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The recent convergence of mobile and context-aware systems has seen a considerable 

rise in interest in applications that exploit aspects of the operating environment to 

offer services, tailor application behaviour or trigger adaptation.  However, as a result 

of the lack of generic mechanisms for supporting user mobility and context awareness 

within dynamic environments, context-aware applications remain very difficult to 

build and developers must deal with a wide range of issues which may be incidental to 

the development of new applications.  As a result of these issues, few mobile context-
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aware applications exist outside the boundaries of the research laboratory and even 

fewer have been realistically deployed and evaluated in real world settings. 

In addition, traditional context-aware applications are poorly suited to highly mobile 

or distributed environments and often unable to tolerate a rapidly changing execution 

environment, or take advantage of the availability of new services.  Moreover, 

existing approaches to the development of context-aware applications are, in general, 

highly reliant upon the underlying infrastructure.  Consequently application 

developers must build their applications with specific environments (indoor or 

outdoor) or services in mind.  As a consequence, this makes applications less flexible, 

that is,  portable across different end-systems and operating environments, difficult to 

extend or evolve their functionality, and crucially, unable to tolerate use in a 

fluctuating service environment.   

This thesis describes the design and implementation of a context-service based 

architecture to support the development of mobile context-aware applications 

designed for use in distributed environments, addressing the salient challenges that 

this involves.  The approach is validated using a real world mobile context-aware 

application, the Lancaster GUIDE system.  The GUIDE system is used as a vehicle 

for research into the area of mobile context-awareness and, through a retrospective 

analysis and evaluation of the GUIDE approach, the ideas presented in this thesis 

have been established.  This thesis demonstrates how a re-engineered version of the 

GUIDE prototype benefits from the service based approach in terms of its flexibility.  

More specifically, the re-engineered version of GUIDE is better able to operate in a 

rapidly changing execution environment.  The overall results provide a valuable 

insight into the effectiveness and applicability of the service based approach to the 

mobile domain in general, and suggests that context-services provide a useful model 

for the development and experimentation of a wide range of context-aware systems. 
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Chapter 1 

Introduction  

1.1 Overview 

Mobile computing currently plays an increasingly significant role in everyday life due 

to advances in personal computing and communication technologies. Moreover, the 

availability of low cost sensing technologies allows applications to monitor and use 

situational information, or context, gathered from their operating environments, for 

example, to aid a tourist navigating a city using location information captured from a 

GPS [GPS,01] device.  Applications that take into consideration environmental 

factors such as location, identity and time are termed context-aware applications.  

Existing context-aware applications are, in general, poorly suited to mobile or 

distributed environments and often unable to tolerate a rapidly changing execution 

environment, or take advantage of the availability of new services.  Moreover, 

existing approaches to developing context-aware applications are typically dependent 

on the underlying infrastructure and thus applications are built with particular 

environments (indoor or outdoor), application domains and infrastructures 

(computational services or sensors) in mind [Dey,00c].  Consequently, this makes 

applications less flexible, and difficult to extend or evolve their functionality should 

the existence of new entities be detected.  For example, an application utilising GPS 
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for location awareness may have to be re-written in order to utilise an alternative 

technology such as Active Badges [AT&T,00], [Want,92].   

This thesis explores the pertinent issues relating to the development of context-aware 

applications designed for use in dynamic environments and proposes to address the 

salient challenges detailed above by adopting a context-service based approach.  This 

approach affords a layer of abstraction between applications, system components and 

underlying technologies.  Novel to this approach is that an application is able to 

discover dynamically and select context services based on arbitrary contextual 

information (e.g. user stipulated context constraints).  Furthermore, decomposing 

applications into independent services and embedding them in to the infrastructure 

provides a foundation for other applications.  As a result, applications may be smaller 

in size, since core functionality resides within the infrastructure and can be shared,  

instead of being single monolithic and self-contained entities.  The decomposition of 

applications into independent services is a classical solution to address the above 

issues in distributed systems [Blair,97] and this thesis demonstrates how a number of 

prototype context-aware applications benefit from the service based approach in terms 

of flexibility.   More specifically, the use of context services provides applications 

with the necessary resources dynamically but are independent from any particular 

implementation and, as a direct result, can be independently developed. 

The remainder of this chapter provides an overview of the enabling technologies for 

the field of mobile computing before describing in detail some of the relevant terms 

used above. This chapter concludes by refining the aims and scope of the research and 

summarises the contributions of this thesis. 

1.2 Underlying Technologies 

Developments in both the affordability and complexity of mobile computing devices 

and wireless communications technologies within the consumer marketplace 

engenders a higher degree of "anytime-anywhere" or ubiquitous access to distributed 

computing systems, information repositories and remote services.  This section 

provides an outline of the enabling technologies for the contemporary mobile user.  

Since the work described in this thesis is technology independent and assumes an 

underlying infrastructure of highly portable multimedia devices, heterogeneous 
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communications and sensing technologies, an in-depth study of enabling technologies 

is not provided.  More comprehensive surveys of the technologies described in this 

section can be found elsewhere in [Cheverst,99b], [Finney,99] and [Jose,01a]. 

1.2.1 Personal Devices 

Within the portable computing market there now exists a spectrum of devices ranging 

from relatively large notebook computers, offering similar capabilities to that of their 

desktop counterparts, to small and discreet wearable computers, with more limited 

capabilities.  The range of portable devices currently available include:  

Á Notebooks and Sub-notebooks  Notebooks offer similar functionality to their 

desktop equivalents, with many high-end ranges aimed as desktop 

replacements. Sub-notebooks [Sony,01] offer increased portability with 

negligible reduction in system performance.  However, the smaller form factor 

results in a reduction in screen real estate and expandability.  

Á Digital Tablets   Digital tablets utilise a touch-sensitive screen and stylus for 

user input [Fujitsu,01].  They offer notebook performance, with increased 

screen real estate due to the omission of a keyboard, and can exploit standard 

desktop operating systems and development environments. 

Á Handheld and Palm PCs   Handheld PCs (H/PCs) are small and lightweight 

portable devices available in a variety of form factors, each with different 

displays, peripherals and operating systems.  Communication is often 

facilitated through IrDA [IrDA,98], and more recently, GSM [ECM,01], 

[Scourias,00] wireless LAN and Bluetooth cards [Bluetooth,99b].   

Á Personal Digital Assistants (PDAs)  PDAs were originally designed to be 

very small, lightweight devices with simple applications such as calendar, 

notebook, address book and limited expandability.  However, the current 

generation of PDAs, such as the Palm VII [Palm,00] or the Compaq iPAQ 

[Compaq,01], offer a variety of applications and support IrDA, GSM, 

WaveLAN and Bluetooth connectivity.  Example applications include pocket 

versions of web browsers, email clients and multimedia players.  
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Á Smart Phones  A smart phone is a digital cellular phone that provides 

additional services including email, Internet access and personal information 

management (PIM), for example, the Nokia Communicator 9210 [Nokia,01].  

The imminent deployment of 2.5 G and 3G broadband wireless networks will 

add video playback capabilities to these devices.   

Á Wearable Computing   Wearable computing explores the potential of 

computer devices that are as unconsciously portable and personal as clothes or 

jewellery.  Wearable devices afford more natural forms of interfaces, 

facilitating a richer variety of communications capabilities between humans 

and computers. The goal is to support common forms of human expression 

and leverage upon our implicit actions in the world, for example [Randell,00]. 

1.2.2 Communications 

Wireless communications technologies available today can be categorised in the 

following ways: 

Á Personal Area Network (PAN)   A personal-area network, in relation to 

computer networking, is the term used to represent the wireless 

interconnection of personal electronic devices [Braley,00] such as notebooks, 

handhelds, mobile phones using technologies such as Bluetooth [Haartsen,98].   

Á Local Area Network (LAN)    A computer network that spans a relatively 

small geographic area, for example, a single room, a building or group of 

buildings. 

Á Metropolitan Area Network (MAN)    Metropolitan-area networks are 

usually characterised by very high-speed connections using fibre optical cable 

or other digital media and are larger (geographically) than local-area networks, 

for example, connecting computers across a campus or city area. 

Á Wide Area Network (WAN)    A computer network that spans a relatively 

large geographical area. Computers connected to a wide area network are 

often connected through public networks, such as the telephone system, 

although they can also be connected through leased lines or satellite systems. 
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The range of available Local Area Networking technologies can be grouped into two 

distinct classifications: infra-red (IR) and radio frequency (RF).  Infra-red has become 

ubiquitous within the home audio/video (AV) market since the 1980ôs. Most IrDA 

implementations today are point-to-point (Direct IR), allowing bit rates of up to 4 

Mbps over distances of approximately one metre.  However, higher bit rate systems 

(10 Mbps) providing omni-directional (Diffuse IR) coverage also exist, for example, 

SpectrixLite [Spectrix,99].  IR systems are generally best suited to indoor 

environments since the technology cannot easily penetrate objects such as walls or 

even glass windows and is highly susceptible to ambient noise.  Moreover, the point-

to-point nature of the technology makes it difficult to communicate with multiple 

devices simultaneously and therefore establish ad hoc networks.   

To address the problems of using IR in outdoor environments several RF technologies 

have been developed, since these are more able to penetrate objects like office 

partitions and walls.  Today, a variety of commercial wireless LAN technologies are 

available including Lucent Orinocco [Orinocco,01], AiroNet [Cisco,01], Netwave 

[Xircom,01], Breezenet [Alvarion,01] and Nokia C111 [Nokia,00].  The bit rates 

offered by these technologies range from 2 Mbps to more than 11 Mbps up to a range 

of approximately 450 metres (omni-directional).  These products offer either ISA,  

PCMCIA (type II) or USB interfaces and are easily installed into any modern portable 

end system. Wireless LANs, are designed primarily for enabling high bandwidth 

reliable communications within domestic, office [Bahl,00] or outdoor environments 

[Davies,98a], [Baker,96]. 

The latest RF technology to reach the consumer market is Bluetooth.  This open 

specification with over 2000 consortium members including companies such as IBM, 

Motorola, Nokia, Intel and Microsoft has been designed to enable ad hoc wireless 

networking amongst portable computing and telecommunications devices, for 

example, PDAs, phones and notebooks.  The current version specifies a data rate of 1 

Mbps for ranges of up to 10 metres. A number of products are currently available 

from manufacturers such as Ericsson [Ericsson,01], Nokia [Nokia,99], Digianswer 

[Digianswer,00] and Palm [Palm,01].  The long term aim of the consortium is to have 

Bluetooth transceivers costing under 1 USD and for them to become ubiquitous 

amongst a wide range of electronic devices.  
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1.3 Sensing Technologies 

The existence of low cost sensing technologies that enable a system to monitor 

aspects of its operating environment or its user, or more broadly, its situation provides 

a basis for developing mobile applications that can adapt to changes in context.  

1.3.1 Location 

Between 1989 and 1993 the United States Department of Defense (DoD) deployed the 

Global Positioning System (GPS), a satellite based navigation system funded and 

controlled by the U.S DoD.  GPS uses a constellation of satellites and one-way 

communication as a means to determine user location based on a scheme using 

relative distances [GPS,01].  This system provides any user equipped with a GPS 

receiver with highly accurate positional information anywhere on earth.  GPS 

receivers vary in form factor from wristwatches [Casio,01] to handheld receivers 

[Garmin,01] as well as solutions that allow connectivity with a PDA.   

During a similar period (1989 to 1992) the Active Badge [Want,92] was developed at 

Olivetti.  The active badge periodically emits a unique code (beacon) and these are 

received by a network of sensors placed around the building.  A master station, polls 

the sensors for badge ósightingsô, processes the data received from the sensors and 

presents the information visually, enabling relatively accurate positional information 

to be determined within an indoor environment.  More recently, the ultrasonic 

location system, or Active Bat [Harter,99] developed by Cambridge University 

Computer Laboratory has made possible finer grained location within three 

dimensions (3D).  In the Bat system an ultrasound beacon is emitted from a 

transmitter (known as a bat) which may be worn by a user or attached to objects (such 

as printers, chairs or tables).  The time the beacon takes to reach a network of ceiling 

based receivers enables the distance between the bat and each receiver to be 

calculated.  An accurate 3D position of the bat can be determined if three of more 

receivers are used and furthermore; if, for example, two or more bats are attached to 

an object, such as an office chair, then a batôs orientation can also be calculated.   
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1.3.2 Physical Environment  

A range of relatively cheap devices capable of monitoring changes in the temperature 

and humidity of the environment are available from companies such as Dallas 

Semiconductors Corporation.  For example, 1-Wire Weather Station [iButton,00b] 

can be used to monitor basic facets of the environment.  Point Six Incorporated 

[Pointsix,01] and Kenelec [Kenelec,01] also offer products that are able to monitor 

environmental facets including wind direction, temperature, humidity, barometric 

pressure and rain level.  Whilst individually these instruments may not provide a fully 

comprehensive representation of the environment, the combination of these attributes 

may be used to help applications adapt.  For example, consider a user of an electronic 

tour guide with access to some environmentally sensed information.  The tourist 

application may use information such as the time of day, the weather forecast and 

current light level to determine the likelihood of there being a spectacular sunset that 

day before directing the user to the best vantage point to view the sunset.   

1.3.3 Physiological Environment  

Monitoring the human body can also provide valuable information relating to the 

current state of the operating environment.  Considering examples such as airline 

flight crew, train drivers or personnel operating heavy machinery, safe operation of 

these systems are dependant upon their personnel and therefore, may benefit from 

monitoring physiological factors that may be detrimental to their safe operation 

[Allanson,00]. Computing systems that relate to, arise from, or deliberately influence 

emotions or physiological facets are termed affective computing systems.  MIT Media 

Lab are currently engaged in a number of research projects [Affective,00] that study 

information relating to the userôs physical state or behaviour collected by a series of 

sensors worn on the human body.  Using these sensors researchers have been able to 

gather information in a continuous way without interrupting usersô normal work 

patterns.  Example applications include being able to detect driver stress [Healey,00], 

the expression glasses [Scheirer,00], which allow a viewer to visualise expressions of 

confusion made by the wearer of the glasses, and AffQuake [Affective,00], an attempt 

to alter game play of ID Softwareôs Quake II by monitoring signals from sensors 

attached to the playerôs physical body. 
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1.4 Introduction To Context 

The preceding sections provided an overview of the underlying technologies for 

mobile computing and technologies that enable facets of the environment to be sensed 

or monitored.  This information or context enables a system to have awareness of its 

situation.  Thus, context-aware applications can be defined as applications that have 

the ability to interpret and use situational context to provide a basis for adaptive 

behaviour based upon changes in context.  

There have been numerous attempts to define context and context-awareness and 

these have typically focussed almost exclusively on location.  This class of application 

is termed location-aware and can be considered a sub-class of the more general area 

of context-aware applications.  This section provides some background to the term 

context and context-awareness and references previous work where appropriate.   

The work on Active Maps [Schilit,94a] by Schillit et al at Xerox PARC first 

introduced the concept of context-awareness.  In their work they made use of location, 

identities of nearby people and objects as well as the changes that occur to those 

object over time as forms of context.  Brown et al in their work on the Stick-e Note 

Architecture [Brown,96] describe the different forms of context that can be used by 

computers as: location, the presence of objects and people, temperature and blood 

pressure or more generally as any environmental factor that might influence the 

activities on a computer, provided it can be sensed.  In Dey et al [Dey,00b], an 

abstract definition is provided in relation to their work on the context toolkit, 

ñContext is any information that can be used to characterize the situation of  

an entity.  An entity is a person, place or object that is considered relevant to 

the interaction between a user and an application, including the user and 

application themselves.ñ 

Schmidt et al [Schmidt,98] in their work propose two general categories for context: 

human factors and physical environment each with three further subcategories.  

Human factors are structured into the following three subcategories: 

¶ User: Is characterised by user habits, mental state or physiological 

characteristics. 
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¶ Social Environment: Is characterised by the proximity of other others 

by their social relationships and collaborative tasks. 

¶ Task: Define goal directed activities or the general goals of the user. 

The physical environment is structured into the following three subcategories : 

¶ Location: This could be absolute, for example a GPS coordinate, or 

relative, for example inside a particular room. 

¶ Infrastructure : Describe the surrounding computing and interaction 

environment. 

¶ Conditions: These are physical conditions of the environment such as 

background noise, ambient light levels, brightness.  

Schmidt et al also include time as orthogonal to these categories, since they argue that 

knowledge of previous contexts may prove useful to an application.   

Finally, Dix et al [Dix,99b] in their paper define a taxonomy for context in terms of 

human-computer interaction and argue that a mobile device operates in a broad 

context that includes the network and computational infrastructure, the broader 

computational system, the application domain and the physical environment.  The 

taxonomy can be summarised as follows : 

Context Relationship with Issues 

 

Infrastructure  

network bandwidth, and reliability, 

display resolution 

variability of service, user 

awareness of service, liveness of 

data 

 

System 

other devices, applications and 

users 

distributed applications, pace of 

feedback and feed through, 

emergent behaviour 

 

Domain 

application domain, style of use, 

identification of user 

situated interaction, 

personalisation, task and work 

studies, privacy 

 

Physical 

physical nature of device, 

environment, location 

nature of mobility, location 

dependant information, use of 

environment sensors 

Table 1.2 - Taxonomy for Context [Dix,99b] 
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Using this taxonomy it is possible to encapsulate all the aforementioned examples in 

this chapter within one of the defined contexts.  The particular context types relevant 

to, and focussed on, in this thesis are :  

¶ Identity - the identity of the user  

¶ Spatial - location, orientation, velocity 

¶ Temporal - time, date 

¶ Environmental - light level, ambient noise, temperature, humidity 

¶ Social - people in the vicinity 

¶ Resource - nearby devices or services 

¶ Resource Management - Resource usage or availability 

¶ Goals / tasks - diary, document working on 

¶ User History - previous user activity, interactions 

1.5 Context-Awareness 

Schilit and Theimer [Schilit,94b] defined context-aware as applications that are 

informed about context, or applications that adapt themselves to context.  Later, Hull 

et al [Hull,97] and Pascoe et al [Pascoe,98a] define context-awareness more explicitly 

to be the ability of computing devices to detect and sense, interpret and respond to 

aspects of a userôs local environment and computing devices themselves.  More 

recently, Dey et al [Dey,00b] defines context-awareness as; 

ñA system is context-aware if it uses context to provide relevant information 

and/or services to the user, where relevancy depends on the userôs task.ò 

The features of context-aware applications are generally categorised into one of the 

following categories: presentation of information and services to a user, automatic 

execution of a service, and, tagging of context to information for later retrieval 

Presentation refers to applications that simply display contextual information or 

services to users, for example, an application displaying GPS coordinates to its user as 

she roams. Examples of context-aware applications that exhibit this behaviour include 

CyberGuide [Long,96], GUIDE [Davies,98a], Stick-e Notes [Brown,96] and Active 

Maps [Schilit,94].  However, Dey et al [Dey,00b] point out that it is often difficult to 
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distinguish between presentation of information and the presentation of services.  For 

example, Schilit et al [Schilit,94a] explain that a list of printers organised by 

proximity to a user is an example of providing information to a user, however, this 

may depend upon its intended use.  If a user merely looks at the list to become 

familiar with the names of nearby printers then she is using the list as information.  

However, if a user chooses to print to one of the printers in the list then she is using 

the list as a set of nearby services. Information and services are therefore treated in a 

similar manner to avoid attempting to make assumptions about the userôs goal.  

Auto execution includes context-triggered actions [Schilit,94b] and contextual 

adaption [Pascoe,98] and is the ability to execute or modify a service automatically 

based on the current context.  Examples of context-aware applications that exhibit this 

behaviour can be found in GUIDE [Davies,98a], a tourist application capable of 

automatically displaying pages of tourist information as users approach particular 

attractions [Cheverst,01c], and onCue [onCue,00] which adds context-aware services 

to the standard Windows clipboard based on data copied to the clipboard. 

Tagging of contextual information for later retrieval or contextual augmentation 

[Pascoe,98a] is the ability to associate digital data with a userôs context.  The forget-

me-not [Lamming,94] project at Xerox Research Centre Europe (XRCE) (formerly 

EuroPARC) is a good example of an application that takes advantage of this type of 

behaviour.  In forget-me-not Lamming et al use the idea that physical context can be a 

powerful cue for recalling past events, for example, when a user is trying to recall a 

particular document they were editing several weeks previously, they may not be able 

to remember the precise name of the document, but are more likely to remember that 

the document was presented at a particular meeting on a particular day with certain 

colleagues present.  

1.6 Research Aims and Methodology 

This thesis examines the issues and implications associated with supporting the 

development of mobile context-aware applications.  More specifically, the thesis 

describes an investigation into the use of a context service based approach to support 

context-aware applications designed for use in mobile environments.  The key 

research aims are therefore to: 
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¶ Investigate the practical issues relating to the development and deployment of 

context-aware applications designed for use in mobile environments. 

¶ Capture a general set of requirements for supporting the development of 

context-aware applications.   

¶ Develop, based on these requirements, a context service based architecture 

capable of supporting mobile context-aware applications. 

¶ Develop a prototype implementation of the key elements of this architecture. 

¶ Evaluate the effectiveness of the context service.  Moreover, to ascertain its 

effectiveness and to examine the implications of this approach for a number of 

prototype context-aware applications. 

The service based architecture introduces a separation of concerns between 

applications and the underlying infrastructure and one of the primary goals is to 

provide a flexible mechanism for experimenting and prototyping context-aware 

applications.  In more detail, the hypothesis to be investigated is that a service based 

approach will afford the following advantages:  

¶ Flexibility : To enable applications to adapt to use across a wide range of 

heterogeneous devices and execution environments independent of the 

underlying infrastructure or physical environment. 

¶ Evolution: To aid application evolution and extensibility by using a separation 

of concerns between using context and the underlying infrastructure.   

¶ Partial Connectivity: To enable context-aware applications to operate 

successfully in mobile environments even during periods of disconnected 

operation and to make use of discovery techniques to utilise new services. 

¶ Context Awareness:  To facilitate the awareness of users, devices and 

services across a range of heterogeneous devices and environments and to 

facilitate the sharing of context between application processes and instances. 

Central to the research described in this thesis will be the implementation of a 

prototype context-aware application, the Lancaster GUIDE system [GUIDE,99].  The 

GUIDE system provides tourists to the city of Lancaster with an intelligent visitor 

guide able to present tourist information and services based on contextual factors such 
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as location, visitor interests, visitor history and a range of environmental factors.  The 

ideas presented in this thesis have been established through the design, 

implementation and user evaluation of this system.  Furthermore, this thesis 

demonstrates how the GUIDE prototype benefits from the service based approach in 

terms of operating in dynamic environments (flexibility) and through increased levels 

of awareness.  The development of the GUIDE prototypes afford the following other 

significant contributions: 

¶ A number of insights and detailed experiences relating to the development and 

deployment of a real and fully operational context-aware application. 

¶ The development of a contextual information model capable of supporting 

geographic and context-sensitive information within a dynamic environment. 

¶ An adaptive context-aware route guidance tool capable of providing 

personalised tours based on a wide range of extensible contextual attributes. 

¶ The development of an adaptive mechanism for data dissemination to support 

a potentially large user community within close proximity. 

¶ The initial results of a user field trial evaluation of the Lancaster GUIDE 

system based on a number of mobile devices with varying capabilities. 

In order to validate the research hypothesis detailed above, this thesis utilises the 

Lancaster GUIDE system as the primary research vehicle.  More precisely, an 

evaluation of the GUIDE system consisting of a retrospective analysis of the design 

process and a user evaluation field trial is used to determine how the GUIDE system 

operates within a mobile and dynamically changing execution environment.  This, in 

addition to a critique of related work within the fields of mobile and context-aware 

computing, provides a mechanism for establishing a set of requirements that are able 

to form the basis for a context-service based architecture.  The design and prototype 

implementation of a service based approach is realised before being evaluated using a 

modified version of the original GUIDE prototype which is able to make use of the 

properties afforded by the context-service architecture.  The architectural evaluation 

then aims to validate the requirements and, more generally, the overall research aims 

in order to determine whether or not a context-service based approach provides a 
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flexible mechanism for developing, experimenting and prototyping context-aware 

applications designed for use within dynamic environments. 

1.7 Thesis Outline 

The thesis develops in the following way.  Chapter two surveys systems support for 

mobility and the mechanisms currently adopted for supporting users within mobile 

environments. Additionally, current approaches to developing context-aware 

applications are detailed.  The experiences of deploying a city-wide wireless network 

and the design and implementation of a prototype mobile context-aware application 

are described next in chapter three.  In chapter four, these experiences are then 

analysed to inform a service oriented approach to context-aware application design.  

This analysis enables a set of requirements to be established for the design of an 

architecture designed for use in mobile environments.  The implementation of a 

context service based architecture is detailed in chapter five.  Chapter six revisits the 

requirements presented in chapter four and describes a number of motivating 

scenarios in order to evaluate the suitability of the service based approach.  Chapter 

seven presents the conclusions of this thesis and identifies some areas for future work.  

In addition, appendix A describes the process involved in creating a user profile for 

use with the GUIDE system. Appendix B details the syntax and semantics relating to 

the GUIDE tags developed as part of the Lancaster GUIDE project. The development 

of an adaptive context-aware route guidance tool capable of providing personalised 

tours based on arbitrary contextual attributes is detailed in appendix C. 
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Chapter 2 

Related Work 

2.1 Introduction 

The previous chapter described how advances in portable devices, wireless 

networking and sensing technologies have engendered the new paradigm of mobile 

context-aware computing [Forman,94].  This chapter lays the groundwork for the 

thesis and focuses on surveying systems support for mobility and the mechanisms 

currently adopted for supporting users on the move.  More specifically, this chapter 

describes techniques for supporting user mobility, data dissemination of information 

to mobile users and current work relating to dynamic discovery.  In addition, current 

approaches to developing context-aware applications are described.  In particular, the 

ways in which these applications have been developed to make use of a wide range of 

contextual attributes are detailed.  This chapter explores the specific problems which 

currently need to be addressed and argues that effective support for context-aware 

applications in mobile environments can only be achieved by building on the 

foundation of existing mobile computing concepts and context-aware architectures. 
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2.2 Supporting User Mobility 

2.2.1 Introduction 

Mobile computing research has evolved during the past decade from supporting 

disconnected operation and access to remote file systems [Satyanarayanan,90] to, 

more recently, multi-user, multi-device highly adaptive applications [HP,01], 

[Brumitt,00a] requiring access to heterogeneous communications infrastructures and 

sensing technologies.  

In terms of supporting mobile users, research has typically focussed on two primary 

types of mobility.  The first concerns only the mobility of the user, who for example, 

moves around an office building using fixed computing devices. An example of this is 

described by Ward et al [Ward,97] as part of their work on Active Bat infrastructure.  

The second involves the mobility of both user and computing device, for example, a 

field engineer using a pen-tablet and working on the move [Brown,98b], [Davies,94].  

Although this thesis is primarily concerned with supporting the latter, it is pertinent to 

note the issues relating to both forms of mobility.  The following sections detail the 

current approaches to supporting mobile users, including supporting disconnected 

operation, interaction within mobile environments and current resource discovery 

techniques. 

2.2.2 Disconnected Operation 

2.2.2.1 Mobile File Systems 

Much of the early work on facilitating mobile information access was based around 

the notion of disconnected operation, that is, enabling existing applications to be used 

on hosts that could become disconnected from their home network due to user 

mobility, or network or server failures.  This early research largely stemmed from 

work on distributed UNIX file systems such as the Network File System (NFS) and 

particularly the Andrew File System (AFS) [Satyanarayanan,85].  The initial aim of 

AFS was to develop a scalable and secure mechanism that enabled large numbers of 

users, spread across a number of remote hosts, to collaborate and share data.  

Following on from this, the Coda file system [Satyanarayanan,90] strived to integrate 
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the use of portable computers whilst remaining resilient to server and network 

failures.   

The key mechanisms for supporting disconnected operation in Coda include hoarding 

(or user-assisted cache management), update logging and reintegration upon 

reconnection. In essence, while the client is connected to the servers (in the hoarding 

state, as shown in figure 2.1) the local cache is loaded with files that are prefetched 

from the userôs working set either periodically or at the userôs request. The files 

prefetched are determined by the userôs hoard database file which contains file and 

directory paths together with associated priorities.  

If the client disconnects from the network, the client temporarily becomes a replica 

site. The file system moves in to the emulating state where it optimistically allows 

operations on the files in the cache to continue as if the servers were still available 

[Kistler,91]. All the file operations are logged to a local update log. 

When a server becomes available the client moves into the write disconnected state 

[Mummert,95]. Operations are still logged as when ñemulatingò. However, the update 

log is reintegrated to bring the server replicas up-to-date.  By replicating at the file 

level, Coda can transparently support pre-existing file-based applications. 

 

Figure 2.1 - The CODA state transition diagram 

2.2.2.2 Bayou 

Bayou [Demers,94] uses weak consistency replication techniques to manage replicas 

of shared calendars, electronic mail messages, databases, documents, and other 

artefacts that are central to collaboration. Rather than providing transparent support 

for an existing file system, Bayou focuses on supporting applications which are aware 
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that they are reading weakly consistent data and that their write operations are likely 

to conflict with others at some point.  Bayou's design focuses on supporting 

application-specific conflict resolution mechanisms to ensure that replicas move 

towards eventual consistency.   

A Bayou applicationôs code and data are replicated at multiple clients and multiple 

servers. Bayou servers provide synchronisation services to the clients, and then 

synchronise among themselves. A client can synchronise with any server, with 

updates propagating from one server to another until they reach a designated primary 

server, at which time they become committed. Application developers may write 

conflict resolution procedures to resolve conflicts such as writes to the same database 

record. These procedures allow users to specify alternative updates in case primary 

updates conflict. Developers may also supply functions to detect conflicts specific to a 

particular application. 

2.2.2.3 The Rover Toolkit 

The Rover toolkit [Joseph,95] offers applications a uniform distributed object system 

based on a client/server architecture.  Rover provides mobile communication support 

based on two concepts: Relocatable Dynamic Objects (RDOs) and Queued Remote 

Procedure Call (QRPC).  A relocatable dynamic object is an object with a well 

defined interface that can be dynamically loaded into a client from a server (or vice 

versa) to reduce client-server communication requirements.  Queued remote 

procedure call is a communication system that permits applications to continue to 

make non-blocking remote procedure calls even when a host is disconnected.  

Requests and responses are exchanged upon network reconnection. Updates to shared 

objects are permitted even when disconnected and consistency is ensured using 

application-level locking or by using application-specific algorithms to resolve 

uncoordinated updates to objects [Joseph,95]. 
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Figure 2.2 - The Rover architecture 

2.2.2.4 TACOMA and TACOMA Lite  

The notion of mobile objects or, more specifically, mobile code [Jacobsen,99] is taken 

further in the work on TACOMA [Johansen,97] and TACOMA Lite at the University 

of Tromsø which adds software mobility to mobile, handheld devices.  TACOMA is 

based around the notion of folders and a meet operation.  Folders enable an agent to 

transfer data from one agent to another. A folder stores code or data that the agent 

may access.  A meet operation is called to enable a program to be started on a specific 

host by a program executing on that same or even a remote host and allows agents to 

communicate with each other. During meets agents are able to exchange folders. An 

example application based on TACOMA is the Stormcast weather warning system, 

which allows thin clients such as mobile phones to send short programs using SMS 

(short message service) messages [GSM,00].  

Jacobsen and Johansen in their paper on TACOMA Lite [Jacobsen,97] describe how 

an infrastructure supporting mobile code is either stateful or stateless and the 

distinction being whether or not the system pre-empts and saves the low level state of 

a running process.  A stateful system can pre-empt a running process, capture the 

entire state, transfer this over the network and restart the process at the destination 

host (analogous to process migration in distributed systems). Examples of stateful 

mobile code systems include Voyager [Voyager,01] or Agent-Tcl [Gray,96]. A 

stateless system does not capture the entire state of a running process but instead the 

code explicitly saves necessary state needed before migrating to another host.  

Furthermore, code is moved and activated at fixed, application specified entry-points, 

for example, a specific function with the code. This produces less complex and more 

portable systems but offers a trade-off against transparency.   
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2.2.2.5  Summary 

This section has described methods of supporting user mobility and in particular 

facilitating information access during disconnected operation.  The mobile file system 

approaches, which play an important role in supporting legacy applications, were 

presented first.  These systems demonstrate effective file system use by weakening 

file consistency and offering optimistic access to cached files.  Early solutions have 

often focussed on making user mobility transparent at the application layer and have 

been designed to allow legacy (i.e. mobile unaware) applications to run without 

modification in a mobile environment.  In contrast, approaches like Bayou have been 

designed with mobility as a central concern and have been specifically designed to 

make potential inconsistencies visible to applications.  The basic premise adopted by 

the mobile agent approach is that the processing of data items can be migrated to 

remote hosts and return only relevant data. Agent based techniques are similar to 

deploying a proxy server between a client and server to select the data on behalf of the 

client. However, unlike proxies which often reside at a fixed site, agents offer a more 

dynamic approach and typically form a more general architecture, enabling agents to 

dispatch and interact with other agents to accomplish their task. 

2.2.3 Interaction Models 

2.2.3.1 Overview 

The mobile computing paradigm has posed a number of data management issues to 

the research community, in particular the problems of managing location dependant 

data, wireless data broadcast, disconnection management and energy efficient data 

access.  The following section describes current approaches to data dissemination 

within mobile environments. 

2.2.3.2 Traditional Data Dissemination Techniques 

Franklin et al [Franklin,98] describe the following three main characteristics as useful 

when comparing traditional data dissemination:  

¶ Client Pull vs. Server Push: Client pull refers to information transfer initiated 

by a client application, for example, a web browser making an explicit request 
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for a web resource from a remote server. Server push is server initiated and 

involves sending information to clients in advance of any explicit requests, for 

example, web based services such as the PointCast network [Pointcast,96], 

[Franklin,98] offering push based customised news alerts and information for 

a variety of topics including weather, sport and finance. 

¶ Periodic vs. Aperiodic: Aperiodic data delivery can be applied to both push 

and pull. Aperiodic is analogous to event driven.  For example, consider a 

client application responsible for displaying stock prices to its user;  the 

transmission of information from the server to the client could be imitated by 

the user making an explicit request (pull) or due to some data items being 

updated (push).  Periodic delivery is performed according to some specific 

schedule, e.g. hourly. 

¶ Unicast vs. 1-to-N: Unicast communication allows a data item to be 

transferred from a server to a single client while 1-to-N communication allows 

multiple clients to receive the same data item simultaneously. 

Using the characteristics described above, it is possible to classify some of the 

existing data delivery mechanisms accordingly. 

 Client 

Pull 

Server 

Push 

Periodic Aperiodic Unicast 1-to-N 

Request / 

Response 

yes   yes yes yes 

Polling yes  yes  yes yes 

Publish / 

subscribe 

 yes  yes yes yes 

Broadcast 

Disks 

 yes yes   yes 

Table 2.1 - Classification of data delivery mechanisms 

2.2.3.3 Alternative Approaches to Data Dissemination 

The following section describes alternative approaches to the traditional data 

dissemination techniques presented above.  

Broadcast Disks 

Broadcast Disks [Acharya,95a] developed at Brown University offers a periodic push 

mechanism aimed at supporting 1-to-N communications over wireless links. In 
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essence, the broadcast channel is regarded as a storage device and data is repeatedly 

and cyclically transmitted across the channel. The broadcast disk technique has two 

main components (as shown in figure 2.3). First, multiple broadcast programs (or 

ñdisksò) with different latencies are superimposed on a single broadcast channel.  

Secondly, the technique integrates the use of client storage resources for caching and 

pre-fetching data that is delivered over the broadcast channel. These two mechanisms 

allow their approach to provide increased availability for critical data and improved 

performance for data access [Acharya,95b], [Imielinski,94].  

 

Figure 2.3 - Broadcast Disks 

Linda (L
2
imbo) 

L
2
imbo is a tuple space based distributed platform for mobile environments based 

around the original work on Linda [Friday,97] and the notion of tuples and tuple 

spaces.  Tuples are typed data structures each consisting of a collection of typed data 

fields.  Tuples exist within shared data objects called tuple spaces and tuples can be 

deposited, read and removed from the tuple space. Changes to a tuple can be made by 

withdrawing from the tuple space, amending and reinserting it, since tuples cannot be 

altered while resident in the tuple space. Tuple spaces are shared between collections 

of processes, all of which have access to the tuples within the tuple space.  Friday et al 

[Friday,98] argue that the tuple space paradigm offers a number of attractions for 

mobile environments including the persistence of tuples, the guaranteed unique 

withdrawal of tuples and the fact that communicating processes producing and 

consuming tuples need not co-exist.  This temporal decoupling allows processes to 

interact via the tuple space without the need for explicit synchronisation.  In addition, 

communications are anonymous, that is, client and servers are unaware of each 

otherôs identity, although it is possible to encapsulate identity information into tuples 

to facilitate direct communications (as shown in figure 2.4). In [Wade,00] Wade 
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highlights some drawbacks of this approach for synchronous groupware and 

continuous media applications, primarily the slow enumeration of a tuple space, that 

is, to discover all group state all tuples must be removed from the tuple space.  

Furthermore, since there are no timeliness guarantees on the propagation of new 

tuples or relating to the recovery of missed state, it is difficult to establish whether a 

tuple exists within a given distributed tuple space since caches can be inconsistent. 

 

Figure 2.4 - Tuple Space communications 

Cambridge Event Architecture 

Spiteri et al describe an event based approach to supporting distributed active systems 

[Spiteri,98]. An event is defined as an asynchronous occurrence containing details of 

an activity that has occurred within a distributed system and also represents an index 

point into application sessions.  The event based architecture described includes an 

even repository for capturing and storing events.  Furthermore, to simulate the replay 

of activity sequences or for rebuilding lost state the architecture supports the injection 

of events back into distributed application components. Event-based systems allow 

any type of event or combination of events to be used to trigger further activity within 

an application, for example, automatically switching the lights on as a room is 

entered. The model is one of registration and notification and distributed clients may 

register their interest with event sources, which respond asynchronously upon 

detection of an event within the range of interest and notify interested parties.  The 

functionality offered by the event repository has been demonstrated through a number 

of applications; monitoring and review of user activities, and tracking of user 

movements to be able to replay them in a virtual reality environment.  

2.2.3.4 Summary 

This section has focussed on the issue of data management and it has been shown how 

there are similarities between the event based systems and tuple space paradigm in 

terms of interaction models.  More specifically, the generation of events can be 
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compared with the creation of tuples.  However, application processes never directly 

interact under the tuple space paradigm.  A more in-depth survey of these techniques 

can be found in [Wade,00] in which Wade argues that the inherent temporal and 

spatial de-coupling offered by the tuple space paradigm has advantages for the 

development of mobile adaptive applications. 

2.2.4 Dynamic Discovery 

2.2.4.1 Overview 

The basic function of resource (or service) discovery is to allow users and applications 

to deploy, discover and interact with the services provided by the devices and 

software components within the network [Izadi,00a].  Although originally developed 

for zero configuration networks (e.g. domestic or office environments) there has been 

a recent trend towards using this technology for mobile and ubiquitous computing 

environments.  Within these domains scenarios generally centre around enabling users 

to locate and utilise services within close proximity, such as entering a new building 

and discovering nearby printers from their PDA [Edwards,99]. 

A number of discovery mechanisms have recently emerged aimed at addressing the 

goal of simple, seamless and scalable device inter-operability.  Examples include 

Microsoftôs Universal Plug and Play (UPnP) [UPnP,00], Sunôs Jini [Edwards,99] and 

the Service Location Protocol (SLP) [Guttman,99b].  All these technologies aim to 

provide the following basic capabilities: 

¶ Announcement:  Ability to announce its presence to the network. 

¶ Discovery:  Automatic discovery of nearby devices. 

¶ Description: Ability to describe its capabilities (services) or query the 

capabilities of other devices. 

¶ Configuration:   Self configuration without administrative or user 

intervention. 

¶ Interoperability:   Seamless inter-operability with other devices. 

The following section looks at each of the current discovery mechanisms in turn. 
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2.2.4.2 Universal Plug and Play (UPnP) 

Universal Plug and Play (UPnP) [UPnP,00] aims to simplify the transparent 

interconnection of intelligent appliances, wireless devices and services by leveraging 

upon Internet technology and can be regarded, from a functionality point of view, as 

an extension of the concept of Plug and Play to support pervasive peer-to-peer 

network connectivity.  In essence, the UPnP communication model is based around 

user controlled points, controlled devices and services (shown in figure 2.5).  An 

entity, known as a Bridge, is used for representing devices that do not support the 

native UPnP controlled device functionality.  The controlled device acts as a container 

for services and, possibly, other devices and typically represents some physical 

device, for example a VCR.  A device may contain any number of services such as 

Play, Rewind, etc.  

UPnP discovery is based on the Simple Service Discovery Protocol (SSDP) 

[Goland,99], a protocol designed with the goal of allowing devices to discover each 

otherôs presence within a network without configuration, management or 

administration.  SSDP is based on HTTP over both unicast (HTTPU) and multicast 

(HTTPMU) UDP.  When added to a network, a control point searches for devices and 

uses unique ids to identify them. As soon as a device is added to a network it 

advertises its services and periodically refreshes these advertisements. These 

advertisements contain a service type and a URL for the service being advertised.  

Devices must cancel advertisements when removed from the network and must 

respond to search requests from control points. All advertisements and search requests 

are based on IP multicast and search response message are unicast UDP which must 

contain a URI that identifies the resource (e.g. "cs:printer") and a URL to an XML file 

that provides a description of the announcing device [Goland,00].  This description 

includes, amongst other things, a URL that can be used to access the user interface for 

the device and a list of state variables associated with the service.  For example, an 

object representing a printer might have a variable auto - feed  with possible values 

on and off.   
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Figure 2.5 - Universal Plug and Play (UPnP) architecture [Microsoft,99] 

2.2.4.3 Jini 

The Jini technology from Sun Microsystems [Sun,99b], [Sun,99c] allows any network 

made up of services (printers, databases) and clients of those services to be managed 

without administration. Jini relies on the concept of a federation which is a collection 

of autonomous devices that can be made aware of each otherôs presence in order to 

cooperate with each other.  To facilitate this, Jini includes a number of lookup 

services that maintain state information relating to devices available on the network.  

Before a device can enter into a federation it must first discover a lookup service.  

Once a lookup service is located, a device can tell the service about itself (i.e. register) 

or the device can query service information relating to other devices in the federation. 

During the registering process attributes that are used to describe the service offered 

(name/value pairs) can be set which enable queries from other devices to be matched 

and following this devices upload Java byte code to the lookup service. This code acts 

as a "proxy object" that can be used to contact an interface on the device and invoke 

methods. This enables the querying of a device to automatically download a proxy 

and call methods, normally made using Java Remote Method Invocation (RMI), 

inside the device. The Jini lookup service can also be used by clients wishing to use a 

service.  This involves searching the lookup service by specifying either its type, a 

unique identifier of the service or the attributes.  The returned value is the proxy 

object from the service item and this contains methods to enable interaction between 

the service provider and the client.  Once a proxy has been downloaded a client may 

communicate directly with the service as shown in figure 2.6 [Waldo,99].  
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and service provider

 

Figure 2.6 - Jini lookup service interactions 

A key feature of Jini is that it is independent of the underlying transport protocol 

unlike UPnP and SLP which are based around TCP/IP.  In addition, Jini supports the 

notion of events, so for example a digital camera could specify an interest in available 

printing services and once such a service becomes available a notification can be sent 

to the digital camera. 

Jini lookup services make use of registration leases with expiry information to ensure 

that services have an accurate representation of the available devices. Devices are 

required to renew their leases periodically for the lookup services to maintain their 

registration information. 

2.2.4.4 Service Location Protocol 

The Service Location Protocol (SLP) [Guttman,99b] is a discovery mechanism aimed 

at enterprise networks with multiple shared services. SLP offers two alternative 

operating modes based around a directory agent, which is a repository for the 

available services.   

The first operating mode involves the use of a directory agent by a user agent which 

allows a client to interact with it to discover services.  More specifically, when a client 

generates a user agent this in turn generates a multicast request to obtain the location 

of a directory agent.  The directory agent is also capable of periodically advertising its 

presence to user agents. Service agents acting on behalf of services wishing to 

advertise their presence discover directory agents in the same way as user agents. 

When present, a service agent registers with a directory agent and this registration is 

updated periodically. 
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The second mode is used when a user agent cannot locate a directory agent.  In this 

scenario a user agent requests services directly by making explicit requests destined 

for a specific multicast group. Furthermore, user agents multicast service requests to a 

predefined specific multicast address which service agents respond to using unicast.   

2.2.4.5 Summary 

Although resource discovery is a key requirement for highly mobile environments, 

current discovery mechanisms generally assume fixed, high speed, reliable networks 

and, in addition, target home or corporate environments, an assumption explicitly 

presented in the Jini and SLP specifications. For use in mobile environments, issues 

such as interoperability and scalability alone currently pose significant challenges for 

application developers.  Moreover, the presence of a diverse set of service discovery 

technologies available raises the issue of how to deal with the disparate range of 

device representations and interaction models.  For example, UPnP defines XML 

schemes to represent devices, SLP uses URL syntax and Jini serialised Java objects.  

Clearly, applications capable of interacting with more than one of these discovery 

mechanisms simultaneously poses a great challenge for the application developer, 

particularly if the mobile device in question has limited resources, such as a PDA.  

Furthermore, in terms of scalability, as the number of clients and services within an 

environment increase, so the burden due to dynamic service discovery and interaction 

increases.  In an analysis of current discovery mechanisms, Friday et al [Friday,01a] 

describe how a single client joining a network consisting of a single root device with a 

single sub-device and service type results in a total of 54 messages (datagrams) being 

generated.  Thus, as the number of clients and services increase, low-bandwidth 

networks may become saturated with service announcement traffic.  Table 2.2 

summarise the key features of these architectures and a more in-depth comparison of 

these can be found in [Bettstetter,00], [Friday,01a] and [Jose,01a]. 
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Feature UPnP Jini  SLP 

Developer Microsoft and 

various 

Sun 

Microsystems 

IETF 

Network 

Transport  

TCP/IP independent TCP/IP 

Programming 

Language 

independent Java independent 

OS and Platform independent independent dependent 

Code Mobility no yes no 

Leasing Concept yes yes yes 

Security IP dependent Java based IP dependant 

Table 2.2 - Key features of discovery mechanisms 

2.2.5 Analysis of Supporting User Mobility 

The work described so far has introduced a number of different mechanisms for 

enabling users to achieve consistent levels of service despite user mobility.  Mobile 

file systems such as CODA allow legacy applications to be supported although they 

do not adequately provide information to higher layers to allow applications to adapt 

to changes in user mobility.  Using this additional information, mobile applications 

can apply a number of techniques to efficiently support mobility.  Techniques such as 

filtering, agent based approaches like TACOMA, or service migration as found in 

Rover may all be used to help reduce bandwidth requirements.  Data dissemination 

techniques such as Broadcast Disks and event based approaches such as the 

Cambridge Event Architecture may also be used to provide energy efficient and 

timely access to information respectively.  However, there is a need for flexibility in 

terms of the data distribution techniques offered to developers of mobile applications, 

a factor presented by Schilit in his thesis [Schilit,95]. More recently, research has 

focussed on methods of supporting dynamic discovery of devices or services, 

although there are currently no unified or lightweight discovery solutions suitable for 

mobile environments.  Furthermore, as shown in the next section, support for the 

discovery of more abstract services other than physical devices is not yet provided, for 

example, a user being notified that a work colleague has entered their locality. 
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2.3 Context-Awareness 

2.3.1 Introduction 

In order to achieve effective operation in mobile environments, mobile applications 

must adapt in response to changes in their environment [Davies,94], [Katz,94].  These 

adaptive applications in general require information relating to changes in their 

surrounding environment, in particular their network quality of service (QoS).  To 

achieve this, aspects of the environment must be sensed or discovered and 

disseminated among interested parties accordingly.  Noble et al [Noble,97] describe a 

taxonomy for adaptation which ranges from placing the responsibility of dealing with 

adaptation on an individualôs application (laissez-faire) to placing the responsibility 

for adaptation on the system (application transparent).  Between these lies 

application-aware adaptation which is based on a collaborative partnership between 

application and the underlying system.  The latter approach allows applications to 

determine how and when best to adapt, but preserves the ability of the system to 

monitor resources and enforce allocation decisions. Satyanarayanan et al 

[Satyanarayanan,90] uses Coda as a research vehicle into application-transparency 

adaptation and more recently have focused on application-aware adaptation with the 

Odyssey platform [Noble,99]. Adaptive applications have traditionally focused on the 

monitoring of the network QoS as means for triggering adaptation.  The following 

section describes work in the field of context-aware application design, a field which 

is more general than mobile adaptive computing since all aspects of the operating 

environment may be monitored and used in order to trigger application adaptation. 

Schilit [Schilit,94b] in his work on the PARCTAB system at Xerox PARC [Want,95] 

describes the context-aware life cycle as context discovery (content capture or 

sensing), context selection (interpretation) and context use. This broad structure will 

be used to analyse related work in the area of context-aware computing.  

2.3.2 Context Capture 

2.3.2.1 Introduction 

Brown et al [Brown,00b] describe several mechanisms for context capture. Firstly, 

context can be captured from the environment through the use of sensors such as GPS 
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receivers [Dana,98] or via the state of a userôs equipment, such as battery life.  In 

addition, existing information or applications such as diaries, óto doó lists or weather 

services can be used to obtain context.  Context may also be captured from user and 

task models, for example, the fact that a user is vegetarian could be considered 

valuable context when specifying the task ñWhere is the nearest caf®?ò Context may 

also be gained explicitly by the user specifying their current interests or needs 

[Pascoe,98b], for example, ñI am hungry and tiredò.  Finally, context can also 

combine aspects of the physical and virtual worlds, for example in the Lancaster 

GUIDE system described in chapter three, users are able to request information 

relating to their location virtually within the information space while at the same time 

having the information displayed and tailored to aspects of the physical world.  

2.3.2.2 Active Maps 

Work on the Active Badge system [Want,92] at Cambridge AT&T Labs (formerly 

Olivetti Research Laboratory (ORL)) formed the starting point for much of the work 

on context-aware computing.  Active Badges are small devices worn by personnel that 

transmit a unique identifier every 10 seconds using infra-red.  A network of ceiling 

based sensors receive these transmissions and are able to determine the location of the 

badge, and therefore its wearer within the building.  Active Badges have been 

successfully deployed within a number of academic institutions and applications 

based on this technology include Active Map [Want,92] and FLUMP (The FLexible 

Ubiquitous Monitor Project) [Finney,96a].  The Active Map annotates graphical floor 

plans of the AT&T labs with location information gathered from people and objects, 

such as printers, allowing users to determine the required service. FLUMP, based at 

Lancaster University, enables useful information (such as e-mail and diary 

information) to follow people around the Computing department using a series of wall 

mounted monitors distributed throughout the building. These monitors make use of 

WWW technologies to render information and the migration of information between 

monitors is triggered by Active Badge sightings.  Although their relative small size 

and weight make the Active Badges convenient to wear, they do not offer the fine-

grained 3D location and orientation accuracy required to track people with precision 

within indoor environments for applications such as the intelligent videophone 

system.   This system utilises a number of cameras placed around a room and 
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continuously selects a camera view with which the userôs face can be seen.  This 

allows a user to wander freely around an office room during a videophone 

conversation. To achieve this higher level of positional accuracy, Harter et al 

[Harter,99] have deployed a low-power, wireless and relatively inexpensive ultra-

sonic location system known as Active Bats (bat).  This approach uses a series of 

ceiling based transceivers to monitor people and objects within the building wearing a 

Bat.  The use of Active Bats overcomes some of the limitations of the preceding 

Active Badge infrastructure and offers finer grained location in 3 dimensions.  

However, due to the infrastructure requirements to gain this information (deployment 

of a large number of ceiling based transceivers) it is unlikely to be adopted as the 

ubiquitous indoor location technology.  Consequently, a similar although more 

lightweight approach to fine grained 3D positioning within indoor environments is 

currently the focus of research by Randell et al [Randell,00] as part of their work on 

the CyberJacket. 

2.3.2.3 Cyberguide 

Another example of a location based context aware application is Cyberguide 

[Long,96], an indoor mobile tour guide for visitors of the GVU (Graphics, 

Visualisation and Usability) Centre at Georgia Tech. Visitors carrying Apple 

MessagePads have information presented to them based on location and orientation 

information gathered from a series of ceiling based Infra-red sensors.  The original 

Cyberguide implementation suffered from a number of restrictions which included a 

tight coupling of the positional information and communications infrastructure and 

the use of static maps of the environment. Indeed, the ceiling based sensors used to 

provide location and orientation information were also employed to provide the 

communications ability so changes in sensor positions involved parts of the 

application to be re-written as well as the reloading of the new information model.  A 

further limitation is the use of a hard wired infrared positioning system based around a 

series of remote controls suspended from the ceiling, each with a different button 

taped down to provide the unique infra red beacon.  The use of static configurations 

therefore has a detrimental affect on the evolution and extensibility of the Cyberguide 

application [Dey,01].  
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2.3.2.4 Teleporting 

The Teleporting System developed at AT&T Labs is a tool for experiencing mobile X 

sessions.  Teleporting [Bennett,94] enables the mobility of X-windows user interfaces 

by allowing them to relocate between displays.  Teleporting makes use of location, 

identity and activity to enable a user to materialise and de-materialise their desktop to 

and from a display using simple commands. However, teleporting relies on the X-

windows windowing paradigm although some of the mechanisms adopted in their 

approach could be applied to other applications. An example of this is the use of a 

proxy X server which is used to relay communication between users and real displays 

(servers).  When display relocation is required, the proxy server transparently 

manages the handover of the user interface between displays. The use of transparent 

proxies is a mechanism to support user mobility (disconnection) adopted by other 

work such as Top Gun Wingman [Fox,98]. 

2.3.2.5 CyberDesk 

The CyberDesk architecture was built to automatically integrate web-based services 

based on context relating to user activity.  In more detail, the CyberDesk architecture 

uses contextual information to dynamically integrate software modules, for example, 

a user highlighting a particular appointment with a work colleague from their diary 

will have a number of services suggested to them.  The system is able to interpret the 

appointment and extract the relevant context in order to provide context-aware 

services, for example, offering to search for the selected text using a web-based search 

engine, look up the name in their address book or to send an email to that person. 

However, the system is very limited in the types of context it can handle and does not 

support multiple simultaneous applications.  Finally, the context used by the system is 

not stored nor is it queryable.  These shortfalls were identified when Dey et al used 

their approach to build an intelligent environment application [Dey,97] and some of 

these limitations were later addressed as work on the Context Toolkit described in 

section 2.3.3.2. 

2.3.2.6 Summary 

Current approaches to context-sensing centre around the use of location as the 

primary context type.  Furthermore, mechanisms for managing this information are 
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simple and typically designed for particular location technologies and with specific 

target applications in mind [Bennett,97].  This tendency for utilising context in such a 

bespoke manner makes application evolution difficult and does not afford a trivial 

mechanism for transferring a system to an alternative environment [Long,96], 

[Dey,98]. More general approaches to the representation and use of context are 

required to enable application developers to offer re-usable components for use within 

future mobile context-aware applications. 

2.3.3 Context Selection 

2.3.3.1 Introduction 

The following sections describe previous work relating to context selection, which 

include mechanisms for notification of contextual updates, context storage and 

context interpretation where interpretation refers to the transformation of one or more 

types of context into another type of context. 

2.3.3.2 Context Toolkit 

The Context Toolkit [Dey,99b] developed at Georgia Techôs GVU aims to separate 

the context acquisition process from the delivery and use of context.  The Context 

Toolkit supports the acquisition and delivery of context using three types of 

abstractions: widgets, servers, and interpreters, as shown in figure 2.7.  

¶ Context widgets are software components that provide applications with 

access to context sensed from their operating environment. They free 

applications from the context acquisition process by hiding the complexity of 

the sensors from applications. Each widget encapsulates state and a set of 

event callbacks. The state is comprised of contextual information that 

applications can exploit via polling or subscribing. Callbacks represent the 

types of events that the widget can use to notify subscribing applications. The 

widget also maintains contextual state allowing other components to retrieve 

historical context information.  

¶ Context servers are used to collect the entire context about a particular entity, 

such as a person. The context server is responsible for subscribing to every 



 35 

widget of interest and acts as a proxy to the application, collecting information 

for that particularly entity. The context server can be seen as a compound 

widget. As such, it has attributes and callbacks, it can be subscribed to and 

polled, and its history can be retrieved.  

¶ Context interpreters are responsible for implementing the interpretation of 

context information. They transform between different representation formats 

or merge different context information to provide new representations. 

 

Figure 2.7 - The Context Toolkit architecture 

Within this model, context widgets derive fine-grained context information, which 

may be interpreted and presented to context servers. For applications to receive 

notifications about a particular type of context such as the activity within a specific 

location, they would have to subscribe for events from the actual context widget. 

However, if events about particular system entities, such as users, are required then 

the application must register for notifications with the context server. Although the 

Context Toolkit includes mechanisms for enabling applications to register for call 

backs there is no inherent support for user mobility. Consequently, should an 

application register for updates (events) for a particular type of context and then 

become disconnected from the network due to host mobility, there are no mechanisms 

for synchronisation of state once the network connected is re-established. 

2.3.3.3 Context Information Service  

The Context Information Service (CIS) [Pascoe,98b] is a further architecture which 

supports context-aware applications through the maintenance of an object-oriented 

view of the world comprised of artefacts, states, sensors, synthesizers, monitors and 

catalogs.  Artefacts have a name, type and a set of contextual states associated with 
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them.  For example, the world may contain a person artefact named óKeithô with a 

location state.  CIS clients can access the state of any artefact in the world (e.g. 

Keithôs location).  The CIS also consists of a state catalog and an artefact catalog 

which provide templates for creating new artefacts and interactions between them.   

Sensor arrays are used to collect contextual data (e.g. location from a GPS device) and 

synthesizers are used to synthesize or aggregate contextual data from other artefact 

states, for example synthesizing a sunset from a location, weather and a time state).  

Contextual data from sensors or synthesizers is directed to appropriate artefacts under 

the control of a monitor, which provides strict quality of service guarantees, for 

example, location must be accurate to within 50 metres.  

The contextual model constructed using these components is then made accessible 

through four CIS service components (shown in figure 2.8), which act as the interface 

through which any client program or user may construct, view, or manipulate a shared 

contextual model of the world. This approach is currently work in progress and no 

implementation details are currently available.  

 

Figure 2.8 - The CIS service components 

2.3.3.4 TEA 

The Technology for Enabling Awareness (TEA) [Schmidt,98b] approach to 

supporting context awareness involves transforming sensor readings into context 

profiles, for example, transforming sensors values such as light = 90% and noise = 

75% into context such as ñin a meetingò. This is achieved through a four layer 

architecture and primarily through the use of sensors, cues and context profiles. 

Output from sensors is regarded as low level and therefore requires transformations or 
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filters to be applied before being of any significant value to applications. For example, 

the output from a light sensor could be replaced with mean and variance values.  

Filters and transformation of raw sensor data are examples of cues (layer 2) and these 

can be used to give a better interpretation of the data.  The third layer involves the 

mapping of cues to context profiles specified by the user and this forms the focus of 

the TEA approach. This mapping layer must be able to transparently adjust itself to 

contexts that the user will visit and furthermore, this will enable the fourth layer to 

utilise the context information in order to adapt the behaviour of applications or 

devices.  This architecture was used to determine the state of a mobile phone in order 

to automatically configure its profile. For example, a user walking in an outdoor 

environment will have the cell phone configured so that the volume is set to 

maximum and the vibrating alert turned on.  However, if a user is thought to be in a 

meeting then a silent mode may be selected which re-directs all phone calls to voice 

mail.  The TEA layered architecture is summarised in figure 2.9. 

 

Figure 2.9 - The TEA layered architecture 

2.3.3.5 Audio Aura 

The goals of Audio Aura system [Mynatt,98] are to provide serendipitous information 

related to peopleôs physical actions in the work place via background auditory cues 

and to explore the use of audio to connect a personôs activities in the physical world 

with information gathered from the virtual world.  The system is based around a 

centralised server and relatively thin clients with most of the computation occurring 

on the server.  The server maintains a history by storing context (location, identity and 

time) gathered from the environment, primarily through the use of Active Badges 

[AT&T,00]. The server also provides a notification mechanism which allows clients 

to stipulate their notification constraints although this requires advance knowledge of 

how the context is stored on the server, therefore reducing the separation between 

context acquisition and context use. 
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2.3.3.6 AROMA  

The AROMA project attempts to provide peripheral awareness of geographically 

dispersed people who would like to stay in touch [Pederson,97], for example, 

allowing a person about to make a phone call to be able to see what is happening at 

the calleeôs site before making the phone call.  AROMA allows auditory and visual 

data captured in a colleagueôs space to be delivered to another colleagueôs space and 

rendered in a variety of ways.  The aim of AROMA is to explore the use of abstract 

representations of captured data as presence indicators. Its object-oriented 

architecture uses capture objects to encapsulate sensors and abstractor objects to 

extract features. Synthesizers take abstract awareness information and display it.  

2.3.3.7 Summary 

A tight coupling generally exists between the sensing and use of context 

[Brown,96][Finney,96b], although in the original call forwarding Active Badge 

application servers were placed between the application and the sensors to abstract the 

details of the sensing from the application.  Furthermore, sensed context is generally 

low level, such as longitudinal or latitudinal coordinates provided by a GPS compass, 

and context interpretation may be required in order to provide useful information to 

applications.  The work presented in the previous section describes current approaches 

to context selection and, in particular, methods of abstracting over the sensed context.  

Dey et al describe an architecture to support the building, execution and evolution of 

context-aware applications via the use of context abstraction.  In contrast to the 

approach adopted by Dey et al, the Context Information Service (CIS) promotes a 

tight coupling between the application and the underlying sensors, taking an 

application-dependant approach to application development.  Typically, the systems 

discussed thus far are limited to a portion of the context selection process, that is, 

either including mechanisms for notification of contextual updates or techniques for 

context abstraction and all omit implicit support for user mobility.  
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2.3.4 Using Context 

2.3.4.1 Stick-E Notes 

Brown [Brown,96] in his work on the Stick-e Notes framework proposes an 

architecture for supporting application designers in using context to perform context-

aware behaviour with the goal of enabling non-programmers to author context-aware 

services. This architecture is based around the stick-e note metaphor which is the 

electronic version of a Post-It note and represents the association of context to objects.  

Stick-e notes can be attached to a range of contexts such as specific locations, people 

or objects and may also contain actions or rules that specify the type of behaviour 

which should take place when a particular context is entered.  For example, attaching 

a stick-e note to a particular location such as a library and to a particular person can be 

used to trigger an event should that context be entered, i.e. user meeting that person in 

the library.  A tour guide application was developed to demonstrate their approach 

and some of the ideas presented in this research formed the basis for work on the 

Lancaster GUIDE system described in chapter three. 

2.3.4.2 PARCTAB and Active Maps 

The PARCTAB system developed at the Computer Science Lab (CSL) at Xerox PARC 

[Want,95] integrates palm-sized mobile computers into an office environment 

(network) and served as a testbed for research in to the ubiquitous computing vision 

first described by Weiser [Weiser,91].  The Tab is a personal digital assistant (PDA) 

that communicates via infrared (IR) to a network of IR transceivers. The system is 

designed for indoor use in such a way that each room serves as a communication cell.  

As the tabs move from cell to cell (room to room) the underlying infrastructure 

provides an uninterrupted and reliable service.  A key feature of the approach adopted 

by Schilit et al [Schilit,94a] is that most of the applications run on remote hosts and 

this places a high dependency on reliable communications throughout the IR network. 

Within the PARCTAB system there exists three types of software component: 

gateways, agents, and applications. Gateways are responsible for sending and 

receiving data packets using IR signals. Each tab is represented by an agent which is 

responsible for tracking its location and also provides location independent remote 

procedure calls [Want,95]. Applications are built using a library of widgets designed 
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to accommodate the low IR-communication bandwidth and small display area of the 

tab. The PARCTAB system architecture is summarized in figure 2.10. 

Schilit in his thesis [Schilit,95] presents an architecture to support the design of 

mobile context-aware applications.  More specifically, in his research the architecture 

is based around three main components: device agents, user agents and active maps.  

Device Agents maintain the status and capabilities of devices, whilst user agents 

maintain user preferences and active maps maintain location information of devices 

and users.  

 

Figure 2.10 - The PARCTAB system architecture 

2.3.4.3 Cooltown 

Cooltown is an infrastructure to support ñWeb presenceò for people, places and things 

[Kindberg,00], [HP,01] by associating each real world object with a web resource 

[Caswell,00].  Each web page is used to store information about the real-world object 

it represents and is automatically correlated with their physical presence.  Cooltown 

primarily supports the display of context and services to its users, for example a user 

carrying a PDA walking through a city electronically picks up URLs for pages about 

the city itself and the places travelled through (e.g. a railway station, a shopping 

district, a café) and these are presented as web links.   

The main component of the Cooltown architecture is a place manager that maintains a 

directory with the description of the people and objects physically present in that 

place. As people and mobile devices move, the state of the directory is updated to 

represent the current state of the place at any point in time.  
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Cooltown offers a discovery mechanism and abstraction components such as URLs 

for sensed information and web pages for real-world objects;F however their approach 

does not seem to offer support for low-level sensed information or support for other 

features of context-aware applications such as automatic execution.   

2.3.4.4 EasyLiving 

The EasyLiving project [Brummitt,00a] developed at Microsoft Research focuses on 

the development of an architecture and supporting technologies for intelligent 

environments and in particular the support of a coherent user experience via the 

aggregation of a diverse set of devices. The EasyLiving architecture encapsulates 

hardware device control, internal device logic and user interface presentation as 

service abstractions.  These abstract service descriptions register with a lookup service 

and allow each service to expose a set of attributes so that other services may interact 

with them automatically.  A major focus of the work is aimed at geometric world 

modelling [Brummitt,00b] and supporting geometric knowledge, that is, representing 

knowledge about the physical relationships between people, devices, places and 

things that can be used to dynamically assemble a set of UI devices for a particular 

interaction.  Brummitt et alôs approach uses software components to decouple the 

sensors from the application, and to provide transparent communications and 

discovery mechanisms to enable the availability of components to multiple 

applications.  Communication between components occurs via an asynchronous 

message passing and an XML-based message protocol (SOAP [Box,00]). As part of 

the EasyLiving project an intelligent space has been created to demonstrate a number 

of applications, which include the teleporting of desktops among available displays, 

personalised media services which allow audio or video playback across a number of 

devices (such as CD, MP3 , DVD or Videotape) based on user location and interests 

[Meyers,00], and dynamic room controllers that provide context sensitive access to 

services based on co-location [Shafer,00]. EasyLiving includes mechanisms for 

discovery but does not provide explicit support for context interpretation or context 

storage for later retrieval.  
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2.3.4.5 Forget-Me-Not and Satchel 

The work on Forget-Me-Not and the memory prosthesis [Lamming,94] at Xerox 

Research Centre Europe (formerly EuroPARC) aims to help with everyday problems 

such as finding documents and remembering names and addresses.  Forget-Me-Not is 

an example of a context-aware retrieval system based on user activity (or context) 

such as phone calls made, emails received and rooms visited.  As a user interacts with 

devices information such as the device name, location, salient details relating to 

operations performed and a timestamp are logged into a personal (private) biography. 

Similarly, the system logs the contextual features of encounters with other users, for 

example ñJohn met with Sam in the receptionò.  The biography therefore contains a 

sequence of encounters which may be browsed or filtered based on particular entities 

or activities and displayed to a userôs PARCTAB screen [Schilit,95].  For example, a 

user could manipulate their PARCTAB biography to answer questions such as ñWhich 

document did I print just before meeting John in his officeò?  

Following on from earlier work on Forget-Me-Not, the Satchel project [Flynn,00] 

aims to take advantage of the userôs context to extend the range of services available, 

in particular, to enable printing and transferring documents between users from the 

PARCTAB.  Early prototypes allowed users to transfer documents to other users or 

printers by dragging and dropping document icons over user or printer icons. 

Subsequent prototypes have adopted a web browser metaphor, web standards and a 

DO-IT command, which are able to invoke the most appropriate action for any given 

context. A userôs location determines the action of the system, thus for example, if a 

user selects a document when within close proximity to a printer, the document will 

be printed, however if a user is in closer proximity to a large display the document 

will be displayed instead.  Other related examples of applications which strive to 

support their user in everyday tasks include the Remembrance Agent [Rhodes,96], 

Factoid [Factoid,01] and the context-aware WAP phone [Schmidt,00].  

2.3.4.6 Summary 

The preceding section presented related work in the area of context use which, as 

introduced in section 1.5, can be divided into applications that merely present 

contextual information to users, applications that are able to adapt or automatically 
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execute services based on context and applications that tag/store context for later 

retrieval.  This author argues that context-aware applications must be able to support 

a flexible approach to context use in contrast to existing applications which are 

typically limited to dealing with only a portion of the available mechanisms and do 

not adequately support all three.  Furthermore, the extent to which applications make 

use of context is currently a limiting factor and little re-use of context between 

systems and applications exists. 

2.3.5 Analysis of Supporting Context-Awareness  

This section has considered work related to context-aware application design, 

particularly in relation to the context-aware life cycle: context discovery, selection 

and use.  

In general, application specific approaches to context-aware systems design has been 

adopted resulting in solutions that are inherently inflexible to application evolution.  

In more detail, by creating applications based upon specific technologies context-

aware systems do not have widespread applicability since they are limited by the 

characteristics of the specific technology upon which they are based and, therefore, 

only available to systems supporting the particular technologies employed. 

Furthermore, the approaches presented have not been intended to support the sharing 

of context between context-aware applications and most researchers have focussed on 

using contexts within a specific application domain, e.g. tourism, office assistants, and 

the types of context used within an application remain largely static.  There is 

considerable argument to suggest that a number of valuable benefits exist for context 

sharing between applications such as Forget-Me-Not and CybreMinder [Dey,00a].  

However, to achieve this successfully a separation of the representation of context is 

also required, in addition to insulating the context acquisition process from 

applications.  In terms of context acquisition, current approaches, with the exception 

of the Context Toolkit [Dey,99c],  suffer from a tight coupling between the 

application and the underlying sensor technologies used to acquire context.  

Furthermore, location has often formed the basis of context-aware application design 

and has most commonly been demonstrated through indoor environments 

[Abowd,97], [Bederson,95], [Fels,98], [Jose,99], [Oppermann,99a]. Clearly, other 
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aspects of the physical and computational environment can be utilised and work on 

teleporting, Cyberdesk [Dey,98] and TEA have exploited both identity and activity as 

forms of context in addition to location.  Knowledge pertaining to time, history or 

people other than the user are still not widely incorporated into context-aware 

applications yet these are fundamental pieces of personal information used in 

everyday life [Abowd,99].   

As described in this chapter, approaches to context interpretation including context 

aggregation [Dey,99c], context synthesis [Pascoe,98a] and context fusion 

[Schmidt,98b], [Chen,99] strive for a similar goal, transforming lower level (sensed) 

context into higher level context usable by applications.  However, they offer 

alternative, and sometimes conflicting, approaches with varied support for notification 

mechanisms such that none seems suitable for use in highly mobile environments.   

Based on the work described in this section it can be argued that existing approaches 

often focus on fixed infrastructures and utilise fixed information models.  This 

suggests a strong requirement for a more general information model capable of 

utilising and sharing a wide range of contexts (location, identity, history, activity) and 

manipulating context in any number of the methods presented (display, adaptation, 

storage).  

In summary, by developing systems with the above properties, it is possible to create 

a research environment in which issues relating to context-awareness can be explored 

more thoroughly.   The rapid deployment of applications across a wide range of 

environments increases the opportunity to experiment within real world settings and 

thus, as a result, provide a sound basis for experimentation and deriving requirements 

for future generations of mobile systems and applications. 

2.4 Conclusions 

This chapter has presented a comprehensive survey of application level support for 

mobile context-aware applications. Current research tends to offer ad hoc, application 

specific mechanisms to context-aware application design and, in general, often 

neglects valuable techniques from the mobile computing field of research, in 
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particular, those which relate to user mobility, disconnected operation and resource 

discovery.  

Based on this survey it can be argued that mobility and its consequences should not be 

masked from the developer of mobile context-aware applications.  Moreover, one of 

the aims of this thesis is to identify new mechanisms for increasing the level of 

awareness.  More precisely, the mechanisms that enable the level of awareness to be 

extended with respect to a user carrying a mobile device are investigated.  This should 

encompass more than just the surrounding environment, such as locally sensed 

context, to include context pertaining to remote users and perhaps even their device 

capabilities.  To facilitate collaboration among users in these highly mobile 

environments increased levels of awareness will be required to enable users to 

collaborate using a wide range of devices and this can only be achieved by fusing 

concepts relating to mobile and context-aware application design.   

The remainder of this thesis focuses on the development of an architecture to support 

context-aware applications in highly mobile environments.  First, however, chapter 

three goes on to describe the Lancaster GUIDE system, a mobile testbed used for 

research into issues relating to context-aware computing in dynamic environments. 
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Chapter 3 

The GUIDE Prototype 

3.1 Introduction 

This chapter details the design and implementation of a prototype mobile context-

aware application aimed for use in an outdoor city environment.  This application was 

built to satisfy the requirements of tourists to the city of Lancaster and to provide 

them with an intelligent visitor guide [Davies,98a].  The chapter provides a number of 

insights into the challenges involved in building and deploying context-aware 

applications designed for use in mobile environments [Cheverst,00a], [Cheverst,00b]. 

The chapter opens with an overview of the application domain and describes the 

requirements capture process carried out early in the project to determine the real 

requirements of tourists.  The main focus is then directed toward a detailed account of 

the design and implementation of the GUIDE prototype application developed to 

support city visitors.   

3.2 The GUIDE Project Overview 

3.2.1 Background 

The Lancaster GUIDE project was initially a two year collaborative venture involving 

Lancaster University and Lancaster City Council and funded by the EPSRC (grant 
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number GR/L05280). The aim of the project was to investigate the provision of 

context-aware mobile multimedia computing support for city visitors, in particular, 

investigating the many issues and challenges that arise from the development and 

actual deployment of a context-aware electronic tourist guide in a practical real-world 

environment, i.e. the city of Lancaster.  In more detail, the project aim was to develop 

a number of hand-portable multimedia end-systems which provide information to 

visitors as they navigate an appropriately networked city. The end-systems were 

designed to be context-aware, i.e. end-systems should have knowledge of their users 

and of their environment including, most importantly, their physical location. This 

information should be used to tailor the system's behaviour in order to provide users 

with an intelligent visitor guide [Mitchell,98].  

3.2.2 General Requirements for Supporting City Visitors 

An initial set of requirements for the GUIDE prototype were obtained through a series 

of semi-structured, one-to-one interviews with members of staff at Lancaster's Tourist 

Information Centre (TIC). In addition, several days were spent at the TIC observing 

the information needs of visitors, how the TIC staff supported those needs and in 

particular focussing on any potential areas for future improvement. The requirements 

identified were as follows [Davies,98a]. 

Ability to Support the Mobility of Tourists 

One of the key requirements for GUIDE was the need to take into account the 

mobility of tourists.  More specifically, tourists generally expect to, and are happy to, 

spend the day exploring the city and potentially walking for long distances. They may 

also be carrying with them items such as back-packs, cameras and other accessories.  

This means that the prototype application should be designed around a highly portable 

end-system, such as a portable PC or pen tablet.  This device should be lightweight, 

able to operate outdoors in a variety of weather conditions and have sufficient battery 

capacity to sustain continuous or intermittent use throughout the course of a day. 
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Ability to Handle Multimedia Information 

The prototype application must be capable of handling multimedia information. 

Tourists may wish to read textual information relating to a particular attraction but 

may also require the use of images, maps, animation, video or sound.  Therefore the 

system must be flexible enough to make use of a rich collection of media types. 

Flexibility 

One of the key requirements for GUIDE was the need to provide sufficient flexibility 

to enable visitors to explore and learn about the city in their own way. For example, 

some visitors prefer to follow a guided tour while others may choose to explore on 

their own, following one or more guidebooks or street maps. Therefore, the system 

should be capable of acting as an intelligent tour guide or as a richly featured 

guidebook depending on the needs of the visitor. 

It is also important that GUIDE enables visitors to control their pace of interaction 

with the system. For example, visitors should be able to interrupt a tour in order to 

take a coffee break whenever they desire. In addition, a visitor should not feel overly 

pressured by the system to leave an attraction prematurely.  

Context-Aware Information 

A further requirement was that information presented to visitors should be tailored to 

their context. Initially, two classes of context were identified, namely personal and 

environmental context. Perhaps the most significant piece of personal context is the 

visitorôs interests, for example, in the cityôs history, maritime or architecture. Other 

examples of personal context identified include: the visitorôs current location, any 

budget constraints, disabilities or, refreshment preferences they might have (e.g. 

vegetarian). Examples of environmental context include: the time of day, the opening 

times of attractions and the current weather forecast.  

Context should also be used when presenting information to visitors, for example, 

information should be presented in a way that is suitable given context such as a 

userôs age, technical background, or preferred reading language (e.g. English or 

German). Context should also be used to adapt the presentation of information, for 
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example, when visitors make return visits to landmarks, information presented should 

reflect this fact, e.g. by welcoming the visitor back. Oberlander et al [Oberlander,97] 

use the term coherence to describe the notion of tailoring the presentation of 

information based on what the user has already seen. 

Support For Dynamic Information 

During the requirements study we found there to be a significant requirement for the 

support of dynamic information. Such information should be made available to 

visitors whenever their context deems this to be appropriate. For example, consider 

the hypothetical scenario in which a visitor touring the city has expressed a particular 

interest in Lancaster castle. However, when starting their tour, the castle happened to 

be closed to the public because the courtroom, situated within the castle, was in 

session. As it transpires, the court session finishes early and so the visitor should be 

notified that the castle is now open to the public. 

Support for Interactive Services 

Studying tourist activities in Lancaster revealed that a surprising number of visitors 

make repeat visits to the TIC, often during the course of a single day. In most cases 

this is in order to ask members of staff specific questions or to make use of the 

services offered by the TIC, most commonly the booking of travel or accommodation.  

In order to help alleviate the need for visitors to walk back to the TIC to ask 

questions, the system is required to support remote communications. In addition, the 

system should also enable visitors to make accommodation bookings without having 

to return to the TIC.  More specifically, the electronic nature of GUIDE should enable 

the system to offer greater flexibility than conventional pre-printed information sheets 

and the use of a network-based architecture should enable the system to keep visitors 

up-to-date with dynamic information and offer interactive services such as 

accommodation booking. 

3.3 The GUIDE Infrastructure 

This section details the design of the GUIDE system and outlines the hardware and 

software technologies adopted to underpin the application, associated constraints, and 
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a justification for these design choices.  In particular, issues relating to the choice of 

end system selected, the underlying infrastructure and the prototype client and server 

applications are described. The prototype described is still a fully operational 

application and currently available, from the Lancaster TIC,  for tourists to the city of 

Lancaster to use [TIC,01].  

3.3.1 End System Selection 

A wide range of mobile devices for use as the GUIDE end-system were considered in 

close consultation with the Lancaster TIC [Davies,98a]. These devices included pen-

based tablet PCs, such as the Fujitsu Stylistic [Fujitsu,01] and TeamPad [Fujitsu,98], 

Windows CE based machines, such as the Casio Cassiopeia [Casio,99], and other 

PDAs such as the Apple Newton [Apple,98]. After much deliberation, we chose to 

use the transflective version of the Fujitsu TeamPad 7600 as the GUIDE end-system, 

as shown in figure 3.1.  

 

Figure 3.1 - The GUIDE end-system 

The rationale for choosing the TeamPad over the other models is presented below. 

¶ The TeamPad has a transflective screen that enables the unitôs display to be 

readable even in direct sunlight. Furthermore, the display is of sufficient size 

and resolution to present both textual and graphical information with the 

required lucidity. This offers a major advantage, in terms of screen real estate, 

over smaller displays found on PDAs.  The larger display should reduce the 

amount of scrolling involved when reading information and should allow use 

without a stylus (e.g. users using their finger to navigate the UI). 

¶ The unit is sufficiently light (850g) to hold with one hand and the inclusion of 

a shoulder strap allows the device to be carried easily for an extended period 


