]. The issue of
on-screen clutter becomes significant in the context of mobile devices which have much smaller screens than traditional
desktops (on which the aforementioned studies have been conducted). In addition, it becomes much more acute when vi-
sualisation is for a continuous, rapid and dynamically changing situation as is typical for mobile data mining applications
such as monitoring heart-patient ECGs or analysing mobile police personnel locations in real-time.

Based on our ACR approach, we have developed the first clutter-aware data stream clustering visualiser for mobile data
mining that automatically considers the amount of information presented on a screen and dynamically adjusts the way this
information is presented to reduce clutter and therefore increase comprehension/ease of understanding. The technique is
further sophisticated by the inclusion of elements that allow this adaptive visualisation to be personalised to the user and
the ability of the visualiser to adapt the process in relation to the available energy/battery levels on the device. There are
three main variables that need to be factored. First, there are a large number of mobile devices each with varying screen
sizes and computational capability. Second, the range of applications for which mobile data mining can be used and the
consequent application specific needs for visualisation is also highly variant. Thirdly, there is the variation in different users’
ability to process information present on the screen. Given these variables, our clutter-aware visualisation algorithm allows
changing at anytime the key thresholds that control the visualisation process, such as how much of clutter is tolerable
for a user and what frequency of information update is required by a user. Thus, the technique is not merely adaptive to
clutter levels on the screen, but is also flexible enough to be tailored to each user’s personal preferences. Furthermore,
these preferences can be changed at anytime while the analysis and visualisation is occurring, thereby enabling it to be
dynamically instrumented for changing situations.

The rest of this paper is organised as follows: Section 2 presents related work in the area of clutter reduction techniques.
Section 3 presents our Adaptive Clutter Reduction ACR theory. Section 4 details our Clutter-Aware Clustering Visualiser CACV
technique based on the theory of ACR. An important enhancement to CACV that enables user interaction is given in Section 5.
Section 6 shows detailed experimental study. Finally the paper is concluded in Section 7.

2. Related work

Our review of related work is discussed in the context of two areas: (1) the broad area of visual clutter reduction tech-
niques, and (2) the existing techniques for UDM visualisation, which is in its nascent stage of growth and evolution. The
problem of cluttered screens for information visualisation has long being studied [16] and a comprehensive review and tax-
onomy of such techniques is presented in [16]. Many clutter reduction techniques have been proposed in the literature and
have been shown to improve the understanding of the underlying information visualised on the screen. These techniques
have been categorised into three broad categories pertaining to the appearance, spatial distortion or temporal aspects of
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