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ABSTRACT 

One of the main aims of research in the area of ubiquitous or pervasive computing is that of dealing 

with the rapidly growing number of sensors, devices and artefacts in the user‟s environment, which 

have an increasing amount of intelligence built in and which can communicate via wireless 

technologies. To assist in this the concept of Ambient Ecologies has been proposed as a metaphor 

for modelling ubiquitous or pervasive applications based on fixed smart spaces, such as the Smart 

Home. This paper describes the notion of a Personal Smart Space (PSS) and how it can be used to 

realize Ambient Ecologies. It goes on to show how, using a PSS approach, one can handle more 

general situations in which an Ambient Ecology is formed dynamically when two or more PSSs 

come together wherever this may be. The idea of a PSS is fundamental to the prototype pervasive 

system that has been developed within the Persist project where it has been used to demonstrate a 

range of different pervasive applications. In particular this prototype has been used to demonstrate a 

futuristic situation in the smart home where the total environment is under user control. It is shown 

how the requisite Ambient Ecologies can be handled by PSSs. The paper concludes with an 

evaluation of the Persist prototype in which mobile PSSs are used to affect the behaviour of fixed 

PSSs in their environment.   
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1.   Introduction 

Ubiquitous or pervasive computing [1] has been identified as an important challenge for the next 

decade. The interest in pervasive computing arises from the need to provide some form of support for the 

user to assist him/her in handling the rapidly growing number of devices (including sensors, computers 

and general appliances) in his/her environment and services that are available to him/her.  This growth in 

the number and types of networked devices and the resulting complex environments predicted by Weiser 

[2] is rapidly becoming a reality. 

However, the growth in the number of devices is far outstripped by the growth in services available to 

the user. For example, the App Store [3] launched by Apple for applications for its iPhone, iPad Touch 

and iPad collected at least 185000 applications in the first 20 months. In general the growth in services 

across all devices and domains is becoming overwhelming and unmanageable. Hence the main aim of 

pervasive systems is to provide the necessary support to the user to enable him/her to manage this. As a 

result of this important challenge the amount of research being done on pervasive and ubiquitous 

computing is growing [4, 5], and more and more prototypes are emerging to test different subsets of ideas 

in this area. 

Recently the term “Ambient Ecologies” was coined by Goumopoulos and Kameas [6] to capture the 

notion of an intelligent space that adapts to the goals and the needs and preferences of the users present. 

The sensors, devices and appliances in such an intelligent environment can be arranged or adjusted by 

users to suit their individual preferences. Goumopoulos and Kameas focused on the situation of smart 

homes. 

In order to achieve an Ambient Ecology, one requires a combination of context-awareness and 

personalisation. Artefacts may be enhanced by different aspects of context awareness to sense context 

attributes affecting the users present and to take appropriate action where this is necessary. On the other 

hand personalisation components may be responsible for creating and managing user preference 

information and applying it where necessary. 

One approach to developing pervasive systems is based on Personal Smart Spaces (PSSs). The idea 

behind a Personal Smart Space (PSS) is based on a collection of devices connected by an ad hoc network, 

which may interact with other PSSs when these are encountered. Because of its simplicity a PSS does not 



require a fixed infrastructure and can be easily deployed. On the other hand a PSS is very flexible, 

adapting to whatever devices and services are available at any point in time. Thus it is relatively 

straightforward for users to deploy their own personal smart spaces, populating them with their mobile 

and fixed devices. 

Not only does this notion of a PSS provide a number of advantages for pervasive systems, but it is also 

well-suited to support Ambient Ecologies. Moreover it can extend the idea of Ambient Ecologies beyond 

fixed spaces to dynamic situations where two or more PSSs get together in the absence of a fixed smart 

space. 

This paper outlines the PSS approach and discusses some of its advantages for realising Ambient 

Ecologies. In particular, it facilitates a clear separation of the personalisation needs of the user from the 

control of the devices in a particular room or building. It also shows how this approach can handle more 

general situations in which an Ambient Ecology is formed dynamically when two or more PSSs come 

together wherever this may be. 

The work is based on developments from the Persist project (a European research project funded under 

Framework 7) which has studied the use of the PSS approach as a basis for a pervasive system 

architecture, and from it developed a prototype which captures the basic functionality of Personal Smart 

Spaces. This prototype has been used to demonstrate a range of different pervasive system applications.  

The next section provides a brief background to pervasive systems and Ambient Ecologies while 

section 3 presents some scenarios to illustrate the problem to be addressed. Section 4 gives a brief 

overview of the notion of Personal Smart Spaces and section 5 discusses how they can be used to realize 

Ambient Ecologies at the conceptual level. Section 6 describes the structure of a PSS in Persist and 

section 7 describes how the scenarios of section 3 may be realised based on the PSS approach. Section 8 

considers a more futuristic example that has been implemented and demonstrated using the Persist 

platform and section 9 describes an evaluation conducted using the Persist platform. Section 10 

summarises and concludes.  

2.   Background 

Research into the development of ubiquitous or pervasive systems over the past decade has followed a 

variety of different approaches, and led to a growing number of different prototypes. From this work two 

principal classes of system have emerged – namely those systems that are concerned with fixed smart 

spaces and those whose focus is on support for the mobile user. 

The first of these, namely the class of systems developed to handle fixed smart spaces, is concerned 

with the development of intelligent buildings. The most important of these is the Smart Home. Here a 

major thrust has been to develop intelligent systems that will provide safe and secure support for elderly 

and disabled residents, to enable them to continue to live at home for as long as possible, thereby 

reducing the need for permanent carers or institutions. This includes work on the automatic control of 

devices providing lighting, temperature control, security, etc. as well as various forms of intelligent 

monitoring. More recently the interest has extended to energy conservation in a smart building as well as 

a variety of intelligent appliances. To achieve this, such smart spaces are generally based on infrastructure 

and sensor-equipped rooms. Examples of systems of this type include the Adaptive House [7], MavHome 

[8], GAIA [9, 10], Synapse [11], Ubisec [12], etc.  

The second type of system is one that addresses the needs of the mobile user. The problems that this 

type of system needs to solve are different and in some ways more challenging than those of fixed smart 

spaces. In particular, such systems need to provide access to devices, networks and services wherever the 

user may be. Moreover, because the user is mobile, his/her needs may be different in different locations.  

Thus, for example, different services might be selected if the user is at work compared with those selected 

at home, in town or travelling in a car. Likewise different network and device options may be selected 

depending on resources available in the user‟s current environment and context. 

The ideas behind ubiquitous or pervasive systems that provide support for mobile users wherever they 

may be, have been studied in a number of research projects and a number of prototypes have been 

developed to demonstrate these. One example is the European research project Daidalos [13], one of 

whose aims was to develop architectures for pervasive systems for mobile users. This latter project 

explored two separate architectures [14], and developed prototypes for each of these. Another example is 

the European research project Mobilife [15], which focused on privacy and trust as well as on maintaining 

a “shared cognition” amongst groups of users. The project Spice [16] developed a platform for creating 

and executing mobile services. The Personal Smart Space approach is a hybrid approach between these 

two types of pervasive and ubiquitous systems. One of its innovations is that it can be used as a fixed 



smart space taking advantage of sensor equipped buildings as well as a mobile smart space that interacts 

with other surrounding fixed and mobile smart spaces [17,18]. 

QoSDream [19] and Sentient Computing [20] propose the SPIRIT service architecture which is a 

client-server, publish-subscribe approach targeting location based services based on the Active Badge 

system [21]. It uses a centralised approach where clients subscribe to the location server which constantly 

polls their location, processes it and sends information about resources and other clients which are present 

and available in their environment. ActiveCampus [22] builds on previous research of Context Toolkit 

[23] to address efficiency, lighter clients and a dynamically deployed service oriented architecture. Its 

architecture, similar to the Daidalos [13] architecture, targets wide ubiquitous computing areas such as a 

university campus and depends heavily on the availability of, and connection to, centralised servers to 

service lightweight mobile clients. While these projects provide support for mobile users, they maintain a 

dependency on centralised servers and assume that the mobile client devices will maintain a constant 

connection to the Internet in order to provide a pervasive and ubiquitous computing experience. The 

Personal Smart Space approach provides a pervasive and ubiquitous computing experience by allowing 

the mobile client to perform independently. Using efficient load balancing techniques, data persistence 

and a distributed architecture, the system performs appropriate tasks on devices that are able to handle the 

workload. 

Whatever goals a pervasive system may have, it is imperative to take account of the needs and 

preferences of the end user and adapt the behaviour of the system according to these needs and 

preferences and the particular context which the user is in. In order to do this, it is necessary to set up and 

maintain a set of knowledge about the user‟s preferences and behaviour patterns in an appropriate format. 

This knowledge must then be applied when the appropriate decisions are taken. This may be done 

proactively by identifying what actions the user might wish to take and performing these actions on the 

user‟s behalf.  

One simple format for such knowledge is a rule-based one, resulting in the use of user preferences 

based on rules. Initially some systems assumed that such preferences would be entered manually by the 

user. However, it was soon discovered that this was not practical as building up a realistic set of 

preferences in this way is very time consuming and the user soon loses interest with the result that 

preference sets are incomplete and not very useful. Consequently systems sought alternative approaches 

such as monitoring of the user‟s behaviour followed by some form of learning (e.g. Specter [24]). 

Alternatively other forms of knowledge representation such as Bayesian networks or Hidden Markov 

Models can be employed rather than rule based preferences to capture user behaviour and represent user 

needs. One example is the Synapse platform [11] which is based on the Hidden Markov Model, a 

dynamic Bayesian network approach, and divides the automation process into two phases: the Learning 

Phase and Executing Phase. The Learning Phase explores the relationship between context and services 

by analyzing historical data on the actions performed that resulted in changes in the environment. In the 

Executing phase, an action is performed automatically based on current information from context sensors. 

MavHome [8] also employs Hidden Markov Models and uses an agent-based architecture for managing 

adaptive versatile environments, although it is restricted to a single user occupying the space. 

The Personal Smart Space approach provides proactive personalisation in the form of context 

dependent user preferences in IF-THEN-ELSE format and that of User Intent prediction in task-based 

format. User Preferences are learnt by matching the user's actions with the current context and applying a 

customised C45 learning algorithm to find patterns of behaviour that frequently occur under the same 

conditions. The User Intent model is discovered using a sequence learning algorithm by analysing the 

sequence of actions the user performs while using their PSS so that the system can learn a set of actions 

that typically occur consecutively. User preferences are evaluated against the monitored context changes 

and the user intent is predicted by monitoring the user's current actions and comparing them to the learnt 

behaviour model. The results from these processes are analysed and implemented where appropriate. By 

utilising more than one personalisation approach, the system is able to address vulnerabilities of one 

approach with the strengths of the other [25]. 

To assist in the development of ubiquitous or pervasive systems, especially those based on fixed smart 

spaces, the concept of Ambient Ecologies has been proposed as a metaphor for modelling such 

applications (Goumopoulos and Kameas [6]). They define the term “Ambient Ecology” as “a space 

populated by connected devices and services that are interrelated with each other, the environment and 

the people, supporting the users‟ everyday activities in a meaningful way”. An Ambient Ecology is 

formed to support the realization of a specific activity. Each activity has a set of requirements. The 

devices, services and resources needed to fulfil these requirements are selected from the current 

environment, if available, and interact with each other for the purpose of implementing this activity. They 



communicate with each other to exchange data requirements for proper usage and they finally compose 

and represent themselves as an instance of an Ambient Ecology.  

An interesting proposal with a very broad sphere of application and similar to the Ambient Ecology 

paradigm introduced by Goumopoulos and Kameas is PIMA [26] (Platform-Independent Model for 

applications). In this applications are modelled as abstract tasks describing their service requirements for 

instantiation. Resources such as devices, services and applications describe their capabilities and provide 

interfaces for managing them. The system uses these to attempt to match the service capabilities with the 

application requirements in order to compose the system and perform the desired task. Despite its simple 

and efficient approach, no implementation exists.  

 

3.   Some Scenarios 

To illustrate the type of problems to be addressed here consider the following three simple scenarios.  

3.1.   Smart Home Scenario 

Steve and Susan are a married couple with full time jobs. At 7 am their alarm clock rings to waken 

them. As Susan and Steve get out of bed, the radio automatically switches on to their favourite morning 

programme and the coffee maker starts brewing some filter coffee for Susan and an espresso for Steve. At 

8 am they receive a message from the post office saying that a parcel will be delivered that day which 

must be signed for. The post office message suggests a number of timeslots for them to select when they 

will be available. Steve‟s and Susan‟s systems check their respective calendars to see if a timeslot fits 

their busy day  and they exchange this information with each other. They find that Susan will be available 

to receive the parcel between 2pm and 3pm. Susan confirms this and the post office is then notified of the 

timeslot to deliver the parcel. As they leave the house, they forget to set the alarm; however, the home 

system detects that they have left without setting the alarm and sends Steve a message. When he receives 

this, he replies, instructing the system to set the alarm. In the meanwhile the system turns down the 

heating until 1 pm, when it will be ready for Susan‟s return. 

3.2.   Smart Meeting Scenario 

Jack is away on a business meeting in Edinburgh, in Scotland. After arriving at the meeting venue he 

meets his colleagues to catch up on some news before the meeting begins. Their personal systems start to 

communicate with each other and exchange e-business cards. Jack scrolls through the list of the business 

cards and realizes that the two new colleagues from France have arrived and he goes across to meet them. 

The smart meeting room understands that all participants are present and starts up a data projector which 

shows a representation of the meeting table with the participants seated in their assigned seats and the 

meeting agenda. All participants take their seats and the lights are automatically dimmed. Jack is 

scheduled to speak first so the system automatically loads Jack‟s slides for the current item in the agenda 

and gives Jack control of the projector. 

3.3.   Ad hoc Meeting Scenario 

Danny meets with a few of his fellow students in town. When they come together they are able to pool 

their devices and services to create a dynamic environment in which they can share these. Danny has just 

purchased Madonna‟s latest album which includes a video clip never shown before of her latest hit song 

and wants to show it to his friends. However, since he has no means of playing it himself, he accesses 

George‟s video player with speakers and Mary‟s new iPAD device to display it.  

4.   Personal Smart Spaces 

The aim of many fixed smart space projects is to develop systems that can support the inhabitants 

(temporary or permanent) of the fixed space in various ways. However, as soon as the user sets foot 

outside the fixed space, all of this is lost. This effectively results in “islands of pervasiveness” in which 

specific forms of pervasive support are available surrounded by areas in which the support available is at 

best minimal. While systems to support the mobile user have also been developed, these are generally 

quite independent of the fixed smart space systems. The Personal Smart Space [27] was introduced as a 

means of bridging this gap between the two, providing a continuity of support, the functionality of which 

may vary depending on the user‟s location and the presence of other PSSs in the vicinity. Thus a user‟s 

PSS will provide a level of pervasive support at all times, enhanced by additional functionalities that may 

be provided by neighbouring PSSs.  



4.1.   Mobile and Fixed PSSs 

A PSS may be defined as a dynamic space of connectable devices and the set of services that are 

running or available within this space, where this set of devices and services are owned, controlled, or 

administered by a single user or organisation. The basic idea is that the set of connectable devices is 

linked together by an ad hoc network. This provides a flexible structure in which control may be 

distributed across the different devices but the set operates as a single smart system. 

If the owner of a PSS is a single user and the devices are mobile devices (mobile phone, PDA, MP3 

player, etc.) the PSS is a mobile PSS. This will provide a mobile pervasive system that surrounds the user 

at all times. Such a PSS may interact with the networks of other PSSs when these are encountered. Thus 

when user A‟s PSS comes close to user B‟s PSS, the two can set up a link between them via a common ad 

hoc network.  

The same situation applies to a PSS that is used to control a set of devices in a fixed location. In this 

case the owner might be a user (in the case of a smart home) or possibly an organisation (in the case of a 

smart office or similar type of smart building). Such a PSS is referred to as a fixed PSS. This behaves in 

exactly the same way as a mobile PSS. Hence when a mobile PSS comes close to a fixed PSS, they may 

interact in the same way, via an ad hoc network or using a wireless access point provided by the fixed 

smart space.  

Once one PSS links to another, they form a network and if a third PSS approaches, it may join the 

network. Thus the network may expand to link in new PSSs and contract as they move away. When a new 

PSS joins a network, it may share information about itself with any of the others or make available any of 

its services for others to use.  

 

4.2.   PSS Identification and Preferences 

In each case (mobile PSS encountering one or more mobile PSSs or mobile PSS encountering a fixed 

PSS possibly linked to one or more other mobile PSSs) all parties must identify themselves. The degree to 

which a PSS may share information or services with other PSSs in the network will depend on whether or 

not the PSS recognizes any of the other PSSs, and the degree of trust that it associates with the other 

PSSs. For example, a smart office PSS may identify the PSSs of users present and make available to them 

services such as data projector services, printing services, etc. 

One essential feature of a PSS is an ability to adapt to different situations depending on the context and 

preferences of the user. Thus a PSS must be able to keep track of the preferences of its owner and apply 

these appropriately to the services it runs. This will cause each PSS to behave in its own particular way, 

and this pattern of behaviour may even change with time as the preferences of the user change. 

Effectively this could result in a unique set of behaviour patterns for each PSS, according to the needs and 

preferences of its owner. 

As noted earlier the structure of a fixed PSS is identical to that of a mobile PSS. Hence a fixed PSS 

must also have a set of preferences which it applies in decision making. Consider, for example, a smart 

room which contains a number of devices and services, including one controlling the temperature in the 

room. If one or more mobile PSSs are present in the room, their preferences are taken into account in 

determining the temperature; however, if there are no other PSSs present, the preferences of the smart 

room PSS will dictate what to do – possibly conserving energy and not switching on any devices to heat 

or cool the room. 

A major advantage of this approach is that it does not require any fixed infrastructure to be provided by 

Internet Service Providers or Mobile Network Operators, although it is able to take advantage of 

infrastructure when it is available. Thus users can deploy their own personal smart spaces, populating 

them with their mobile and fixed devices.  

5.   Personal Smart Spaces and Ambient Ecologies  

A collection of Personal Smart Spaces (PSSs) interacting with each other can be viewed as an 

implementation of multiple Ambient Ecologies where individual networks of artefacts (devices and 

services) interconnect to form discrete Ambient Ecologies. In these the provision of services, utilisation 

of resources, information exchange and knowledge transfer are available anytime, anywhere from a wide 

variety of different sources, transcending the constraints of the physical world. In the case of a network of 

PSSs, not only do they focus on exploiting the available resources but also attempt to bring the human 

user to the centre by making the most of the information supplied by the person such as experiences, 

choices and decisions, and behaviours. 



A PSS can export services, sensor information, user information and other resources from its devices 

depending on the capabilities of these devices in the fixed or mobile smart environment it occupies at any 

point in time. An Ambient Ecology imports a selection of the available resources found in the 

surrounding smart environment with the purpose of achieving a specific goal. Hence, the relationship 

between Personal Smart Spaces and Ambient Ecologies is defined by the activity they are trying to 

implement. When the need to implement an activity presents itself, an Ambient Ecology starts to take 

shape. The activity has properties such as a description of its purpose and the requirements for the 

environment, the resources, services, devices and users. The PSSs involved in the realisation of the 

activity become service, information and resource providers and consumers. An Ambient Ecology can 

exist within one PSS or can combine and utilise different artefacts from multiple available PSSs in a fixed 

or mobile smart environment in order to achieve its goal. Ambient Ecologies formed by combining 

devices and services from multiple PSSs are of greatest interest in this paper as they allow us to 

demonstrate the importance of the interactions between the PSSs in order to form Ambient Ecologies. 

Fig. 1 illustrates how an Ambient Ecology can be formed by multiple PSSs.   

The abstract view of an Ambient Ecology describes the activity, its properties and requirements but an 

instance of an Ambient Ecology consists of concrete instances of the services and resources provided by 

the available PSSs. An instance of an Ambient Ecology exists for the period of time of the activity for 

which it was created. When the activity ceases to occur, the instance of the Ambient Ecology ceases to 

exist. Many activities can run in parallel at the same time and hence multiple instances of Ambient 

Ecologies can be active at the same time in the same environment. The collection of PSSs with their 

available devices, services, sensors, actuators and users can be considered as the set of available 

environmental resources from which context information, user preferences and information data is 

retrieved and used to configure the instance of Ambient Ecology.  

 

 

Fig. 1. Creating Ambient Ecologies from Personal Smart Space artefacts. 

 

A very important characteristic of PSSs is their mobility and it is quite possible that a PSS and its 

resources may not be available for the entire duration of an activity. At the same time, other PSSs with 

similar resources may become available during an activity. The instance of the Ambient Ecology needs to 

adapt to the changing conditions of the environment. Primarily, when a resource ceases to be part of an 

Ambient Ecology instance, the PSSs will inspect whether the activity is still valid. Based on the 

information gathered from user preferences, context and available resources, reasoning can be applied to 

infer whether the Ambient Ecology should recompose itself. PSS platforms have the ability to provide 

powerful learning and reasoning techniques to automate this process so that the operations of the activity 



continue seamlessly from the user‟s perspective. In addition to changes in the environment, user 

preferences can also cause changes to the composition and behaviour of the Ambient Ecology.  

In general PSS platforms may possess a number of intelligent components that offer context-aware 

personalisation, user intent prediction, context reasoning, monitoring of user activity and context and 

proactive decision making techniques. These can greatly enhance the concept of Ambient Ecology. One 

example of this is the application of personalisation and learning to Ambient Ecologies. The elements that 

form an Ambient Ecology as defined by Goumopoulos and Kameas [6] have the ability to adapt to the 

fixed environment according to changes in the context of that environment. PSSs have the ability to adapt 

their services and devices according to the context and preferences of the user. User behaviour in the 

context of a single Ambient Ecology can be monitored and machine learning techniques may be applied 

to the data collected for the purpose of improving the Ambient Ecology. As a result the description, 

properties and requirements of an Ambient Ecology can be personalised to one or more users as well as 

the elements it comprises. The degree of enhancement to the Ambient Ecology depends on the specific 

implementation of that PSS. Furthermore, Ambient Ecologies are greatly enhanced by PSSs in the 

absence of a fixed smart environment. The mobile nature of a PSS is specifically targeted at transcending 

the islands of pervasiveness provided by the fixed smart spaces. Ambient Ecologies can therefore be 

active outside fixed smart environments by utilising the mobile smart devices of PSSs in an ad hoc 

manner. 

6.   Structure of a Personal Smart Space in Persist 

This section provides a brief introduction to the architecture of a PSS-enabled device which was used 

as a basis for developing the prototype pervasive system in the Persist project. This consists of five layers 

each of which incorporates various components and component blocks essential to the design of a PSS 

environment. The Persist pervasive system platform comprises the three higher layers while the two lower 

layers represent the underlying system software and hardware. Fig. 2 provides a simple view of the 

architecture. Each layer is described in more detail below with greater focus on the three higher layers as 

they are the innovative elements of the Persist platform and can be regarded as the components 

responsible for realizing Ambient Ecologies in the context of PSSs. 

 

 
 

Fig. 2. The high level architecture of a Personal Smart Space 

 



Layers 1 to 4 - PSS Communication, System Run-time and Service execution environment. 

The lower layers of the Personal Smart Space architecture are supporting the PSS Framework layer by 

providing layered access to the basic capabilities of the device in which the PSS is running on. Three 

different forms of the platform were developed: lite, standard and extended, for use on devices with 

different capabilities. The lite version includes layers 1 to 4 but not the PSS Framework. The lite version 

targets limited resource devices such as sensor management controllers and service actuators.  

The System Run-Time Environment Layer acts as an abstraction layer between the underlying 

operating system and the higher layer PSS Framework components allowing the latter to be platform 

independent.  

The Overlay Network Management (ONM) layer is responsible for managing Peer-to-Peer 

communication employing the JXTA protocol [28], both within the PSS itself and between PSSs 

providing an abstraction layer to the upper Persist Platform from the underlying IP layer. More 

specifically, services in the ONM layer provide the functionality for  

(i) discovery and maintenance of the group of nodes that belong to the same PSS,  

(ii) discovery of neighbouring PSSs,  

(iii) exchange of service advertisements between PSSs and  

(iv) intra-PSS and inter-PSS message routing.  

The Service Run-Time Environment layer provides a container for the PSS services. It is responsible 

for managing the service life cycle of services installed on the PSS, maintaining service and device 

registries and exposing appropriate interfaces to the PSS Framework layer components for configuring 

the PSS in an intelligent manner based on context and user preference information. It applies a distributed 

management model for managing the PSS service lifecycle across the PSS, enhanced by fault tolerance 

and device resource management. Finally, the Service Run-Time Environment also provides advanced 

information management features for achieving high availability of data, for addressing storage 

requirements of PSS services, and for supporting event and message management. 

 

Layer 5 - PSS Framework  

The core of the architecture responsible for pervasive system behaviour lies in the PSS Framework 

layer. This layer consists of intelligent components which are responsible for adapting the Personal Smart 

Space in a proactive manner by utilizing information such as context, user preferences, user intent and 

monitoring of user activity. Its functionalities are divided into the following component blocks: 

(i) Service Management. This block of components provides inter-PSS service discovery, session 

management for local framework services and third party services either installed and running in the local 

PSS or shared by other PSSs. The components in the Service Management block expose appropriate 

interfaces to enable personalization and proactivity components to start, stop and recompose atomic and 

composite services to meet the user‟s needs in the current context. 

(ii) Context Management. Information collected from sensors and other information capturing devices 

is gathered in the context database management system. Appropriate interfaces are exposed for platform 

and third party services to retrieve context information about the end user. Changes in the context trigger 

the system to send events to listeners in order to notify them of these changes. The Context Management 

System maintains a database with historical data on the context of the user which are used for context 

reasoning and learning user behaviour. 

(iii) Personalisation: Two separate mechanisms are used for personalisation within the Persist 

pervasive system. On the one hand User Intent Prediction attempts to predict when the system might 

perform an action to support the user, based on previously observed sequences of user behaviour patterns. 

On the other hand more conventional user preferences are used to adapt the behaviour of existing services 

based on the user‟s current context. The three main components of this block are: 

(a) User Intent. This uses a push model that continuously predicts actions that the user will perform 

with varying degrees of probability by monitoring context and the user‟s interaction with the PSS. User 

Intent tasks are modelled as sequences of user actions. Each user action may be associated with specific 

context conditions. The User Intent Prediction component monitors the context of the user and actions 

performed by the user or by the system proactively and predicts the next action to be implemented. [29] 

(b) Preference Management. This is responsible for maintaining the collection of user preferences and 

evaluating them when required. This provides a fetch model which allows framework and third party 

services to actively request the outcome of evaluating context aware user preferences against current 

context. User preferences are mapped to specific services and service types. In case of newly installed 

services requesting preferences, the Preference Management component uses the existing preferences of 

other services of the same type to personalise them.  



(c) Preference Condition Monitoring. This is responsible for providing support for dynamic 

personalisation which adjusts the behaviour of the system as the context changes according to the user 

preferences. This is based on a push model that actively listens for changes in the context of the user and 

triggers the appropriate user preferences to be evaluated.  

Actions arising from the push models used by both User Intent Prediction and Preference Condition 

Monitoring are forwarded to the Proactivity block for implementation.  

(iv) Learning Management: As mentioned in an earlier section, learning plays a key role in pervasive 

systems, especially in building up a profile of user preferences and user intentions. In the architecture this 

block contains two main components: Mining Algorithms and Incremental Algorithms. In fact the Persist 

pervasive platform incorporates a number of different algorithms. These are grouped into the two groups 

mentioned, based on whether they are time-consuming and resource-intensive and need to be performed 

offline or less resource-intensive and needed more urgently. The main algorithm used for preference 

learning is the C45 algorithm, which generates rule based preferences by matching user actions with a set 

of current context data. Sequence learning algorithms are used for discovering familiar patterns in the 

user‟s behaviour, and enabling the prediction of user intent. In addition to these, Bayesian networks are 

used for reasoning and predicting about context attributes such as symbolic locations, current activity and 

status. An incremental neural network algorithm is also employed to allow for rapid response to changes 

in user behaviour.  

(v) Proactivity: From the previous sections it will be noted that several different components may 

decide that actions need to be taken on behalf of the user. To minimise potential problems that could arise 

as a result, it was decided to funnel such decisions through a separate block responsible for Proactivity. 

This block comprises three components: 

(a) Decision Maker. This component is responsible for deciding when an action needs to be taken 

proactively to support the user. To this end it provides an interface that allows any intelligent component 

(such as User Intent or Preference Condition Monitor) to send an action to be implemented in the PSS. In 

order to help with this decision actions have certain properties attached to them such as confidence levels 

that convey how likely the user will wish that this action is implemented in a proactive manner. It is also 

possible that there might be direct conflicts between the actions requested. For example, one service 

requests that a parameter (e.g. volume) is increased while another service requests that it is decreased. In 

such a case the Decision Maker passes control to Conflict Resolution. 

(b) Conflict Resolution. When a conflict is detected by the Decision Maker, this component is 

responsible for determining what action should be taken. In the Persist pervasive platform a collection of 

ad hoc algorithms are employed to resolve such conflicts based simply on the type of action. In the 

current implementation of the PERSIST platform the algorithm employed to resolve the conflict uses 

information such as the quality of context that triggered the conflicting actions to be implemented. It is 

not clear whether a general approach is possible and much work is still needed to handle this 

systematically. If the algorithm is unable to resolve the conflict, the user is asked what he prefers the 

system to do and this information is fed back to the personalisation components to adjust the user 

preference and user intent models accordingly. 

(c) Decision Implementer. This component is responsible for implementing the action properly by 

locating the appropriate service instance on the correct peer node within the PSS. Feedback is returned to 

the action provider components (User Intent Task Manager and Preference Management) for notification 

of successful or failed implementations of actions. 

(vi) PSS Management: There are three components in this block, namely: 

(a) PSS Manager. This is responsible for managing the particular set of individual devices and services 

making up the PSS at any point in time.  

(b) PSS Group Management. This is responsible for grouping services with the intention of advertising 

them in a selection of neighbouring PSSs. 

(c) Resource Sharing. This is responsible for managing resources that are shared between PSSs and for 

providing conflict resolution for services that are simultaneously used by more than one PSS.  

(vii) Security and Privacy Management: Since PSSs can share their services and resources with other 

PSSs it is essential to provide an adequate level of privacy protection. For this purpose there are four main 

components in this block: 

(a) Identity Manager. PSSs present themselves to other PSSs using unique identities which are 

managed by the Identity Manager component.  

(b) Policy Manager. Before one PSS can use a service on another PSS, this component is invoked. It is 

responsible for performing privacy policy negotiation between PSSs acting as service providers and 

service consumers. Context aware Privacy Preferences are employed on the consumer‟s PSS to 



dynamically generate user privacy policies to match a privacy policy of a service offered by another PSS 

acting as a service provider. A service may only run if the privacy policy negotiation is successful and a 

privacy agreement is signed by both PSSs. 

 (c) Trust Manager. Trust plays an important role in the interactions of PSSs and the Trust Manager 

component is responsible for managing direct and indirect trust relationships between PSSs. This 

information is invaluable in the evaluation of trust-dependent privacy preferences.  

(d) Access Control. This component is responsible for enforcing permissions or blocking access to 

information stored within the PSS. The privacy agreement is the input to setting the access control 

permissions and these expire when services are stopped. 

A comprehensive overview of the PERSIST privacy framework is given in [30] A and a detailed 

account of the way in which privacy policies and identities are handled within a previous project 

(Daidalos) is given in [29][31].  

(viii)  User Interaction:  The User Interaction Monitor component captures user behaviour as the user 

interacts with available services and devices. This monitored behaviour is stored for future learning 

processes. This information is also used by the User Intent component to predict the next action to be 

implemented. The Feedback Management component provides mechanisms to gather user feedback 

regarding system behaviour. 

(ix)  Recommender Systems:  This component block provides service recommendations based on 

previous choices of the PSS owner or other PSS owners. 

 

 

7.   Realizing the Scenarios  

7.1.   Smart Home Scenario 

The smart home scenario involves three Personal Smart Spaces: Steve‟s, Susan‟s and one operated by 

the post office. A set of context changes such as time being 7 o‟clock, location set to “home” and activity 

set to “sleeping” for Steve and Susan activate an Ambient Ecology with a goal to achieve Steve‟s and 

Susan‟s “morning routines”. The wakeup alarm, the radio and the coffee maker are devices that are added 

to this Ambient Ecology. When Steve and Susan leave their bed, sensors in the bed trigger the wakeup 

alarm to be turned off and the radio and coffee maker devices to be switched on. At this point, the wakeup 

alarm device is not required to accomplish the remaining actions in the Ambient Ecology and it can be 

removed. Steve‟s and Susan‟s user preferences provided by their respective PSSs are used to personalize 

the radio to their favourite programme. Continuous changes in the context of the PSSs and the activities 

performed by the users cause the PSS to proactively change the state of the Ambient Ecology in order to 

achieve its assigned goal.  

When the post office PSS sends its message, a new Ambient Ecology is activated with the goal of 

arranging a suitable timeslot to deliver the parcel. Two Ambient Ecologies are now active at the same 

time with different goals. The new Ambient Ecology requires that the calendar services provided by 

Steve‟s and Susan‟s PSSs are needed as well as the booking service from the post office PSS. The PSSs 

can utilize location prediction algorithms based on historical information to infer the location of Susan 

and Steve in each of the suggested timeslots. When a suitable timeslot is found, Susan‟s PSS requests a 

confirmation from Susan and the booking is confirmed with the post office PSS. This releases the 

acquired resources of the calendar applications and the post office booking service and this instance of 

Ambient Ecology deactivates.  

The previous Ambient Ecology remains active until Susan and Steve leave the house. The remaining 

actions to be implemented before this Ambient Ecology deactivates are to turn off the coffee maker and 

radio which are triggered by the location of Susan‟s and Steve‟s PSSs changing from “home” to a 

different value. As Steve and Susan leave the house, their location changes and this change triggers 

Steve‟s PSS to create a new Ambient Ecology with the goal of securing the house. The house security 

system service and a messaging service become the elements of the new Ambient Ecology and the 

messaging service provides the input to the house security system service when Steve replies with the 

instruction to secure the house.  

7.2.   Smart Meeting Scenario 

In the smart meeting scenario, when Jack enters the meeting room, one Ambient Ecology is already 

active with the goal of introducing the meeting participants to each other by exchanging their e-business 



cards. The meeting room provides a set of services for managing meetings in the room. The Ambient 

Ecology makes use of this service to retrieve the list of attendees (represented by PSSs) for this meeting. 

E-business card management services from each participant become part of the Ambient Ecology as well 

as an indoor positioning service for tracking the location of the participants. As Jack enters the meeting 

room, the state of the existing Ambient Ecology changes to include Jack‟s e-business card service. It is 

possible that other PSSs will be present in the room that will not be participating in the meeting and their 

e-business service is not added to the Ambient Ecology. The e-business service on Jack‟s PSS indicates 

that new colleagues are in the room and using the indoor positioning service, it points Jack to them. When 

all the meeting participants have arrived and their e-business cards have been exchanged, the Ambient 

Ecology can be deactivated.  

The context information that all the participants are present and the time set to the meeting start time 

becomes the trigger for forming a new Ambient Ecology with the goal of starting the meeting. Required 

services and devices are discovered and composed with each other to form the Ambient Ecology. These 

include a data projector device, the light dimmer device, the seat assignment service, the indoor 

positioning service and the meeting agenda service. The data projector is turned on automatically and the 

participants are seated. The indoor positioning service registers that all participants are seated and the 

light dimmer device receives the signal to dim the lights. When the projector is ready, the meeting agenda 

service starts the first item on the agenda by retrieving Jack‟s slides from his PSS and assigns priority use 

of the data projector service to Jack‟s PSS.  

7.3.   Ad hoc Meeting Scenario 

Danny and his friends meet each other in town and Danny wants to show them Madonna‟s video clip 

from her latest album that he just bought. A new Ambient Ecology is formed to play the video clip for a 

small audience. This requires Danny‟s content management service, a video player service, a loudspeaker 

device and a display device. Danny and his friends PSSs are sharing their services amongst each other. As 

Danny‟s PSS does not possess any video player service and no loudspeaker device, the Ambient Ecology 

has to compose these services and devices from Danny‟s friends PSSs. George‟s video player device with 

speakers is discovered and added to the composition. Mary‟s PSS includes an iPAD device which is the 

best available display device between Danny and his friends‟ PSS devices and therefore is chosen to 

replace George‟s video player device for displaying the video. The new Ambient Ecology is composed of 

Danny‟s content management service, George‟s video player and speaker services and Mary‟s display 

device. Danny‟s content sharing service provides the input to the other services and the Ambient Ecology 

is activated and the video is ready for playback.  

8.   A Futuristic Case 

The scenarios above describe how Ambient Ecologies could be formed and managed through PSSs. 

They describe environments and challenges familiar to us in our current daily lives and although some 

intelligent hardware is not yet widely available in commercial markets, realising such scenarios could 

possibly happen sooner rather than later. However, it is interesting to push the boundaries of possibility 

and look to what futuristic scenarios could be driven by such technologies. 

One such scenario is the 'Reconfigurable room'. The reconfigurable room is a blank cuboid that is 

highly adaptable in a very physical sense. It is envisaged that the floor, walls and ceiling are interactive 

displays capable of rendering images and information as required. For example, the floor could display 

the user‟s favourite carpet, or floor artefacts such as a rug or a hop-scotch board. The walls could display 

the user‟s favourite wallpaper as well as wall artefacts (such as clocks or pictures) and even windows with 

the users preferred view. The ceiling could display the user‟s favourite ceiling pattern or even a clear blue 

sky. Therefore it is possible for the room's structural components to simulate multiple environments, from 

an ordinary room with wallpaper and carpet to an outdoor location in the jungle. One could imagine such 

functionality could be employed in a hotel where the occupant could 'personalise' their room to remind 

them of home. 

The interactive nature of the structural components also enables the user to physically interact with the 

room. The floor can identify the user‟s position, artefacts can be physically moved around surfaces and 

the artefacts themselves can act as input portals to specific simulated services such as a TV display. In 

this sense, physical artefacts such as televisions, clocks and pictures are not necessary as they can be 

simulated by the room. 

Furniture such as chairs and tables cannot be simulated and must be represented physically within the 

space. Several approaches are under investigation that would allow room furnishings to be adaptable in 



the sense that they could appear and disappear as required. One possible solution to realising dynamic 

furnishings includes actuator driven trapdoors and pivoting mechanisms enabling physical furnishings to 

enter and exit the space through voids in the walls, floor and ceiling. Other, more ambitious, approaches 

that push the realms of possibility include walls, floors and ceilings engineered as pin arrays. This would 

allow objects to be dynamically generated around the room by extruding the appropriate pins.   

Such a dynamic environment could be extremely useful in a number of situations. For example, in the 

home of a wheelchair user, maximal space is desirable to allow the occupant to navigate around their 

home freely. Therefore it would be very useful if unnecessary furniture could be removed until such times 

as they are required (e.g. if a visitor arrives). In a work environment it may also be useful to adapt 

environments in such a physical way. It would be possible to physically adapt spaces depending on the 

goals of the occupants i.e. whether the intention was a round-table discussion (in which case a table and 

chairs in the middle of the room is more useful) or solitary work (in which case partitioned work areas 

each with a single table and chair is more useful). Currently separate rooms must be specifically equipped 

for each goal. However, the reconfigurable room could adapt to facilitate a multitude of tasks within.   

In this sense, the reconfigurable room can facilitate a number of Ambient Ecologies within, by 

tailoring the room to provide the resources necessary to achieve the goals of occupants. Consider the 

following scenario, which demonstrates how Ambient Ecologies within a reconfigurable room could be 

driven by PSS technology. 

"Jenny enters her blank room. On entry her PSS transforms the room to her preferences. At this time of 

day Jenny uses the room as an office. A desk and chair emerge from the floor. Filing cabinets emerge 

from the wall. Wallpaper appears on all the walls with various stock market movements depicted in the 

wallpaper pattern. A weather satellite image for the next 24 hours appears on one window pane. Three 

clocks appear on the wall set to London, New York and Tokyo times. Jenny sits at the desk and interacts 

with the tablet, which forms the surface of the table. 

At 5pm Jenny’s friend Robbie arrives. Jenny is alerted to his arrival when Robbie’s PSS comes into 

contact with hers. Robbie’s PSS makes two recliners emerge from the floor. Jenny moves over to one of 

the recliners and all work related items and displays vanish and instead Jenny’s free time items and 

displays appear around the room. Robbie sits on the other recliner. They are going to watch the 

Eurovision song contest together. All items on the walls disappear and the wallpaper changes to display 

an arena and stage. The lights dim and Jenny and Robbie feel as though they are part of the audience." 

Once again one can relate the Ambient Ecology approach with that of the PSS approach. When Jenny 

enters the room, her goal is to proceed with the working day. Here one has one mobile PSS coming into 

contact with a fixed PSS. Her preferences and user intentions held within her PSS prompt proactive 

behaviours to adapt the room accordingly to provide the resources necessary for Jenny's work 

environment. Later in the day another ecology is created in the room when Jenny's friend arrives with the 

goal of relaxing to watch a television show. Now one has two mobile PSSs connected with the fixed PSS. 

The room is faced with a conflict of preferences until Jenny's goal changes to fall in line with Robbie's. At 

this point they both have the same requirements which can be met by a single Ambient Ecology, utilising 

the same resources to meet their common goal. Unnecessary resources related to Jenny's work goal are 

released and the Ambient Ecology ceases to be active. 

Unfortunately, the necessary technology and hardware is not yet available to implement a 

reconfigurable room in the real-world. Hence, to demonstrate this, the Persist pervasive platform has been 

coupled with a simulation package to show how a real-world PSS could drive the adaptation of a 

reconfigurable room represented as a virtual environment. The virtual environment has been created using 

the open source graphics engine OGRE 3D [30][32]. This selection was based on OGRE‟s platform 

independence as well as its Object Oriented design, substantial online community and developer support. 

Each virtual resource within the simulated reconfigurable room is represented by a real PSS service. 

For the scenario above the following PSS services are required: 

1. Desk service 

2. Chair service 

3. Filing Cabinet service 

4. Bookcase service 

5. Recliner service 

6. Wall display service 

7. Light service 

Each service has associated with it a set of personalisable parameters that control the state of the 

related virtual resource. This allows the Proactivity block within the PSS to automatically manipulate the 

services depending on the user‟s context. When a service receives an instruction (either from the user or 



the PSS platform) it calls a script to manipulate the related virtual resource appropriately in the simulated 

reconfigurable room. Fig. 3 shows how a real-world PSS is coupled with the virtual world created by the 

simulation package. 

 

 

Fig. 3.  Coupling of a PSS and the Reconfigurable room simulation 

 

All environmental inputs into the PSS are real and from a user perspective the PSS is no different from 

any other.   

Fig. 4 shows the state of the reconfigurable room once Jenny has arrived. The PSS has adapted the 

room into an office environment to meet Jenny's goal of 'working'. 

 

Fig. 4.  Reconfigurable room in 'office' state 

Fig. 5 shows the state of the reconfigurable room once Robbie and Jenny have a common goal of 

'watching TV'. The PSS has adapted the room into a multimedia environment to meet Jenny and Robbie's 

common goal. 

 

 



 

Fig. 5.  Reconfigurable room in 'multimedia' state 

This scenario was used as a demonstration of the pervasive capabilities of the Persist platform.  

9.   Evaluation of the Persist Platform 

After using the Persist pervasive system platform to demonstrate a range of different pervasive 

functionalities, efforts turned to evaluating its performance under different conditions. This section 

describes one of these. 

Inspired by the futuristic case of a reconfigurable room, a simpler and more easily realisable scenario 

was implemented in which mobile PSSs are used to affect the behaviour of fixed PSSs in their 

environment. This was used as part of a trial to evaluate the utility of the Persist platform (and the PSS 

and Ambient Ecology concepts it supports) from an end user perspective. The trial participants were a set 

of first year Computer Science students from Heriot-Watt University. A total of 13 students participated 

in the trials.   

A controlled test environment was constructed that emulated corridors and a meeting area within the 

Computer Science Department at Heriot-Watt University. All participants were familiar with these 

physical spaces. The test environment included three large screens that could show personalised content 

related to the participant's interests and degree course. 

Each participant was provided with a smartphone that acted as the main PSS device of the participant, 

and a pair of augmented reality glasses that could play personalised audio content and show details of 

other people in the vicinity. Fig. 6 illustrates the network diagram of the resources within the test 

environment. A controller device was also included in the network but this was only used by the tester to 

upload personal information about the participant into the test environment. This enabled the test 

experience to have some level of personalisation for each individual participant. 

 

 

Fig. 6.  Network diagram of the resources within the test environment 

 

There are two PSSs involved in this test environment.  The first is the PSS of the participant, consisting 

of the smartphone and the augmented reality glasses.  The second is the PSS of the University, consisting 

of the three screens.  As the participant moved through the test environment, their PSS interacted with the 

University PSS creating ambient ecologies with the currently available resources.  The resources within 

the ambient ecologies were adapted based on the interests and degree course of the participant (gathered 

and entered into the test environment during a pre-trial stage).  The trial followed a scripted scenario that 

aimed to immerse the participants in the test environment.  The script was as follows: 

Scene 1:  You are at University.  You walk through the corridors of the Department on your way to the 

meeting area.  There are a number of plasma screens along the corridor.  As you walk past them they 

attract your attention by displaying your name and show you personalised content based on your 

interests. 



Scene 2:  As you walk through the Department you decide to put on your augmented reality glasses.  

They play some music you like through attached earphones.  You meet a member of staff and the glasses 

start to show you details of the staff member. 

Scene 3:  You take off the glasses and continue on your way to the meeting area where there is a large 

screen that displays your timetable when you walk past. 

At various points during the scripted trial, the tester asked the participant questions to assess end user 

perceptions of the adaptive environment.  The questions were designed to prompt discussion about 

aspects such as automated behaviours, user control and notifications.  Table 1Table 1 indicates the 

general view of participants with regard to specific behaviours experienced during the trial.  The 

responses of the participants were categorized into positive and negative reactions and the percentage of 

each are listed for each behaviour. 

 

Behaviour Positive Negative 

Automatic adaptation of public resource (screen) 100% 0% 

Personalised content displayed on public resource 69% 31% 

Personal data (e.g. name) displayed on public resource 46% 54% 

Automatic adaptation of private resource (glasses) 92% 8% 

Personalised content (music) presented through private resource 92% 8% 

Personal data displayed on private resource 100% 0% 

Personal data of others displayed on private resource 100% 0% 

Table 1.  Percentages of positive and negative responses to platform behaviours experienced during 

the trial. 

The table shows that in general there is a strong positive reaction to platform behaviours experienced 

during the trial. The notable exception concerns the display of personal information on a public display. 

Participants were divided over this behaviour but all agreed that they would like to have full control over 

what personal data they disclosed to third parties. This requirement is supported by the privacy subsystem 

within the PSS. 

During the trials, the discussions that occurred between tester and participant in relation to the platform 

behaviours give further insight into participant views. With regard to automatic adaptations, no 

participant had a strong negative reaction to the automatic adaptations experienced during the trial. In 

addition, most participants stated that they would be happy for the system to take some decisions on their 

behalf as long as several conditions were met, namely: a) the system was sufficiently confident that the 

decision was correct, b) the user could retrospectively view what decision had been taken on their behalf 

and revert if required, and c) the user had final control over the decision making process. However, users 

often stated that they would not like the system to take non-trivial decisions on their behalf without being 

notified and prompted for confirmation in advance. Although the definition of a non-trivial decision was 

subjective, most participants described personal data sharing decisions as examples. 

When queried further on the distraction of responding to such notifications, the general view was that 

more than ten notifications per day would be excessive; however, some participants stated that the total 

daily number of notifications was not as crucial as the frequency of notifications. These findings highlight 

the fine balance that needs to be struck between automation and user control in order for system 

acceptance. This balance is specific to each individual user and should be a configuration that is refined 

over time through the learning mechanisms within the platform. 

10.   Summary and Conclusion  

The term “Ambient Ecology” was introduced by Goumopoulos and Kameas [6] as a metaphor to aid 

modelling of ubiquitous or pervasive applications. The term is used “to conceptualize a space populated 

by connected devices and services that are interrelated with each other, the environment and the people, 

supporting the users‟ everyday activities in a meaningful way.”   

The concept of a Personal Smart Space was introduced [27] to provide a basis for implementing 

pervasive systems that bridge the gap between fixed smart spaces and smart mobile systems. The aim of 

this paper is to show how PSSs are well-suited to implement ambient ecologies and can be used to handle 

a range of situations extending from fixed smart spaces such as smart homes to dynamic situations in 

which two or more PSSs may come together wherever they may be. 

Three simple scenarios are presented – a smart home, a smart office and an ad hoc meeting outside any 

fixed smart space – and the way in which these may be translated into PSSs and ambient ecologies is 
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described. The paper also describes a futuristic scenario in which a room and the furnishings in it can 

reshape themselves according to the PSSs present, their contexts and their goals. This has been 

demonstrated using the Persist pervasive system platform coupled with a simulator to provide graphic 

displays of the effects produced in such a room as different users enter and their contexts change.   

In summary PSSs provide a very useful approach for implementing Ambient Ecologies. Furthermore 

they provide the basis for a more general view of Ambient Ecologies which includes dynamic situations 

in which a transient ecology is created when a set of two or more PSSs come together wherever they may 

be. 

The PSS approach described here has been implemented in the Persist pervasive system, which has 

been demonstrated on a number of occasions and which has been undergoing evaluation. One part of this 

evaluation relating to user control of his/her environment is described and the results presented. 
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