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Abstract

Inmodern agriculture embedded andmobile computers are ubiquitous. Mostmod-

ern machinery and control systems have an embedded computer as well as some

form of remote administration interface.

Furthermore, a modern farm both produces and consumes a large amount of

information, gathered from heterogeneous sources. �is includes information per-

taining to the daily running of the farm, as well as external information which may

or may not be of importance to the individual farm, such as weather forecasts, mar-

ket prices, and advisory information.

To manage this information e�ciently, something better than current practice

is necessary. One method for managing information is context awareness. If the

current context of the farm and its workers is gathered, it can be used to determine

what information is relevant in any given situation. To accomplish this, there are

two major challenges: Collecting the context in a way that allows for aggregation

and reasoning, and providing developers with appropriate abstractions for creating

applications based on context.

To accomplish this, we need a context model and amiddleware supporting both

the gathering of context and building applications suitable for agricultural settings.

For this, we explore the use of participatory design techniques in the design of mid-

dleware, the use of �rst class connectors as abstractions for coordination in service

oriented architectures, and the use of semantic web technologies for modelling and

accessing context and architecture description.

We show that participatory design techniques lend themselves favourably to the

design ofmiddleware, how �rst class connectors are not only useful formiddleware,

but also for prototyping systems, and describe our use of semantic web technolo-

gies.

i



ii



Acknowledgements

�e work described in this dissertation has been carried out with the involvement

of persons not formally tied to the project, but who have nevertheless o�ered their

time. Among those, the author would like to thank: Nis Skau for allowing us access

to his farm and workers, Jens Bliggaard from DAAS for cooperation on the second

prototype and Ulrik Østergaard from Vikingegaarden for taking time to talk with

us.

Per Nielsen worked as a student programmer on some parts of the �rst proto-

type allowing the author to concentrate on other, and in the authors opinion, more

interesting work.

Furthermore, Klaus Marius Hansen acted as thesis advisor, and his input has

been highly valued, both during the project and especially his comments on the dis-

sertation. Rasmus Ellebæk Kjær also took the time to read dra�s of the dissertation,

and provided valuable input.

�e research presented has been funded in part by the ISIS Katrinebjerg project

“KILO” (ISIS; www.isis.alexandra.dk), Danish Agricultural Advisory Services

(DAAS; www.landscentret.dk), Aarhus University (AU; www.au.dk), and the

EU project “Hydra” (IST-034891; www.hydramiddleware.eu).

Kristian Ellebæk Kjær
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Experimental Middleware

Development
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3

�is part of the dissertation provides an introduction and overview of the ex-

perimental middleware development carried out in the project. �e main focus is

on describing the work, and not on presenting scienti�c results.

Chapter 1 Introduction introduces the research project and themain research ques-

tions and areas covered in the thesis and provides an overview of the rest of

the thesis.

Chapter 2 Background provides description of some related work.

Chapter 3 Participatory Design startswith an overviewof participatory design prac-

tice and discusses its relation to middleware development. It continues with

describing the participatory design activities carried out and concludes with

discussions of the outcome of these activities.

Chapter 4 Prototypes provides an overview of the prototypes created in the Kilo

project, detailing the elements in the prototypes and their architecture.
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Chapter 1

Introduction

Across our society, computers have become ubiquitous. Starting with the revolution

of the personal computer in the late seventies and early eighties, desktop computer

came to be everywhere and revolutionised the everyday work of o�ce workers. As

computers grew smaller and more powerful during the nineties, this led to small

computers that we carry with us; laptops, mobile phones and PDAs. While these

computers are visible and easily recognisable, we now have see an explosion in the

number of invisible computers in the form of embedded devices. �is has moved

the use of computers outside the constrains of the o�ce setting and into industry.

In industries that rely on largemachinery, embedded devices have been used for

control systems, automating a large number of processes. Even in more traditional

industries, like agriculture, computers are ubiquitous. Computers and PDAs are

used for management while embedded computers control equipment like HVAC1

and feeding systems. Evenmodern tractors have a large number of embedded devi-

ces, providing control of other embedded devices controlling attached equipment

like pesticide sprayers through on-board computers, location through GPS, and

even automated driving systems.

�e current state of computer systems in agriculture leads to lack of interoperab-

ility between the di�erent systems used in agriculture. All these computer systems

are typically created by di�erent companies. Furthermore, management systems,

even though they might be created by the same company, are o�en created with

modules for di�erent types of agriculture production, like pig or plant production

which are detached from each other. �is is partly due to di�erence in law and

tradition in di�erent areas. For instance, in Denmark, all cows are registered in a

government mandated central database, while pigs are only registered in terms of

number of births, deaths, and howmany are slaughtered, so data has so far been kept

locally at the farm since there is no reason for a central database. For plant produc-

tion, a central database is also used, since it allows for central authorities to collect

information about pesticides and fertiliser used, something that has to be reported

to central authorities. However, unlike the registry for cows, this is not mandatory,

1 Heating, Ventilation, and Air Conditioning

5



6 Chapter 1. Introduction

so not all farmers use it.

Since management systems use di�erent storage, and may be produced by dif-

ferent companies, in general it is not possible to exchange data between systems. For

embedded systems, the situation is even more severe, since there is a large number

of producing companies. Furthermore, these manufacturers rarely have an incent-

ive to open up there APIs, and instead opt for creating their own systems for remote

management.

As an example of why this may be a problem, consider that it is actually possible

to buy a weight for sows, which will recognise the sow based on an RFID chip in the

sows ear-mark, and then register the changes inweight for that particular sow. How-

ever, currently the only way of transferring that information to an administration

system is to print it out and enter it manually into the system. Another example

could be that a modern pesticide sprayer measures �ow in each nossle. Together

with information about the contents of the tank, i.e. the concentration of pesticides,

this is enough to determine how much pesticide has been used. If this is coupled

with a GPS unit, which is present in most modern tractors anyway, it can even de-

termine automatically how much pesticide has been used at each �eld, and provide

evidence that the farmer has not broken laws by, for instance, spraying too close to

a stream.

�e ideal scenario to counter these problems would be like the following:

Pig production
A pig farmer has a farm with three houses. �e �rst and second house
have �ve pens each, while the third house has seven pens. Each pen con-
tains from one up to four sub-pens. To help him he employs a supervisor
and two agricultural workers.

Each house is equipped with automatic ventilation systems and auto-
matic feeder units. �e feeder units are equippedwithweighingmachines,
and each pig has a unique id tag, which can be read by the feeder units.

�e supervisor on the farm monitors the pigs by walking to each house.
When he enters a house, his PDA immediately displays the temperature
and settings of the ventilation system, and provides him with an interface
to adjust the settings. Using his PDA, he access the information about the
�rst pen. He can see that all the pigs in the pen are eating properly, and
are growing as they should. When he enters the second house he notices
from the information on his PDA that the pigs in pen no. 3 are slightly
underweight. Walking over to the pen, the display on the PDA switches to
an overview of the individual pigs in the pen, and he can see that the pigs
develop �ne, and apparently they just grow a bit slower than the other
pigs.

�e temperature monitor in one of the houses registers that the temperat-
ure rises and sends out a noti�cation. �is causes the ventilation system
to increase the �ow, to keep the temperature constant at the speci�ed set-
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ting. �e outside temperature has not changed, and the pigs are drinking
more water than usual. �is causes an alarm to the farmer, notifying him
that the pigs might be sick. To investigate the issue, the farmer accesses
the current information on the pigs in the house to determine that the
increase in water use is isolated to two of the pens in the house. He im-
ideately noti�es one of his agricultural workers to isolate the pigs in the
two pens and then calls the veterinarian.

�e veterinarian
Before driving to the farm, the veterinarian accesses the information about
the pigs, and read a short report from the agricultural worker. He decides
that they might su�er from a particular illness and makes sure to pack
a suitable amount of medicine in his bag, derived from the weight of the
pigs, and notes this in the journal.

Arriving at the farm, the veterinarian inspects the pigs and determines
that his remote diagnose was correct and distributes the medicine. Af-
terwards he con�rms the entry in the journal, and this is recorded in his
own journal and in the medicine records of the farm.

When the pigs are well again, and the temperature drops, the ventilation
system automatically reduces the air�ow to normal.

Plant production
�e pig farmer also has a large area of �elds for distributing organic fer-
tilizer from the pigs and for growing food crops.

During a work day, he receives a message on his cell phone from a central
register, that meldew has been observed less than �ve miles from his farm
and he decides to inspect his own �elds. Taking his car, he drives out to the
�rst of his �elds. His PDA, using its built-in GPS unit, notices that he is
near one of his �elds, and displays a map of the area, with the individual
�elds overlayed.

In one of his �els he discovers meldew. His PDA displays information
about the current �eld, and he use it to �nd the appropriate pesticide.
He then combine the information about the size of the �eld and other
data, including knowledge about the soil, and the data on the pesticide
to determine the amount he needs. His PDA informs him, that he does
not have enough in stock, and asks if more should be ordered. A�er an-
swering “yes”, information about the task of distributing the pesticide is
transferred to the commonwork plan, and one of the agricultural workers
are noti�ed that they must do the task when the pesticide arrives. �e in-
formation about the �eld is also uploaded to the tractor, so that it can vary
the dosage according to the soil in the di�erent areas of the �eld. A�er the
pesticide has been distributed, the exact dosage used along with the date
and time and number of the �eld is recorded in the pesticide journal of
the farm.
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To enable such a scenario, management systems as well as the embedded devices

in machinery would have to be integrated, allowing information to be exchanged

between them. Preferably, the communication should be online, as opposed to o�-

line synchronisation, since this enables additional bene�ts, such as the ability to

change plans on-the-�y based on the variables like the current position of equip-

ment, current situation of workers, weather reports, and other external information.

Current state-of-the art in agricultural systems does not allow for this. �e

closest we have so far, is ad-hoc integration of control systems and the possibility

of manually transferring information from one system to another. For instance, it

is possible to buy systems which unify a number of product-speci�c remote man-

agement tools into a single web-page, with a single logon. However, this merely

provides convenience for the user, and o�ers no actual integration of the devices.

While some properties of the agriculture domain are similar to other domains,

agriculture di�ers frommost other domains in the variety of the sub-domains. While

a large body of the previously produced middleware is intended for somewhat ho-

mogeneous domains, agriculture needs a middleware that takes the heterogeneity

of the sub-domains into account. For instance, it would be bene�cial to take into

account that some applications will be used almost entirely in a domain where a

static communication infrastructure can be assumed, while other applications will

mainly be used in a domain where communication is intermittent. Static envir-

onments might also provide services that are not available in elsewhere, and the

middleware should be able to take advantage of these. On the other hand, these

problems are not con�ned to the agricultural domain. Modern mobile devices will

o�en be moved between environments providing some form of infrastructure, but

will also be used in environments without a static infrastructure.

1.1 Project Overview

�e PhD project described in this dissertation is part of the Kilo project, a three

year collaboration between ISIS Katrinebjerg, Danish Agricultural Advisory Ser-

vices (DAAS), University of Aalborg, and Aarhus University as a development and

research project for next generation information andmanagement systems for agri-

culture. Central to the project is the idea of a uni�ed “virtual desktop”where farmers

can maintain an overview of a modern farm. A part of this idea is an underlying as-

sumption that context awareness is useful for helping farmers maintain an overview

when they can access a large amount of information through this desktop. As can

been seen from the conceptual overview in �gure 1.1, conceptually the desktop is

supported by an intelligent layer and a communication layer. �e intelligent layer

provides �ltering of the information retrieved from various sources through the

communication layer. Compared to the research areas in �gure 1.2, showing the re-

search areas of the project in relation to activities, the intelligent layer corresponds

to research in context awareness , and the communication layer corresponds to re-

search in integration , while so�ware architecture is a cross-cutting concern on all
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three layers.

Desktop
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Figure 1.1: Conceptual view of the virtual desktop from the original project description.

Software 
Architecture

Context 
Awareness Integration

Activity 1

Activity N

Development
Results

Research
Results

Figure 1.2: Activities and research areas in relation to Ubiquitous Computing.

�e project started in August 2006 and ended in June 2009. During that time,

two major activities where undertaken. �e �rst dealt with development and re-

search for supportingwork in stables, while the second researched support forwork-

ers in the �eld. �is dissertation describes the part of the work carried out at Aarhus

University.

1.2 Research Methods

�e research carried out in the PhD project focus on an empirical and qualitative ap-
proach. We aim to create design that is usable in a real world setting, and therefore

we need to empirically study this setting and empirically evaluate the results. Fur-

thermore, the methods used are qualitative rather than quantitative. As observed

byMarch and Smith [80], the goal of such work is that problems should be properly
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conceptualised and represented, appropriate techniques for the solutions construc-

ted, and solutions should be implemented and evaluated.

�emain researchmethods employed are inspired fromParticipatoryDesign [58].

�ese include:

• Field studies,

• interviews,

• workshops,

• focus groups, and

• prototyping.

Field studies and interviews were mainly used for initial requirements engineering

and obtaining knowledge about the domain. Workshops and focus groupswere then

used to re�ne requirements, and for design activities. Finally, prototypeswhere used

for feedback for the next iteration in the project. �at is, we use �eld studies and

interviews to conceptualise problems, workshops and focus groups for de�ning the

appropriate techniques and prototyping for implementing and evaluating solutions.

We have chosen these techniques because they support our qualitative approach.

Field studies, interview, and workshops allows for in-depth understanding of the

problems of the domain, while workshops, focus groups and prototyping supports

the empirical implementation and evaluation of solutions.

As such, the research process employed is experimental and iterative. Experi-
mental in that we develop so�ware and evaluate it using experiments, and iterative

in that each activity yields input to the next activity, which improves on the results

of the previous activity. �e di�erent researchmethods and howwe have used them

are covered extensively in chapter 3.

1.3 Research Subjects

While we have de�ned three overall research areas, these areas are have overlapping

activities. Instead, we organise the research into �ve research subjects that impact

the di�erent research areas:

1. Participatory design for middleware,

2. context awareness,

3. architectural models,

4. �rst class connectors, and

5. semantic web technology.
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While participatory design and context awareness are explicit in the focus of the

project, the other three arised as a result of initial analysis of the domain and design

processes. Semantic web technology was seen as a natural �t for describing services,

since the existing services were available as web services, and because it is suited for

modelling context. Architectural models and �rst class connectors are related in the

sense that they are used for de�ning applications using the middleware.

Participatory design is used in the research process, and as such in�uence all

three research areas. �e research provides input to the context-awareness research

area, but also integration since a context model implies either a common under-

standing of the model between systems, or translation from heterogeneous formats

to the context model. �e research in architectural models mostly deals with the

use of models in so�ware architecture, but also focuses on using models in middle-

ware, and thus in�uences the architecture of the middleware. First class connectors

is of course a part of the so�ware architecture research area, but is also relevant as

a method for handling integration. Finally, semantic web technology is used in the

project for describing so�ware architecture, modelling context, and providing tools

for integration, so this also provides input to all research areas.

�e research on context and architectural models are related to the areas of con-

text awareness and so�ware architecture respectively, while �rst class connectors

and semantics relate to both so�ware architecture and integration. Context also

relates to integration, in that a context model describes a common understanding

of the world, and how to represent it.

Software 
Architecture

Context 
AwarenessIntegration

Participatory 
Design ContextArchitectural 

Models
First Class 
Connectors

Semantic Web 
Technology

Figure 1.3: �e �ve research subjects provide input to the research areas de�ned for the pro-

ject.

1.4 Research Questions

�e research areas and subjects give rise to a number of basic research questions

that we wish to explore in what can be categorised as a “so�ware architecture for

middleware supporting context awareness and service oriented integration”. �e

service orientation stems from the fact that a lot of the external services depicted

in �gure 1.1 are in di�erent administrative domains, indicating that some form of

service orientation will be bene�ciary or even necessary. Furthermore, we set out

to determine, whether �rst class connectors are useful in a service-oriented setting.

Several authors, among them Shaw [107], have argued that connectors deserve �rst

class status. �ey have already proven their worth in rei�ed so�ware architectures,
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in fact, almost all architecture description languages include connectors in some

form[84]. Rei�cation of a so�ware architecture in middleware shows that �rst class

connectors are useful, also as a run-time entity. Semantic web technology as a re-

search subject originates in the need for descriptions in themiddleware. At least, we

a way to describe context, but also architecture and services for use in integration.

�us, the main research questions of this thesis are:

Research Question 1 How well do techniques from participatory design work for de-
signing context aware middleware?

Research Question 2 Is a rei�ed so�ware architecture, including �rst class connect-
ors, useful for deployment and integration for context aware middleware?

Research Question 3 Can the use of applications developed for a speci�c domain be
used to design a general purpose middleware?

Research Question 4 Are semantic web technologies suitable for describing context,
services, and architecture?

�e �rst research question deals with the research methods employed. It has

been established that participatory design provides useful techniques for develop-

ment in general, but to our knowledge it has not been widely used for engineer-

ing middleware before, although it is been used in the related �eld of developing

a common so�ware architecture e.g. by Büscher et al. [24] which also has some

middleware aspects.

�e second research question is concerned with using a formal so�ware archi-

tecture description on runtime or deployment time. It is established that creating a

binding between described architecture and runtime behaviour lead to better and

more reliable so�ware, especially in distributed systems. For instance, maintain-

ing a view of the run-time architecture is important for implementing self-adapting

systems [78]. It also concerns the integration between �rst class connectors and ser-

vice oriented architectures. While several researchers have suggested that �rst class

connectors are useful in so�ware architecture as well as in programming languages,

they seem to be somewhat overlooked at the middleware level, at least as formal

entities in the middleware, although there are previous examples of their use.

�e third research question deals with the fact that we do not wish to create a

middleware that is too narrow in its scope. Rather, it should be usable across the

di�erent domains where context awareness and service oriented architectures are

suitable.

�e fourth question expresses our wish to use related technologies for di�erent

purposes in the middleware.

�e main hypothesises of the thesis are:

Hypothesis 1 Participatory design provides useful techniques for designing and eval-
uating middleware.
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Hypothesis 2 A service oriented middleware using �rst class connectors provides ab-
stractions that are useful for the implementation of applications that access informa-
tion and services from heterogeneous administrative domains.

Hypothesis 3 Semantic web technologies can be used for a variety of purposes in a
context awaremiddleware, including architecture description, integration, and context
modelling.

Together, these hypothesis express how amiddleware supporting the vision for-

mulated as the “Virtual Desktop” can be designed. �e �rst hypothesis is concerned

with the development process itself, while the two other hypothesises are concerned

with the product being developed. We want to test a development process that is

usually used for application development for the design of middleware. For the

middleware itself, it has to work in a service oriented environment, so we explore

the use of �rst class connectors in middleware for service orientation and use se-

mantic web technologies for several purposes in the middleware. �e purpose of

the latter is to use technologies that are similar for di�erent purposes, to provide

better usability by reducing the knowledge required to use the middleware.

1.5 The rest of the dissertation

�e rest of this dissertation details our work in experimental middleware develop-

ment and discusses methods for carrying it out in part I. Part II describes middle-

ware for context awareness and the scienti�c results. Parts of the thesis are based on

work that has previously been published or submitted. Noticeably, parts of chapter 3

are rewrites of papers previously published by Kjær [71, 74], section 5.4 is based on

Kjær [73], section 6.4 is based on Kjær [72], and section 7.1 is based on Kjær and

Hansen [75].
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Chapter 2

Background

As an introduction to the subject at hand, this chapter provides descriptions of some

related work in the areas of middleware, ubiquitous computing, and semantic web

technology.

2.1 Middleware

While middleware is a somewhat generic term, it is usually reserved for so�ware

systems which provide common abstractions for processes in distributed systems.

We use the following, rather informal de�nition:

Middleware is a set of reusable components which provide services and
common abstractions for processes in a distributed system.

Other de�nitions include so�ware that abstracts the di�erences between hosts, for

instance virtual machines like the Java Virtual Machine (JVM) [79]. ObjectWeb

provides another de�nition:

In a distributed computing system,middleware is de�ned as the so�ware
layer that lies between the operating system and the applications on each
site of the system.

�is de�nition focuses on the fact that the middleware is neither part of the ap-

plication nor part of the operating system. To clarify the concept of middleware,

it is useful to distinguish it from the concept of a framework. While a middleware

provides services and abstractions at run-time, a framework is a development envir-

onment de�ned by an API and possibly a user interface and a set of tools designed

to simplify application development for a domain or set of domains [15]. As such, a

frameworkmay includemiddleware services for use on run-time. Furthermore, not

all de�nitions of middleware exclude systems that are not distributed. For instance,

some consider abstractions of the host environment as middleware.

15
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Middleware emerged with the growth of distributed systems as a model for dis-

tributed services providing interoperability between heterogeneous devices and sys-

tems. Bernstein simply de�nes middleware as a service that sits between the plat-

form and the applications, and describe what middleware should do [15]:

• Middleware meets the requirements of applications across domains,

• must have implementations for several platforms,

• is distributed,

• ideally supports standard protocols, and

• should support a standard API.

�at middleware must meet requirements across domains is intended to ensure

that it is reusable. However, these days severalmiddleware systems are actuallymore

or less domain-speci�c, in that they include services that are only usable in speci�c

domains. Middleware systems that are not domain-speci�c are typically relatively

low-level, for instance OSGi which implements component handling and commu-

nication, but not any actual services [114]. �e requirement for implementations for

several platforms has the same intention. �e ideal of supporting standard proto-

cols and standard APIs are intended to improve the chance of acceptance. As for

APIs, Bernstein distinguish between transparent and non-transparent middleware

systems. A transparent middleware systems uses an existing, standard API, so that

it is usable in existing systems. As an example, most Unix implementations of dis-

tributed �le systems use the standard POSIX �le system API, allowing applications

to access the distributed �les without changes.

�e traditional approach has been to hide heterogeneity and distribution by

providing ways of treating remote resources as if they were local. In wired, static en-

vironment, this has proven useful, but in dynamic, wireless environments it breaks

down, since applications o�enneed to base decisions on information about distribu-

tion and the environment. Instead, middleware systems for ubiquitous computing

focus on providing suitable abstractions for dealing with heterogeneity and distri-

bution without hiding them.

A more organised view of middleware is provided by Schmidt by organising a

middleware system into several layers (�gure 2.1) [106]. While this classi�cation of

the layers in middleware is intended for embedded systems, it is useful for classi�c-

ation of other types of middleware too.

�e host infrastructure layers hides di�erences between operating systems by

providing common abstractions for communication primitives and other resources.

�edistribution layer provides high-level distributionmodels allowing location trans-

parent services, allowing communication, method invocation and the like while

hiding lower-level issues like addressing and discovery. Common middleware ser-

vices are services which are domain-independent. �e role of the common services

is to handle global considerations like QoS provisioning, resource allocation, and
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Figure 2.1: Middleware layers. Adapted from Schmidt [106].

persistence. Programmers can access these services instead of relying on lower-

level distribution abstractions. Domain speci�c services are tailored for a particular

class of systems, and are usually only reusable within the domain as they embody

knowledge of this particular domain. For instance, a service that maps coordinates

to symbolic locations can be used by most location-aware applications, but not by

applications that do not need location. A service that maps coordinates to �elds

would only be useful in plant production.

A layered view onmiddleware is useful for design, but does not necessarily carry

over directly to actual middleware systems. In fact, many middleware systems are

somewhat domain speci�c andmix common- and domain-speci�c services without

considering the di�erence.

In ubiquitous computing, middleware is especially important since it removes

the burden of handling heterogeneity, mobility, and rapid changes in the environ-

ment. One obvious indication of this is the number of research papers describing

various specialised middleware for ubiquitous computing. For instance, Rangan-

athan and Campbell describe a middleware using agents in a context-aware man-

ner speci�cally targeted for their smart space environment Gaia [96] (described in

section 5.4.3). �eir observation is that the agents need to be context-aware to ful�ll

their role. Others, including Sivaharan et al. [108] have looked at publish/subscribe

for use in middleware targeted at ubiquitous computing. In their case, they also in-

vestigate recon�guring themiddleware on deployment or run-time, allowing for use

with heterogeneous networks and di�erent publish/subscribemechanisms allowing
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developers using the middleware to choose between topic-based, content-based, or

other available mechanisms. An example of a middleware that goes in a di�erent

direction is the Hydra middleware [101]. Hydra is intended to provide a widely de-

ployed middleware for intelligent networking of embedded systems, and for this

reason has a strong focus on supporting systems of di�erent type, i.e. centralised

and decentralised, and di�erent domains.

2.1.1 Web Services

To overcome challenges in computing on an Internet scale,Web Services have been
suggested as a communicationmodel suitable for integrating data and services from

heterogeneous sources across the Internet [34]. As such, Web Services are seen as

the next-step for integration following the emergence of theWorldWideWeb in the

nineties. �e stated goal ofWeb Services is to enable Service-oriented-Architectures

using existing web technology. As such, web services build on previous speci�ca-

tions by the World Wide Web Consortium and others, including

• XML Schema [47],

• XML [20], and

• HTTP [50].

Using these existing technologies, a number of new speci�cations have been created

forming a framework for implementing Web Services.

�e Web Services framework consists of three di�erent standards at the basic

level, but one of them, theUniversal Description, Discovery, and Integration (UDDI

[93]) is only used sparsely. �e remaining, more important standards areWSDL [19]

and SOAP [88]. WSDL uses XML Schema and XML to de�ne services, including

descriptions of data and operations on the service. SOAP is a communication pro-

tocol which de�nes how messages can be marshaled, typically, but not necessarily,

embedded in HTTP messages.

Besides these basic standards, there are a number of extensions for various tasks

which are useful especially in enterprise settings. �ese include standards for secur-

ity, messaging, and transactions. However, in general only the basic Web Service

standard can be assumed to be implemented in any given solution, and only a few

of the other standards are in common use. Notably, SAWSDL (previously known as

WSDL-S [3]) is an extension which adds semantic descriptions to WSDL [49] and

is described in more detail in section 2.3.

Fromamiddleware perspective,Web Services are simply another, relatively low-

level, set of coordination protocols. �e large number of extensions in the WS-*

family, however, provide protocols on a higher level of abstraction, although still at

the domain-independent layer, as described in section 2.1. Some of the members

of this family include WS-Resource for sharing access to a common resource in the

form of data[35], and WS-Noti�cation for publish/subscribe[57].
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Figure 2.2: Layered use of description technologies in Web Services.

2.1.2 Architectural Views

Traditional views ofmiddleware include layeredmodels, for instance the one presen-

ted by Schmidt [106]. �e layered model is useful, since it ties directly into the OSI

referencemodel [122], and clearly de�neswheremiddleware �ts into thismodel (�g-

ure 2.3). However, this is by no means the only useful view of middleware. While

layers gives us an overview, it does not necessarily show how themiddleware is used

or its internal structure.

Another useful view is theComponent and Connector view [12]. �is view shows

the run-time organisation of the middleware, by showing the components of the

middleware and the connections between them (�gure 2.4). However, the compon-

ent and connector view is also useful for representing the run-time con�guration of

an application using the middleware. �is can be more fully utilised by designing

the middleware around the notion of components and connectors. �emiddleware

can encapsulate coordination in connector abstractions, and let services be imple-

mented as components. As an example, OSGi uses bundles that plug into the mid-

dleware, which in turn provides all coordination between components. A bundle

is simply a Java .jar �le with extra meta-data. �is essentially corresponds to the

middleware implementing a single connector and the bundles being components

implementing services.

2.2 Ubiquitous Computing

While ubiquitous computing is becoming a reality, it is nevertheless interesting to

look into the historical development and visions, and how they are, or are not, be-

coming reality today.

With the emergence of wireless networks and a plethora of small, network-

enabled devices, computers have become a part of everyday lives. �e trend for com-
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Figure 2.3: Kilo.Two middleware in relation to the middleware layers de�ned by Schmidt

[106]. Details in section 4.2.2.

puters to become “invisible” was �rst observed byWeiser [118]. In this case, invisible

means that the technology itself is no longer the focus of attention, in the same way

that we do not focus on writing technology, but merely see the words everywhere in

our environment. �is is a function of human psychology and not technology, but

technology can use this knowledge to design computer systems which are suited for

the way human psychology works.

To investigate the disappearing technology, Weiser and his colleagues looked

into a typical o�ce setting. �eir suggestion was to use three di�erent kinds of

computers:

• tabs,

• pads, and

• boards.

Tabs are small computers the size of post-it notes, pads are the size of note-books

and boards are the size of white boards. �e fundamental idea is that these three

di�erent kinds of computers meet di�erent goals.

Tabs are intended for accessing notes and other small pieces of information.

Ideally, one would have a large number of pads on the desk, each showing a di�erent

piece of information, in much the same way as post-it notes could be used.

Pads can be used for taking notes, but also for accessing information. Pads

should be available in the environment, so people can pick them up when needed
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Figure 2.4: Components and connectors in a simple application using aContext service and
remote Backend web service.

and use them. For instance, a meeting room may contain a number of pads for the

participants in a meeting.

Boards replaces white-boards in meeting rooms and o�ces. �ey are large dis-

plays which can be used for displaying the same information to a group of people

and collaboratively editing documents.

Pads, tabs, and boards are connected in awireless network using radio-frequency

and infrared technology. Due to constraints of computers at the time, most com-

putations take place in central computers, with devices in the environment only

showing a graphical interface (�gure 2.5).

RF

Infrared

RF

Infrared

Workstation

Workstation

Tabs

Pads

Figure 2.5: Tabs and pads in a ubiquitous computing environment. Adapted from Weiser

[118].

Active Badges play an important role in the ubiquitous environment. An Active

Badge replaces name-tags, and broadcasts the identity of its wearer to the environ-

ment. �is allows for the system to knowwhere workers are, and is used for instance

to forward calls automatically to the o�ce the worker is in.

While the technology employed seems ancient by now, with small and relatively

powerful devices common, and wireless ethernet everywhere, the ideas still remain

valid. Furthermore, about a decade a�er Weiser �rst formulated his vision, techno-

logy �nally began to catch up to the vision, as observed by Satyanarayanan [102].

He described the new challenges and possibilities that had arisen in the previous
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years. Notably the rise of mobile clients, at then mostly in the form of laptops. �is

opened up new areas of research, including

• mobile networking,

• mobile information access,

• adaptive applications,

• energy-saving on devices powered by battery, and

• location-sensing

in the area of mobile computing. Most of these problems are related to problems

that arise speci�cally from carrying devices around without access to a static infra-

structure, or at least moving between di�erent static infrastructures.

Today, mobile computers o�en take the form of devices that are easily carried,

like netbooks and advanced mobile phones. Interestingly, these two device cat-

egories almost corresponds to Weiser’s tabs and pads, in that netbooks are suitable

for note taking, while mobile phones allow for quick note taking, but fall short of

Weiser’s idea of cheap devices of which and individual user might use several at any

given time. �e need for a large number of devices is largely o�set by the increase in

processing power and graphical capabilities of todays hardware. Similarly, boards

ad described by Weiser have partly become reality in the form of SmartBoards that

allow for simultaneous interaction by several participants, but typically only runs a

standard Windows environment, and do not as such provide easy integration in a

larger environment, although it is certainly possible to use them for creating such

environments.

2.3 Semantic Web Technology

Semanticweb technologies has shownpromises of helping to organise the increasing

amount of data available today. First envisioned by Berners-Lee et al. as a techno-

logy for allowing computers to understand and manipulate information available

on the Web [14], the technologies are now used for other purposes, like services.

Conceptually, the Semantic Web is an extension of the existing World Wide Web.

Additional information is encoded into web-pages, allowing agents and other so�-

ware to make meaning of the contents of the page.

To accomplish this goal, some standards need to be in place:

• Structured collections of information,

• sets of inference rules, and

• systems for automatic reasoning.
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Contrary to traditional knowledge systems, which are closed in the sense that things

that are not part of the system do not exist (or in terms of logic: if it is not true, it

is false) [98], the Semantic Web is open. Some questions might not be answerable

using the available data, but this does not imply that it is false or does not exists,

simply that it cannot be answered. �at is, the fact that something is not known to

be true does not make it false.

�e suggestions put forth by Berners-Lee et al. involve using XML and RDF to

describe arbitrary structured data and meaning respectively, and URIs to identify

entities.

Another component of the Semantic Web is ontologies. �e need for ontologies

arise from the tendency of human language to use di�erent identi�ers for the same

concept. To enable computers to understand that two di�erent identi�ers actually

refer to the same concept in two di�erent systems, an ontology describing this fact

must be available for the reasoning engine. �e typical ontology is a taxonomy of

concepts along with inference rules.

Of course, for ontologies to be useful, there has to be an agreement on which

ontology to use. At this time, this may be the most obvious obstacle to the wide-

spread implementation of the Semantic Web. Furthermore, developing ontologies

is a time-consuming and expensive process, involving compromises and a resulting

danger of “death by committee” due to di�erent understanding of concepts that are

either the same or similar enough to be confused.

For instance, the Food andAgricultureOrganization of theUnitedNations (FAO)

maintains a geopolitical ontology written on OWL that providing names and codes

for territories and groups [48]. �e ontology tracks geopolitical information and

changes since 1985, and includes information about groups and areas in the world,

like the relationship between non-governing regions and the entity that controls

them. �e classes and object properties are relatively few, and shown in �gure 2.6.

non_self_governing

area

group

territory

disputed otherself_governing

economic_region geographical_regionorganization special_group

hasBorderWith

hasMember/
isInGroup

isAdministeredBy

isSuccessorOf/
isPredecessorOf

Figure 2.6: �e FAO Geopolitical ontology [48], excluding data properties, the OWL�ing

concept, and individuals. Arrows without a label denotes the rdf:subClassOf

property, which has been le� out for readability.
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However, some work has been done to establish standard ontologies. For in-

stance, the Standard Upper Ontology Working Group under IEEE is working on

the Suggested UpperMergedOntology (SUMO) for use in information science [91].

�e goal is to have a base for more speci�c domain ontologies. �e upper ontology

is shown in �gure 2.7.

Physical Abstract

Object

Collection SelfConnected-
Object

Process

Continuous-
Object

Corpuscular-
Object

SetClass Proposition Quantity Attribute

Relation Number PhysicalQuantity

Figure 2.7: SUMO upper ontology, as de�ned in Niles and Pease [91].

While the RDF use of triples to describe concepts is useful, e.g. for ontologies,

it has a number of limitations [60]:

• It is not possible to choose between con�icting de�nitions of the same concept,

• it has poor support for versioning,

• it has only minimal support for interoperability,

• it cannot express inconsistencies,

• it is not very expressive (e.g. no cardinality constraints, equivalence, etc.), and

• RDF Schema is very complex.

�e suggested solution to this problem is the Web Ontology Language (OWL) [83].

OWL builds on top of RDF, in the sense that every RDF document is also an OWL

document. OWL comes in three di�erent sub languages:

• OWL Lite,

• OWL DL, and

• OWL Full,

with each variant being an extension of its predecessor. OWL Lite allows for simple

hierarchies and simple constraints. OWL DL is more expressive, but still allows for

algorithmic completeness for inference in the ontology. �at is, it all conclusions are
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computable and �nish in �nite time. OWLDL closely corresponds to description lo-

gics, hence the name. In fact, it can be seen as a variation of SHOIN(D) description

logics, with the ontology being the knowledge base [65]. OWL Full is an extension

of the expressibility of RDF Schema and allows for meta-modelling, like concepts

of concepts and properties on concepts. Besides providing formal semantics, OWL

provides a number of language features not available in RDF. For instance, it is pos-

sible to de�ne cardinality constraints on properties, that properties are inverse, and

datatypes.

While OWL provides descriptions of classes and instances in an ontology, a sep-

arate language is needed to describe inference rules. SWRL is based on OWL Lite

and OWL DL and extends it with a binary Datalog subset of RuleML [64].

SWRLhas a formally de�ned abstract syntax, as well as a human readable syntax

and an XML serialisation, and describes inferences using Horne-like rules on the

form

antecedent⇒ consequent

where both antecedent and consequent are of the form a1 ∧ . . . ∧ an, where vari-
ables are indicated by pre�xing them with a question mark, as in ?x. �is allows

for expressing properties that are functions of other properties. For instance, if in

an ontology of genealogy, there is a parent relation and a brother relation, we can
express the uncl e relation as ([64])

parent(?x , ?y) ∧ brother(?y, ?z) ⇒ uncl e(?x , ?z)

Other built-in functions allows for expressing more complex inference rules, in-

cluding simple mathematical operators, comparison operators, and functions that

create new individuals in the ontology.

While OWL provide a foundation for adding semantics to the web, it does not

address semantic annotation of web services. To this end, OWL-S was developed

as an ontology for describing not only the structure of a service, but also how it is

accessed [22].

OWL-S consists of an upper ontology for services (�gure 2.8), and a model for

each of the concepts of the upper ontology:

• ServicePro�le,

• ServiceModel, and

• ServiceGrounding.

�e service pro�le describes what the service does in a way that is appropriate for

matching agents, including quality of service, limitations, and requirements for the

requester of the service. �e service model describes how to use the service, by de-

scribing the semantic content of requests and the step by step process to achieve

outcomes. �e service grounding describes in detail how the service can be ac-

cessed. �is will normally include port number, message formats, communication
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protocols and the like. �ere are two cardinality constraints in the upper ontology:

A service is described by at most one service model, and a grounding is associated

with exactly one service.

Service

ServiceProfile

ServiceGrounding

ServiceModel

presents

supports

describedBy

Figure 2.8: An upper ontology for services as de�ned in OWL-S. Adapted from Martin et

al. [22].

OWL-S intentionally only de�nes a single upper ontology for pro�le, ground-

ing, andmodel, but these aremerely suggestions. For instance, the suggested ground-

ing only supports web services de�ned byWSDL. For services not usingWSDL an-

other grounding will have to be used. �e proposed ontology for the service models

allows for describing services as processes, by de�ning Process as a sub-class of Ser-
viceModel.

SAWSDL is nother suggestion for adding semantic information to web services

[2]. Unlike OWL-S, SAWSDL has a bottom-up approach, in that instead of creating

a framework describing services and grounding, the only de�ned grounding be-

ing WSDL, SAWSDL adds semantic description to the existing WSDL speci�cation

independently of the language used to represent the semantics. �e goal is to in-

clude the semantic information into the existing syntax of WSDL to avoid building

a new model of services on top. SAWSDL utilises the fact that WSDL is extensible

to include extra elements that map input and output types to concepts in ontologies

and an element for categorising services according to ontologies speci�ed by service

registries.
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Participatory Design

Participatory design has a long tradition in computer science, especially in the Scand-

inavian countries. Early experiments with user involvement would involve inter-

viewing the users about how they thought computer systems should work. More

important, developers would study how daily work was carried out and would use

prototypes or mock-ups of systems to develop systems which would function better

once completed [44]. Other employed methods include ethnographically studying

workers during �eld studies even before development, to create systems which will

�t into their daily work as it is carried out already, ideally providing a system which

will allow for a relatively �at learning curve, and which will not disrupt work when

it is deployed.

Later uses of participatory design have attempted to use it for non end-user ap-

plications. For instance, Corry et al. [32] have successfully employed participatory

design in creating an architecture developed across several physical locations. Ex-

tending participatory design to other disciplines involves changing the methods,

with some changes more obvious than others. As an example, when the end-user

is no longer the participant in the design process, the artifacts used in the process

will change from focusing on the application or the system being developed for the

end-user, to artifacts that focus on e.g. so�ware architecture.

In this chapter we look at the participatory design processes in the Kilo pro-

ject. We also discuss the impact it has had on the middleware design, and how well

participatory design techniques match the development of middleware.

3.1 Research and Development Methods

Originally, participatory design was mainly used as a technique for involving end-

users in designing the computer systems they would later be using in their work.

�is was seen as essential to creating systems which would support existing prac-

tice, instead of disrupting them [17]. �is was closely related to the Scandinavian

ideal of democracy in the work place, and the involvement of workers was seen as

essential for allowing democracy to continue in the light of new technologies being

27
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introduces. In this use of participatory design, it is carried out using artifacts which

represent the envisioned user interface or perhaps even work environment of the

end-users for instance by using mock-ups. Ehn and Kyng have looked into the use

of mockups extensively [44]. In the late seventies or early eighties, when a large

portion of development projects dealt with computerising work that was previously

not carried out by computers, mockups might include “building” the workstations

in cardboard, and then letting workers pretend to carry out work as they would

do with this new system, while researchers observe them and later interview them

about their experience.

Similarly, as computers became everyday items, but ubiquitous computing was

still unknown to most people, mockups using several devices can be used to intro-

duce users to the possibilities. �us, to investigate what role ubiquitous computing

might play in everyday settings, mockups of future systems can be used to investig-

ate how workers might interact with them. Bardram has used this for investigating

the use if ubiquitous computing in health care [8].

Corry et al. describe how methods from participatory design can be used in

the large, distributed so�ware development project PalCom [32]. In the project, de-

velopment teams at di�erent physical locations work together to create a common

architecture. To ensure cooperation towards the common goal, a team of Travelling
Architects was created which traveled between development groups and employed

active user involvement methods to further reaching the goal. �e technique is cre-

ated for a project with the following central challenges:

• Development teams are distributed,

• development is iterative, experimental, and incremental, and

• central control is limited.

More precisely, they de�ne Traveling Architects as:

A group of architects responsible for maintaining so�ware architectural
assets in a distributed development project by visiting development sites
in order to design, evaluate, and enforce a so�ware architecture in active
collaboration with developers and possibly end users.

In participatory design of so�ware architecture, the design artifact is the so�-

ware architecture itself, in the form of UML diagrams, architectural prototypes, and

verbal accounts, using di�erent views depending on who is present at meetings.

�e authors observe, that the most important responsibility of the traveling ar-

chitects turned out to be communicating the architecture, not actually designing

it.

�eir experiences show, that participatory design techniques can be used for

other things than originally envisioned. While it has traditionally been used for

creating functionality and architecture of prototypes, the PalCom project extends

the methods for use in architecture of the framework [23].

Some of the techniques used in participatory design include:
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• Field studies study users as they work to provide insight into the domain by

studying current practice.

• Interviews with individual practitioners can provide in-depth understanding

and clari�cation of phenomena observed during �eld studies.

• Focus groups are invited groups of experts who are gathered to discuss a spe-

ci�c problem, whether to gain insight into the problem or solve it.

• Prototypes are early implementations of the end-system which can be used

for evaluation of various aspects of systems.

• Future labs are focused sessions where practitioners are asked to perform

tasks using speci�c tools developed for the purpose to determine their us-

ability.

• Bricolage brings together di�erent technologies to test them for di�erent tasks.

Field studies have been used extensively in recent years for exploring how people

work before designing systems for them. �is has partly been driven by anthropo-

logists with interest in computer science, and the technique is similar to the one an

anthropologist would use when observing people. For instance, Blomberg et al. use

�eld studies as a basic element of “Work-Oriented Design” [18] . �emain observa-

tion leading them to use Work-Oriented Design is that usability is not the same as

usefulness. While usability can, to some degree, be studied in the computer lab, the

usefulness of the of computer system depends on how good it is at supporting the

daily work of the users, and it is therefore necessary

Interviews are o�en combined with �eld studies, and can be used for clarifying

observations made during �eld studies. �ey can also be used before �eld stud-

ies for preparation. Typical subjects of interviews include end-users as well as de-

velopers and managers. Interviewing both end-users and management will o�en

reveal schisms in the view of work procedures between the two groups and observ-

ance towards these schisms can be crucial in providing a systemwhich support work

as carried out, as opposed towork as imagined bymanagement and to allowworkers

in�uence on the design process [17].

Focus groups are well-suited to determine requirements that do not immedi-

ately follow from �eld-studies and interview. Conducting controlled focus groups

with relevant participants may provide an idea of how a domain might evolve in the

coming years, or insights that users are not aware o� [21]. For instance, end users

typically do not have any insight into technology above a basic level like knowing

how to use a particular system. Focus groups on the other hand gathers people who

can provide an insight into the problem at hand. �us, focus groups can be tailored

for the speci�c purpose. If the need is for experts to help develop appropriate inter-

faces to systems, a focus group might consist of HCI experts, while if the need is for

insight into existing systems, developers of those systems may be included into the

focus group.
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Prototypes are the main artifacts in most participatory design approaches, and

o�en also the goal of the design process. One of the main advantages of proto-

types is that they can be evaluated through actual use, for instance by using in-situ

prototype experiments, where end-users use the prototype in their daily work or in

acting out a scenario in a real setting or by using the prototype in a future lab setting.

How a prototype can be used depends on what type of prototype it is. In particular,

Floyd distinguishes between horizontal and vertical prototypes [51]. A horizontal

prototype explores the structure of the system under development, but does not in-

clude any functionality, while a vertical prototype implements some functionality,

but typically not the complete system. In this respect, a horizontal prototype as an

artifact in participatory design is akin to a mockup, but may o�er some level of in-

teractivity which may help end users envision how it may be used when completed,

for instance by allowing the user to browse through the user interface.

Future labs are controlled environments, where end users and other actors in

the design process together explore prototypes by simulating authentic processes

from their daily work to discover if the prototype is appropriate. Ideally, end users

should go through complete activities they know from their daily work, but using

the new prototype to carry it out.

Bricolage is the process of bringing technologies together in order tomake them

work, and is used to determine the usefulness of technologies in performing an array

of tasks in di�erent environments, thus testing if the proposed solutions are up to

the task.

Whenusing the above techniques, it is important to understand their properties,

including their limitations. When using the techniques, the activities focus on a

single instance of current practice in the case of �eld studies and interviews, or a

single vision of future practice in the case of prototypes, future labs, and bricolage.

Focus groups might discuss di�erent possible futures or provide a wider overview

of current practice, but this depends entirely on the focus of the individual session

and who are participating.

Büscher et al. describe a participatory design process [24], using prototypes, fu-

ture labs, and bricolage for “triangulating” the current and future practice. �e goal

is to maintain a collaboration between “design” and “use” and grounding imagina-

tion. �e idea is that future practice can be triangulated between:

• Means, the tools and technologies available.

• Environments in which the future tools will be used.

• �e job at hand, which task is being carried out.

�is is illustrated in �gure 3.1. Speci�cally, they propose using bricolage as a way of

�xing the means, while changing environments or the job at hand. Similarly proto-

types in-situ can be used as a way of �xing the environment, while allowing changes

tomeans and the job at hand, and future laboratories can be used for exploring what

happens when the job at hand is �xed, but the means and the environments can be

changed.
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Practice

Means

Environments Job-at-hand

Figure 3.1: Future practice can be triangulated by �xing either means, environment, or job-

at-hand, and varying the two others. Adapted from Büscher et al. [24].

3.2 Participatory Design in Kilo

During the 36 months of the Kilo project, participatory design have been used sev-

eral times in every iteration. Since the Kilo project is a middleware project, the end

users are developers, so they are participants in the design of the project. To evaluate

themiddleware, prototypes of applications where developed for which the end users

where users of applications. �e end users of the middleware on the other hand are

developers, so there are two domains: �e agriculture domain where applications

will be used, and the developer domain where the middleware will be used.

Initial insight into the developer domain was acquired by meetings with de-

veloper groups. �e developers would explain their existing products, as well as

their development process and visions for the future. To give the developers an

insight into the domain and the environment where the middleware as well as ap-

plications will be deployed, �eld studies were carried out.

To gain further insights into the agriculture domain, interviews with individual

workers where carried out. Workers were, for instance, asked to describe a typical

work day and to come up with and “exceptional situation” they might encounter.

�e description of the typical work gave us a baseline for interpreting observations

during �eld studies, while the descriptions of exceptional situations gave us an idea

of the type of scenarios we might have to support. Especially exceptional situations

can be di�cult to discover from studying workers performing their daily tasks, un-

less the studies take place for an extended period of time, which is o�en not possible

due to time or budget constraints.

Field studies were used to determine both the usefulness of context awareness in

general, and to give input to scenarios. �is is meant to ensure that the research car-

ried out later, as well as the prototypes developed have a solid grounding in reality.

Philosophically, this is similar to Grounded�eory in that the focus is on observing

reality and then proceed based on those observations [55].

A�er prototypes were developed, they were deployed in the daily environment

of the workers, and feedback from their use was then used for re�nement and input

to the next iteration.

Table 3.1 shows each instance of participatory design activities in the project.
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Figure 3.2: Picture from �eld studies at a farm in southern Denmark - agricultural worker

examining a sow for pregnancy.

If more resources had been available, it would have been bene�cial to also do �eld

studies of developers of existing applications, since they are the end users of the

middleware.

An important aspect of the project is that there are actually two kinds of end-

users: Agricultural workers and developers of agriculture applications. �e workers

are end-users of applications that use the designed middleware, while developers

are end-users of the middleware and accompanying development frameworks. �is

implies the importance of designing the middleware so that it will be useful for de-

velopers in that is should allow for creation of desired applications in an way that is

easy to understand and use. �e design activities with end users of applications fo-

cus on artifacts related to those applications (�gure 3.3) while design activities with

developers focus on the middleware itself (�gure 3.4). �e middleware can be rep-

resented by an architecture description, whether formal or informal, or a prototype

of the middleware.

�e agricultural workers have little or no knowledge of the technology employed

in the project, which is to be expected in participatory design processes. However,

for historical reasons, a lot of developers do not necessarily have a formal educa-

tion in so�ware engineering. �ey are experts in the sense that they have a large

experience in developing applications for agriculture, but do not necessarily have

knowledge of development and design processes besides those they use in their

daily work. On the other hand, the developers are o�en domain experts in their

own right, either due to an education in agriculture or due to experience.
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Table 3.1: Participatory Design Activities.

Activity No Type Purpose
1 Interviews Interviewing developers

2 Focus group Input from end developers

3 Field studies Studies of agricultural workers

4 Focus group Evaluation of scenarios

5 Focus group Input from external developers

6 Field studies Studies of agricultural workers in pig

production

7 Design workshop User interface

8 Design workshop User interface and functionality

9 Prototype test Test with end-users

10 Prototype deployment Initial deployment

11 Prototype evaluation Initial evaluation

12 Prototype deployment Deployment of re�ned prototype

13 Focus group Input from end developers, second pro-

totype

14 Focus group Evaluation of second prototype design

3.3 Using Artifacts

During the participatory design process, we employed an array of di�erent artifacts

for the di�erent design activities:

• Scenarios. Textual descriptions of how a tasks or series of tasks would be car-

ried out using new technology. Scenarios are used for communicating visions

of the future.

• Mock-ups. Models of a future systems. �is can be anything from a drawing

of a suggestion of a future user interface, to a full-scale model of a future work

place with non-functional versions of future devices. Mock-ups are useful for

communicating future technology, especially how it is supposed to be used.

• Middleware prototypes. Executable prototypes of the futuremiddleware, which

may be more or less complete. �ey are used for testing aspects of the mid-

dleware, but also for communicating architecture.

• Application prototypes. Executable prototypes of the future application. �ey

are used for testing application design.

• Architecture descriptions. More or less formal descriptions of the future so�-

ware architecture. �is can be an informal drawing, a textual description, or

a formal description using a graphical model such as UML or a formal archi-

tecture description language. Architecture descriptions are used for commu-

nicating architecture between developers.
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artifacts

practice

analysis design

Figure 3.3: Artifacts in participatory design. Adapted fromMogensen and Trigg [89].

middleware

practice
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Figure 3.4: Participatory design of middleware. For middleware, the artifact becomes the

middleware itself.

Each participatory design activity typically included the use of a particular artifact

(table 3.2), although for instance �eld studies obviously do not, since the idea is to

study existing work practice. For some activities, the purpose of the activity is to

work on the artifact, for instance making changes to a scenario or mock-up. For

other activities, the artifact serves as a basis for other discussions.

While initial �eld studies gave the developers an overview and “feel” of the do-

main, it is important to ensure that this initial insight gives rise to useful applica-

tions. Scenarios are useful in this respect, since they describe the envisioned applic-

ation in a language that is familiar to both our developers and our end-users. �us,

it becomes important to use scenarios that speak to both end-users and developers.

Preferably, the scenario should use technology in a way that does not confuse ap-

plication end-users, while allowing the developers to envision how work will be

carried out using the new technology, as well as the technological consequences of

the scenario.
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Table 3.2: Use of artifacts in the development process.

Activity No Type Artifact type
3 Field studies Scenarios

4 Focus group Scenarios

5 Focus group Scenarios

7 Design workshop Mockups

8 Design workshop Mockups

9 Prototype test Horizontal application prototype

10 Prototype deployment Vertical middleware prototype

11 Prototype evaluation Vertical application prototype

12 Prototype deployment Vertical applications and middleware

prototype

13 Focus group Scenarios

14 Focus group Architecture description

Mockups are useful as a discussion point of details of the application. In our

case, we used GUI mockups as starting points for discussions with developers as

well as users. Speci�cally, a mockup like the one in �gure 3.5 (the original mockups

are included in appendix C) where shown to developers to tap into their existing ex-

pertise in creating PDA applications. Similarly, the mockups where used as a start-

ing point for discussing functionality with application end-users. �ese mockups

allowed for very concrete discussions of the functionality of the system. At a con-

crete meeting, number 8 in the tables, a farmer was shown the mockups and asked

to comment. �is resulted in a discussion of interface as well as functionality. For

instance, the farmer asked questions like:

• “what happens when I press here?”,

• “where is the data stored once I enter it here?”, and

• “is it possible to retrieve the data for use in other systems?”.

Besides explaining our envisioned application by answering these questions, it gave

rise to further discussions, such as which other systems the farmer would like to

export the data to. In this case, he would like to export it as an Excel spreadsheet

or access it from a web page, and where it would be most appropriate to store the

data. Where the data is stored might seem irrelevant to the farmer, but actually

becomes important, since it requires a physical computer somewhere, which has

an impact on the cost of running the system, depending on which solution is used.

�is incidentally also shows another important aspect of developing for agriculture:

Acceptance is to a large degree determined by one of two things:

• Can it save money, or

• can it save time?
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Basically, a farmer will invest in new technology for either of these two reasons.

While the �rst is obvious, the second is a bit more subtle. A modern Danish farm

is to a large degree similar to a factory with the farmer as managing director, and

a large part of the farmers work day is used on administrative tasks, so technology

that reduces the responsibilities of the farmer or allows him to perform his tasks

easier might also lead to acceptance.

PeopleTasks
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Alarms
Current Tasks

+
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-

Morning inspection

Feed pigs
Inspect feeding units
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2009/08/19       07:15

Unit 1 OK

Note

Figure 3.5: Mockup of GUI for PDA application supporting daily tasks. Adaptation of ori-

ginal mockup, included in appendix C.

�emiddleware prototype is especially important, since it is the actual product

of the development process. However, if we look at the participatory design process,

it has only been used directly in two activities (three if we include the architecture

description from activity 14, which was a description of the second iteration archi-

tecture). �e reason for this is that it is di�cult to use middleware as an artifact

directly. In fact, in the case of activity 10, it could be argued that what we actu-

ally used was the application and the middleware prototype. In that case, we used

a very simple application to test the middleware in a real-world setting, by having

users enter notes into an application during an ordinary work-day. �us, the main

tests of the middleware prototype were actually deployment of the complete proto-

type system. We also had an intention of testing the middleware by having actual

developers use it to implement applications, but this had to be abandoned due to

constraints on the part of the developers and a focus group was used instead. �is

would have allowed us to do a sort of bricolage with the development process being

the practice studied instead of studying the practice of agricultural workers.

Since it is di�cult to use themiddleware prototype directly, the application pro-

totype becomes the important artifact in the design process. Application end-users

can use and comment on the prototype without necessarily having an understand-

ing of the underlying middleware, and it becomes the responsibility of the designer

to sort results and comments into things that a�ect the middleware, and things that

a�ect the application prototype. We used the application prototype by actually de-
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ploying it at a farm, and then observing its use and interviewing workers about their

experience. However, horizontal prototypes were also used at earlier stages of the

development process as a kind of interactive mock-up, which allows for the user to

actually browse through the user interface to get an idea of whether it is suitable for

actual use.

While architecture descriptions are not traditionally used as artifacts in particip-

atory design, with Corry et al. as a notable exception [32], they are useful when the

users participating are either so�ware architects themselves, or at least developers

with an understanding of so�ware architecture. One of the goals of our second pro-

totype was integration with existing systems, and descriptions of requirements and

architecture of middleware proved useful in communicating with developers.

�e above illustrates, that an important aspect of any participatory design activ-

ity involving the active involvement of users, and not just observations, is choosing

the right artifact. While architecture descriptions are useful for discussions with

system architects and developers, application end-users need something more tan-

gible, or at least more readily recognisable.

3.4 Results

�e various participatory design activities in the project yielded results on several

levels. For instance, interviews with professionals in the domain and �eld studies of

agricultural workers, along with focus groups and analysis of the domain, allowed

us to create an initial list of requirements (appendix A) and initial suggestions and

re�nements of scenarios expressing the intendedmiddleware and prototype applic-

ation.

An example of very concrete results of �eld studies and interviews is an initial list

of contextual concepts that must be supported in an eventual context model. At this

time, it had not been decided how context awareness should be supported, although

it was clear the some form of context awareness was necessary. However, it soon

became apparent that applications would run on PCs as well as PDAs, meaning we

would potentially have to support both internal and external context (see chapter 5),

and we were also able to create a list of concepts we would have to support. �is

provided a grounded starting point for creating the eventual context model.

Prototype deployment in actual work settings proved useful for testing both

the application and the middleware prototypes. For the middleware, some require-

ments were not discovered until the middleware was put to the test by actual work-

ers. �is included quirks due to the actual PDAs being used being slightly di�erent

from the ones used for development, and for instance discovering problems with

battery life due to the way PDAs reacted to the application. Speci�cally, we dis-

covered that some PDAs would turn on the screen every time a network connection

wasmade, increasing the battery consumption of frequent network connections sig-

ni�cantly.
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3.5 Summary

In this chapter we have looked into existing and previous practice for participatory

design, and described how some of the techniques have been used during our pro-

ject. Especially, we detailed how artifacts proved useful, the importance of selecting

the right artifact for the job at hand, depending on the participants in the particip-

atory design activity, and the usefulness of application prototypes for middleware

development.

While participatory design has mostly been used for creating end-user applic-

ations, we have used it for driving the requirement gathering for middleware, giv-

ing us a slightly di�erent focus. However, the techniques still proved useful when

used with appropriate artifacts. For instance, when discussing scenarios with de-

velopers, we where able to determine requirements based on their knowledge of

existing systems and infrastructure. Similarly, �eld studies and interviews with ap-

plication end-users provide insight into requirements for the middleware as well as

the application. As an example, how workers move during a day has an impact on

which assumptions can be made about connectivity. I.e. some workers only work

in stables, and constant connectivity can be assumed, while others move between

environments with constant connectivity and environments without or with limited

connectivity.

Participatory design techniques does not solve all problems though. �e tech-

niques we have used for application end-users are inherently qualitative, which im-

plies that results obtained does not necessarily carry over to the entire domain. �is

is partly o�set by focus groups and interviews with application developers and do-

main experts, who can be expected to have a broader insight into the domain. A full

evaluation would require a wider deployment though.
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Prototypes

�is chapter describes the prototypes developed in the Kilo project. It does not de-

scribe the scienti�c results from the creation or application of the prototypes, which

are described in part II.

In the Kilo project, prototypes have been used as an important artifact in the

development cycle, previously described by Kjær [74]. �e Kilo project includes a

number of challenges which originate in the heterogeneity of the domain:

• Heterogeneous devices and systems,

• heterogeneous deployment environments,

• heterogeneity of applications.

�at devices and systems are heterogeneous is not really a surprise, since they come

froma large number of di�erent vendors. �ere is no incentive for vendors to use the

same, or even compatible devices, to control machinery. Similarly, administration

systems are created by more than one vendor, and unless external circumstances

require it, there is no interoperability with other systems.

What may be a surprise is the heterogeneity of environments and the applica-

tions which will be deployed in the environments. �is is mainly due to the fact,

that while agriculture may be seen as a domain, it actually consists of a number of

distinct, but interconnected, sub-domains (�gure 4.1). In Danish agriculture, the

most important domains are:

• Pig production,

• dairy and beef production, and

• plant production.

While these are the most important, there are other domains such as poultry, goats,

sheep, nurseries, fur, and horses. However, since these are of lesser importance,

there are fewer automated tools and administration systems available for these.

39
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Agriculture

Pig 
Production

Dairy/beef 
Production

Plant 
Production

Figure 4.1: �e most important sub-domains in Danish agriculture. For other countries or

regions, the important sub-domains will be di�erent.

As stated, these domains are interconnected. While it was common as little as

twenty years ago for farms to produce at least pigs, cows, and plants, most farms

today are large-scale, industrial production facilities, andwill typically produce either

pigs or cows. However, they will also have some plant production for two reasons.

First, animal production produces manure, which can be disposed by spreading it

on the �elds. For this reason, Danish law requires farms with animal production to

have a certain area of �elds based on the number of animals they produce. Secondly,

the plant production can be used for fodder, so the output of the plant production is

an important management aspect, since there is a relation between output and the

fodder needed to be bought.

An important part of the project has been to involve users in requirement gath-

ering and evaluation. Prototypes play an central role, since they implement the re-

quirements, and allows for users to experience the result. Observations and inter-

views with users gives input to the evaluation of each iteration.

Since we were tasked with designing middleware for a, to the researchers, un-

known domain, we employed an empirical approach to so�ware development, by

building prototypes and testing them. Each iteration of prototypes consists of amid-

dleware prototype as well as an application prototype built using the middleware.

In each case, the middleware consists of middleware services forWindowsMo-

bile PDAs, as well as services to be deployed in the environment. �e applications

run on Windows Mobile PDAs, and are used for four primary purposes:

• Testing the middleware,

• test user reaction to the ideas presented,

• exploring the design space, and

• evolution of the middleware.

While the �rst purpose is the most important, the second purpose uses the applica-

tions to validate underlying assumptions in the project, mainly that context aware-

ness is useful for the domain. Exploring the design space was noted by Floyd as one
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of the useful features of prototypes [51]. It allows for testing ideas without build-

ing complete systems, making development cheaper. Finally, prototypes allows for

feedback, resulting in new requirements for future iterations of the middleware.

4.1 Kilo.One

�e �rst application prototype, Kilo.One, is relatively simple and tailored for use in

pig production. �e application itself supports the gathering of administrative data.

Some of this data has to be collected due to legal requirements, while other data is

gathered for purposes internally to the farm. Examples of data include:

• Live sucklings born to each sow,

• amount of medicine used in each stable,

• deaths among pigs,

• pigs sent to slaughterhouses,

• number of insemination attempts for each sow,

• sucklings moved from one sow to another,

• repairs carried out on equipment,

• orders made to suppliers,

• orders received from suppliers.

While this list is merely examples, it gives an idea of the di�erent types of data col-

lected on an everyday basis. �e list contains both data which must be collected for

external parties, mostly government agencies, and data which is only for internal

use. For instance, to track production, births, deaths, and pigs sent to the slaughter-

house has to be collected due to a requirement to measure production size, while

repairs on equipment is solely used in decision making. E.g., if the same machine

continuously breaks down, it is time to replace it. Current practice is to collect data

by taking notes, either in a notebook, or in dedicated charts. For instance, all in-

formation related to a sow that is pregnant or have sucklings will be recorded on

a chart hanging above its sty, such as the one pictured in �gure 4.2. �e data is

then later added to administration systems or ad-hoc systems. For sow-charts, this

might happen once a week. �e prototype application instead allows agricultural

workers to enter information into a PDA, while using situation-awareness to limit

the number of available options to the worker.
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Figure 4.2: Chart for recording information about a particular sow.

4.1.1 Application Prototype

�e application prototype supports a context- and a situation-model. While the

contextmodel is speci�cally tailored for the prototype, the situationmodel is similar

to the one described byMeissen et al. [86], with a simple hierarchy of situations with

increasing granularity. �e current situation is then themost precisely de�ned based

on available data.

Context inKilo.One is relatively simple, and consists of a user pro�le containing

the name of the user, and a simple location model, as illustrated in �gure �gure 4.3.

As shown, the location model is hierarchical, and the situation model is in this case

more or less a direct translation of location to situation, although this is mainly due

to the limitation of the context model, and not a limitation of the situation model.

�e situation model is a hierarchical graph of more re�ned situations, where

each situation is de�ned by a location, and has a number of possible actions for the

situation (�gure 4.4). O�en, context-aware systems would use tasks where we use

situations. Our rationale for using situations instead of tasks is based on observa-

tions during �eld studies: First, agricultural workers will o�en carry out tasks in an

overlapping manner. For instance, a worker carrying out the task “feed pigs”, might

discover that a pig is sick, and start carrying out the task “move pig to another sty”,

and then continue with the �rst task. However, short of having the user inform the

system that a di�erent task is being carried out, there is no way of detecting this.

Furthermore, having the user inform the system would defeat the purpose of build-

ing a tool for assisting workers, and would instead force them to interact with it,

even when not necessarily needed. A screenshot of the prototype is shown in �g-

ure 4.5. Instead, we use situations based on the current context of the user, in this
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User

Name Location

name-of has

Farm

rdf:subClassOff Building

part-of

Stable

part-of

rdf:subClassOff

rdf:subClassOff

Coordinates

has

Figure 4.3: Ontology of the context model of Kilo.One. �e central concept is Location, and
the actual context model is implemented in an object oriented manner.

case the location. �is is due to the observation that each location is associated with

a number of possible actions. For instance, the action “sucklings born” is only relev-

ant in the sow stable, while “sow inseminated” is only relevant in the insemination

stable. So each situation has a number of relevant actions.

Situation

Location Actions

defined-by has-list-of

Figure 4.4: �e Kilo.One situation concept.

To improve acceptance of the prototype, it was also integrated with an existing

alarm system present at the farm. �e system monitors various parameters on the

farm and by default sends alarms as text-messages when values fall outside pre-

de�ned limits. �e integration simply consists of providing a service where alarms

can be retrieved by the application. �is could be done in a context-aware manner,

but in the prototype, we simply show all alarms, since the number of alarms during

a day is relatively small. An overview of the resulting system is shown in �gure 4.6

with the deployment shown in �gure 4.7.

For connectivity, we assume a static infrastructurewith constant network access.

While this is a simply�cation, the prototype is intended to be used at farms that have

wireless network coverage of the entire farm. Workers may travel between farms,

but when they carry out work, they will be within network coverage.
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Figure 4.5: Screenshot of the Kilo.One prototype, showing the “Small pigs stable” location

and the entry for the “medication” task.

Some of the ideas for the application prototype originate in existing so�ware

for PDAs that support pig production (e.g. DLBRMinigrisen; [37]). However, these

are, to our knowledge, not in common use.

4.1.2 Middleware Prototype

At themiddleware layer, the prototype consists of a component and connector based

framework for building applications. �is approach was selected because of the be-

ne�ts of reuse and adaptability in such a design, and because of research suggesting

that �rst class connectors are useful for bridging the gap between interfaces at the

class level and interfaces at the service level, as described in section 6.4. To support

applications built within the framework, there are a number of middleware services

running either in the environment or on the device:

• Local location service,
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Kilo.One Location 
Service

Log Service Alarm 
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Figure 4.6: Overview of services and applications in the Kilo.One prototype.
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PDA
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AlarmService
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Figure 4.7: Deployment of applications and services in the Kilo.One protoype.

• global location service, and

• alarm service.

�e local location service provides access to Bluetooth GPS devices fromWindows

Mobile applications. For this, we used the existing PlaceLab implementation [63]

which provides translation between the GPS coordinates and locations. PlaceLab

includes a library for accessing Bluetooth enabled GPS receivers from .NET applic-

ations, which has been integrated into the framework, and runs as a separate thread

in the application. �e global location service allows for sharing location informa-

tion between users. �e alarm service collects alarms from the preexisting alarm

systems, and allow the PDAs to retrieve them.

�e global location service is a simple web service, its interface is shown in list-

ing 4.1. �e service has two operations; one for updating the current location of a

user, and one for retrieving the location of a user. �e service itself merely keeps a

time stamped list of current location.

�e alarm service stores previous alarms and allows for retrieving them. �e

existing alarm system allows for three methods for interaction:
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Listing 4.1: �e interface of the Kilo.One global location service in pseudo code.

interface GlobalLocation {
void myLocation(Use user ,Location currentLocation);
(Location ,TimeStamp) getLocation(User user);

}

Listing 4.2: �e interface of the Kilo.One alarm service in pseudo code.

interface AlarmService {
Alarm [] getAlarms(Location loc ,TimeStamp from ,

TimeStamp to);
Alarm [] getAlarms(Location loc);
Alarm [] getAlarms(TimeStamp from , TimeStamp to);

}

• Text messages,

• email, and

• a web interface,

where text and email allows for receiving alarms, and the web interface allows for

con�guration and browsing previous alarms.

To integrate it with the prototype, we use the email interface to the system by

setting up a separate email account for storing alarms. �e alarm service then uses

IMAP for accessing the alarms. �is has the dual advantage, that alarms will con-

tinue to be stored at the mail server while additional information can be added to

their headers. �is is for instance used to register if alarms have been signed o�.

Listing 4.2 shows the interface of the alarm service as pseudo code. �e three meth-

ods retrieve alarms from a speci�c location, or all alarms, possibly bounded by time

stamps.

�e framework for building applications is component and connector based,

with a collection of pre-built components and connectors available as a starting

point. It is a simple implementation, intended for the rapid creation of a prototype

application to test the basic ideas and design. Besides standard implementations of

a component and a connector, and a hierarchy of connectors needed for the pur-

pose of building the application prototype, it consists of a simple context-model,

that directly supports the concepts needed in the application using objects for rep-

resenting context. During the development of the prototype, we experimented with

a series of di�erent connectors and their interaction, so the connectors included

in the framework vary from simpleMessageRole andMulticastRole, which imple-

ments asynchronous message passing for unicast and multicast respectively, to and

IMAPMailConsumerRole which implements IMAP functionality. Some connect-

ors build on lower-level connectors, but this is mainly to investigate techniques for
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reusing connectors to build more advanced connectors. Most connectors actually

used in the �nal prototype where speci�cally created for the purpose of the proto-

type. As for context, the model is implemented with an object-oriented approach,

with a class for each type of context in the system.

4.2 Kilo.Two

�e second prototype, aptly named Kilo.Two, was initially designed to investig-

ate the use of context-awareness in plant production. Later, the focus was shi�ed

slightly to increase work on middleware issues, with a smaller focus on the applica-

tion prototype. Hence, the application prototype is not complete.

�ere are three main di�erences from the �rst prototype caused by the move

from pig- to plant production:

• A static infrastructure cannot be assumed,

• workers carry out a single task at any given time, and

• there are existing systems which the prototype should be able to integrate

with.

�e lack of static infrastructure means that we cannot rely on “always-on” commu-

nication, prompting the need of a new communication model. �e second implies

that we can again look at speci�c tasks, and how to support them. �e reason for

the �rst di�erence is, that �elds are o�en spread out over a large area, not necessar-

ily even in the vicinity of the farm. �is can be alleviated using data transmission

provided by cellular networks, however, not all land is covered by cellular networks.

In the case of Denmark, about 95% of the country is covered by cellular networks.

�e remaining 5% are typically areas with no or few residents, and is typically used

for farm land1. �at workers typically only carries out a single task is due to the

nature of the work. Typical tasks in plant production could be to sow crops on a

�eld or spray it with pesticides. Task like these are carried out with an agricultural

worker sitting in a tractor, with some kind of machinery attached to it, thus only

allowing for one task to be carried out at a time. �e existing systems are both

back-end systems in the form of a central database that stores information about

plant production, and systems local to the farm or equipment. For instance, some

pesticide sprayers allows for retrieving information about current state, such as the

current �ow in each nozzle.

1 In many ways, Denmark is not representative for most countries in this area. Denmark is a very

small and densely populated country, and all of the land area has, at some time or another, been

farm land. Currently, some land has been allowed to be reclaimed for nature, but most is still farm

land.
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4.2.1 Application Prototype

�e goal of the application prototype was to extend the �rst prototype with sup-

port for carrying out tasks in the �eld. Contrary to the pig scenario, existing PDA

so�ware for ordering and registering tasks not only exists, but are in some use (e.g.

Lommebedri�en Online ; [36]). Another di�erence from pig production is that

most data is stored in a central, nationwide database. �e reason for this is simply

that most treatments of a �eld have to be registered with authorities, and the central

database allows for retrieving the information when needed. However, the database

also allows for storing additional information, such as upcoming tasks, and whether

they have been carried out. �us, we can assume and existing list of tasks, and only

need to determine which one is being carried out.

Existing solutions typically provide a list of all �elds belonging to a single farm,

allowing the worker to tick of tasks as they are carried out, and administration to

review information about each �eld. �e solutions overcome the lack of communic-

ation by being o�-line solutions, where data can be synchronised on request, either

by wireless network, or by using a USB cradle. �is su�ers from lack of real-time in-

formation, which can be used for planning, and also from user interface problems.

In the case of the user interface, consider that �elds are typically identi�ed by an id.

A typical farm in Denmark today has upwards of ��y �elds, meaning that to �nd

a particular �eld in the PDA program requires the user to remember the id of the

�eld. �is becomes even more di�cult, if the �eld is divided into plots, as is typical

for nurseries.

To improve the existing solutions, we intended to extend theKilo.Oneprototype
with support for plant production. Initial �eld studies provided the following central

observations:

• �ere are preexisting lists of �elds in digitised form,

• information about tasks for each �eld are preexisting,

• only one task is carried out at any time,

• tasks are performed using certain equipment,

• tasks are carried out using a tractor,

• modern tractors have built-in GPS units.

Furthermore, the information about �elds is readily available in an existing, central

database which provides a service interface for access, allowing for integration with

our prototype. �e central database also supports geospatial information about the

�elds. �is allows for simply querying the database to determine if a coordinate

belongs to a �eld, or retrieve the coordinates of the �eld from the database and

determine it locally. Only one task can be carried out at any time, due to the nature

of the tasks. For instance, it is only possible to harvest one �eld at a time for a worker

driving a harvester. On the other hand, multiple workers can participate at carrying
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out the same task simultaneously. Furthermore, nearly all tasks in a �eld are carried

out using a tractor pulling some equipment. Although there are some deviations

from this, such as surveying �elds to determine infections of disease or weed, it

makes sense for us to determine the current task of the tractor and not the task of

the user, while maintaining the user oriented tasks of the �rst prototype. We do this

as shown in �gure 4.8. �e equipment type can be determined based on information

retrieved from the ISO bus in the tractor for newer equipment, but for the purpose

of the prototype we require the user to select it by hand.

Get Location

No match

Get attached 
equipment

Raise error

No match

Retrieve Task 
information

Match

Match

Match to field

Match equipment

Figure 4.8: Determining current task in plant production based on available information.

As stated above, we can determine if the tractor is in a �eld by accessing the

built-in GPS unit and available geospatial information. To determine if the current

situation matches a task, we need information about the next task associated for the

�eld, and the equipment needed to carry out the task, determine if the equipment

matches the task. Figure 4.9 shows a simpli�ed ontology for tasks. Depending on
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the exact task and level of technological support, additional information may be

included in the ontology. For instance, the dates where the tasks are carried out

may be used to determine if the current tasks would be carried out at the correct

time, or weather information can be checked to determine if it is an opportune time

to carry out tasks like pesticide spraying.

Task

Field

has-previous

has-next

has-tasks has-field
next-task

Equipmentuses

Figure 4.9: Simpli�ed ontology of the task concept for tractors in �elds.

Aswith the �rst application prototype, one of themain goals is to record inform-

ation which needs to be reported. �is includes the crop and the use of manure and

pesticides. When the current task is know, we can provide a user interface suitable

for entering only the information which cannot be determined automatically. How-

ever, an many cases it is possible to do better than that. A modern pesticide sprayer

can detect the amount of liquid sprayed from each nossle. If we record this informa-

tion, we can determine the exact amount of pesticide used, providing we also know

the dose used in the sprayer.

For other types of work in the �eld, such as inspecting crops, the task can o�en

be determined by location and the fact that no tractor is present. In this case, loc-

ation would be determined by a GPS unit in or paired to a PDA. However, we will

most likely not be able to determine the speci�c task, but could support a situation-

like approach, limiting the number of possible tasks.

�e second application prototype was never completed during the project. �e

needed middleware for supporting the application was designed, including a con-

text model and an initial design of the applications was created, but it was not im-

plemented beyond a horizontal prototype.

4.2.2 Middleware Prototype

To obtain the data needed in the application prototype, we need middleware that

supports some coordination model and a component model which allows for load-

ing components on demand. �e coordination model is needed for service dis-

covery and integration, while the component model is needed for �exibility. We

also need some representation of the data in the form of a context model. �us,

for the second version of the middleware, the responsibilities where extended to in-
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clude a contextmodel that would be general enough to potentially support the entire

agriculture domain and created a dynamic, declarative component and connector

model.

To support the application, we need a number of services:

• Administration service,

• Context service, and

• Discovery service.

�e Administration service corresponds to the existing, central database, where

information about �elds are stored. Ideally, this would be integrated with other ad-

ministrative services, allowing for a single, central service. While other services are

not available at the time of writing, additional application speci�c service would in-

clude services local to a farm, for instance for storing information about equipment.

For the purpose of the prototype, we have simply used the existing service, instead

of creating our own.

�eContext service replaces the Location service of the �rst version of themid-

dleware, and extends it to provide a full context model.

�e Discovery service provides service discovery in the local network, and al-

lows for registering remote services, so they may accessed by local devices.

Together, these services provide for implementation of the plant production

case, by using existing adminsitrative systems for storing and retrieving data about

�elds. �e context service allows for retrieving and dissemination of contextual

events. �e service can be used for updating location of users and machinery, and

for triggering the delivery of alarms and other noti�cations for the user. For sub-

scriptions to context, the service uses a publish/subscribe type system described in

section 7.1. �e discovery services ties the application with services provided both

locally and globally, using a semantic service matcher, as described in section 7.3.

Context Model

�e context model is ontology based. Ontologies where chosen for a number of

reasons:

• Extendability,

• expressibility,

• interoperability.

Extendibility refers to the fact that ontologies can be extended when needed to rep-

resent new types of context, whilemaintaining the previous structure. Expressibility

refers to the properties of ontologies for expressing context compared to other ap-

proaches. For instance, it is easy to add meta data to an ontology. �is is discussed
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in more detail in section 5.2. Interoperability comes from the use of standard nota-

tion and tools for creating and interacting with a context model described using an

ontology.

Ontologies can be extended by domain experts, using publicly available tools,

such as Protege-OWL [77], allowing for adding new concepts to the context model

for new applications. For testing purposes, we havemostly used an existing ontology

by Zhang [120], but extended it for use with the prototype. �is mostly involved

adding concepts speci�c to agriculture (Figure 4.10).

Field

Location

Person

Location

hasLocation

LocationCo
ordinates

hasCoordinates
hasCoordinateSet

*

Task

hasTasks

*

Figure 4.10: Part of the context ontology of Kilo.Two prototype.

Context is updated in the context service by having context sensors send in-

stances of concepts in the context ontology to it. Similarly, consumers of context

subscribe to changes in context using statements written in SQWRL [94]. SQWRL

allows for a simple syntax for de�ning queries of ontologies. It is basically an exten-

sion of SWRL [64], with SQL like selection. Subscriptions to context are in principle

the same as subscriptions to published messages for the Messaging service, which
is described in section 7.1.

Service Model

In the Kilo.Two prototype services are externally represented as OWL-S services

(described in section 2.3). �at is, a service is de�ned by

• a pro�le,

• a model, and

• a grounding.

�e pro�le describes what the services does, the model describes how to use the

services, and the grounding describes actual access including message format and

address.
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OWL-S where chosen for two reasons: It includes a grounding for web services

de�ned with WSDL, and it uses OWL to describe relevant ontologies, meaning we

can use our context ontology for describing pro�les of the services. Furthermore,

OWL-S allows us to match services by providing a, possible partial, service descrip-

tion of the service we need, and then have match it to available services using se-

mantic matching, as described in section 7.3, and has existing tool support.

�us, the interface for a service is a WSDLdescription of a web service. To im-

plement this, the middleware provides support for exposing an interface as a web-

service, using the built-in web service technologies of Microso�’s .NET [87] in a

way that is similar to our work in using ArchJava for service oriented prototyping,

described in section 6.4.

Component and Connector Model

�e connectormodel is, in essence, the same as forKilo.One. �emain di�erence is

the addition of a declarativemodel, which basically de�nes the run-time component

and connector view of the application using an external description. �e connector

model is essentially the same as for Kilo.One, except for the addition of a loading

mechanism.

While accessing di�erent types of equipment, which may have to be handled in

di�erent ways, should be encapsulated in connectors, a dynamic component model

allows for supporting dynamic loading of components in the style of component

models like OSGi [114]. �ere is no existing OSGI-like component model for .NET,

although other authors have implemented similar component models, for instance

Esco�er et al. [45]. �e main problem for developing this kind of model in .NET is

the fact that .NET does not support unloading individual classes from an applica-

tion domain, meaning that while we can dynamically load new code, doing so will

lead to a bloated application domain since unused code cannot be unloaded. Is also

makes it impossible to update at run-time to a new implementation of an existing

name-space. Technically, an application programmer could load components into

separate application domains in the same program. �e advantage of this is, that

while components cannot be unloaded from an application domain, it is possibly to

unload the entire domain. �emain drawback is that application domains can only

communicate by passing messages to each other through a loopback network in-

terface, making communication slow. �e Kilo.Twomiddleware does not provides

support for loading components into separate application domains, although it is

certainly possible to extend it with this support. In the middleware, components

are stored as dll �les, which can be loaded on demand.

�e component model instead assumes that components are loaded start-up,

using an external description. Currently, this description can be either of two op-

tions:

• A customized XML format descriping components, connectors, and their re-

lations or
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Listing 4.3: Standard Kilo.Two component with a Component attribute de�ning the ex-

ternal description.

namespace Kilo.Two.Components
{

[Component("http :// localhost :9999/ ontologies/kilo.owl
#Component")]

class Component : IComponent
{

...
}

}

• an ontology describing the structure of the application at run-time.

�e customized XML format is a simple description of components and connect-

ors to load, and an “architecture” which simple describes a list of connectors which

should be bound to at least two components. For reference, the XSD schema is in-

cluded in appendix B.1.

Using an ontology instead in principle allows for describing the same, but using

OWL instead. �at is, instead of being types in XSD, components, connectors, and

architectures are concepts in an ontology, and relations between them are expressed

as relations in the ontology. �is approach is described in section 7.2. To de�ne

where these descriptions can be loaded, we employ C# attributes as illustrated in

listing 4.3 with the use of a Component.
While both descriptions allow for describing the local structure of a program,

the OWL-based description includes the possibility of describing required services

as well as components. �is allows for a more declarative description of the struc-

ture of the application, since required services and components can be expressed

in terms of component and service types in an ontology, while the XML format re-

quires speci�c information about where a particular component can be loaded. As

such, they serve slightly di�erent purposes.

Whether using the customised XML format or an OWL description, at run-

time a loader retrieves the descriptions and use them to setup correct connectors

and, in the case of the OWL description, locate appropriate remote services using

the Discovery service, and then load the appropriate connectors and components.

4.3 Summary

During the course of the project, we have created four related prototypes; two ap-

plication prototypes and two middleware prototypes. �e �rst middleware proto-

type had amain focus of supporting the �rst application prototype, while the second

middleware prototype attempted to generalise the lessons learned from the deploy-

ment of the �rst prototype, while supporting the new requirements that originated
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from the second application prototype.

�e development of prototypes drove the project. First by gathering require-

ments for the prototypes with �eld studies, interviews and focus groups and later by

being test-beds for technologies and design suggestions and the focus of evaluation.

While this chapter has described the prototypes developed during the project,

the scienti�c results are described in part II.
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�e following part describes the research carried out in the project, providing

descriptions of previous work where appropriate and concludes with summarising

the results of the project.

chapter 5 Context Awareness describes context and context aware middleware. To

facilitate the discussion, it also includes an overview and de�nition of mid-

dleware and describes a layered middleware model. It also provides a survey

of some existing context aware middleware systems, and describes context

awareness in agriculture and how it can be supported using standard semantic

web technologies.

chapter 6 First Class Connectors discusses �rst class connectors in various forms,

and relate them to notions of coordination and coordination languages. It

concludes with describing how �rst class connectors can be utilised for pro-

totyping service oriented architectures.

chapter 7 Semantic Modeling describes semantic web technology and how it can

be used for various areas of middleware and context awareness, including ar-

chitectural description, context models, and publish/subscribe.

chapter 8 Summary and Conclusion restates the research questions and hypothes-

ises and summarises and concludes upon the results.



60



Chapter 5

Context Awareness

Context awareness has become an increasingly important part of computer systems.

�is is in part due to the increased mobility of computers and other computational

devices. By context awareness, we understand the use of context on runtime, to

provide better or more precise service to the user. As an example, consider the

emerging popularity of location aware systems, currently the most common type

of context used in real world applications, thanks to the increased ubiquity of cheap

GPS devices. Modern PDA applications utilise the awareness of the current loca-

tion to provide more valuable or easier to use services, for instance by immediately

providing a list of nearby points of interest, without requiring the user to enter the

address of his current location. Another example of a context aware application is

car navigation systems, which also relies on knowledge of the current location. Sys-

tems using other kinds of context are less common, but a number of applications us-

ing proximity are available, although this “proximity-awareness” might sometimes

be as simple as de�ning two devices as being in proximity of each other because they

are within the Bluetooth range of approximately 10 meters.

By context, we understand information about the environment in which the

computer application or system is executing:

Context is any information about the environment, whether the comput-
ing environment or the physical environment, of a computer application,
system, or person which can be used at runtime to determine the beha-
viour of the application or system.

By Contrast, the following de�nition is due to Dey [40]:

Context is any information that can be used to characterise the situation
of an entity. An entity is a person, place, or object that is considered rel-
evant to the interaction between a user and an application, including the
user and applications themselves.

While the two de�nitions may seem similar, Dey refers to the situation of an en-
tity. However, this clashed with a de�nition of situation awareness, due toMeissen et

61
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al. who, by using the de�nition of context due to Dey, de�nes situation awareness as

context related to an individual, and de�nes as hierarchy of situations [86] for these

individuals. Consequently, we prefer to separate context- and situation awareness

as two distinct types of “aware” systems. While context awareness includes any kind

of information relevant to a system, situation awareness is only concerned with the

context of individuals, and includes a hierarchy of situations with increasing pre-

cision, as illustrated in �gure 5.1. Furthermore, our de�nition of context does not

mandate that context information is related to a speci�c entity. Also, the de�nition

byDey focuses on interaction between the user and the application, thus not includ-

ing applications that do not interact with any user, but may still nonetheless bene�t

from context awareness. �us, our de�nition is more general than the one by Dey.

As an example of context which is covered by our de�nition, but not by Dey’s, con-

sider the current Unix time. Since the current Unix time is part of the environment,

it is context. However, it is not related to a speci�c entity1.

Travelling
Driving

Walking

Car

Bicycle

Figure 5.1: Sample hierarchy of traveling situations.

To further characterise context, we divide it into di�erent types:

• Internal,

• external, and

• pro�les.

Internal context refers to information which is internal to the device or computing

system the application is executing on. �is could include processing power, bat-

tery life, available services and so on. External context refers to information outside

devices, for instance the current location of a device or person, the current situation

of the user or other users and devices in the vicinity. A pro�le is information related

to a speci�c entity. In the case of a user, this might include a users name, address,

and preferences. In the case of an application, it might include requirements for the

execution environment of the application, such as minimum processing power or

minimum network bandwidth.

1 Purists might argue that the current Unix time is related to a single hardware entity, since exact

synchronisation is impossible.
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5.1 Context

From Weiser’s and his colleagues’ early prototypes of ubiquitous systems, context

has played an important role. In their system, the only real context was location,

but this has proven to also be the most widely used.

Schilit et al. describe a model for what they term mobile distributed computing
[103], where context plays an important role. In their model, users interact with

embedded, mobile, and stationary computers during the course of a day, meaning

that computing will not take place in a single context. In an earlier paper, Schilit and

�eimer introduced the term context-aware and context-aware systems as systems

which adapt to changes in location and the collection of nearby entities, whether

they are people, devices, or other resources.

Schilit et al. do not present a formal de�nition of context, but restrict themselves

to stating that context has at least three important aspects [104]:

• Where you are,

• who you are with, and

• what resources are nearby.

Resources could be things such as connectivity bandwidth and cost, but other in-

formation like lighting- andnoise-levelmight also be of interest. �at is, they provide

a prototypical de�nition of context.

�e work is based on the ParcTab mobile device [117], which is basically a small

graphical terminal which communicates through an infrared network. �e location

of a user is then simple to identify, since infrared receivers for the network do not

span multiple rooms. While this relatively simple device implies relatively simple

experiments, it nevertheless allows for experiments with proximity selection, for in-
stance changing the focus of the user interface to display nearby devices or services,

allowing the user tomake a faster selection. Other experiments are contextual recon-
�guration and contextual information and commands. Recon�guration is the pro-

cess of adapting the mobile distributed computing system to the changing context

by adding or removing components, while contextual information and commands

refers to helping the user make informed choices or even act on behalf of the user

depending on context. �e classical example is having a print command print to the

nearest printer based on location information. Finally, systems may trigger actions

based on context. �is is similar to contextual commands, but happens automatic-

ally.

While the prototypical approach described above to de�ning context has its

merit, and some philosophical underpinning starting withWittgenstein [119], it has

some limitations in our opinion. While they provide an intuitive understanding,

they do not necessarily lead to stringent research methodology. More formal de�n-

itions based on the characteristics of the concepts provide concise de�nitions allow-

ing for a�rming that an observed phenomenon belongs to a speci�c concept. �is

is approach derived from the philosophy of Plato’s world of ideas [95].
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Dey and Abowd presented an early survey of context-aware computing, and

present de�nitions and categories of context and context-awareness [41]. �e ex-

pressed goal is an operational de�nition of context, and they observe that the most

operational de�nitions all include as part of the environment:

• �e computing environment,

• the user environment, and

• the physical environment.

However, they also observe that these enumerations of context are too speci�c since,

depending on the application, some context may be important, while other context

may be completely immaterial.

Besides the previously mentioned de�nition of context due to Dey, he also pro-

vide a de�nition of context awareness [40]:

A system is context-aware if it uses context to provide relevant inform-
ation and/or services to the user, where relevancy depends on the user’s
task.

In this de�nition too, interactions between the application and the user are in focus.

We believe that this limits the scope of context-aware applications unnecessarily.

�is is described in more detail in chapter 5.

Dey also suggests a situation abstraction, as a collection of state of devices and

aggregators, as an addition to the concept of context, this di�ers slightly from our

use of the term.

Zimmermann et al. observes that the two methods introduced so far for de�n-

ing context both have �aws [121]. �ey argue that the prototypical approach su�ers

from incompleteness of the de�nition, while the classi�cation approach su�ers from

generality, and o�en includes self-referencing de�nitions, by using terms like con-
text, situation, and environment with similar meaning.

Instead, they suggest a formal and operational de�nition, which can be used to

communicate with users during development. �e de�nition has three parts:

• A general de�nition,

• a formal description of the appearance of context, and

• an operational de�nition of the use and dynamic behaviour of context.

To come up with a de�nition that is general, Zimmermann et al. assume the above

de�nition by Dey, but extends it by de�ning �ve categories in which context may

belong:

• Individuality,

• activity,
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• location,

• time, and

• relations,

where the activity de�nes the relevant context, and time and location drives the

creation of relations. �e idea is to order context by maintaining that any informa-

tion about an entity belongs to one of the above categories. Individuality describes
the entity itself, activity contains all tasks the entity might be involved in, location
and time contains spatial-temporal information, and relations contains information

about any possible relation the entity can establish with other entities.

�e individuality context can further be re�ned into context groups depending

on four entity types:

• Natural,

• human,

• arti�cial, and

• group.

Natural entities occur naturally. �is includes plants and rocks. �e group also

includes information about interaction with these entities. �e human group in-

cludes information related to humans. �is could include preferences and personal

favourites needed by applications to make decisions on behalf of the user. �e ar-
ti�cial group includes phenomena that exist because of human actions or technical

processes. It includes anything created by humans, such as buildings, computing

hardware, and sensors. �e group group is used for representing the structure of

groups of entities and their common properties. �at is, the entire individuality

context describes what Dey de�ned as entities in his de�nition of context.

�e activity context represents current and future tasks and goals. �is context

is highly domain dependent, so we will not go into further detail.

�e location context represents locations, whether physical or virtual, as well as

information like speed and orientation. Physical location refers to the placement

of entities in the physical world, either de�ned in a quantitative or qualitative way.

Quantitative location information is de�ned in terms of coordinates, while qual-

itative information is de�ned in terms of symbolic names and their relations, for

instance the layout of rooms in a building. Quantitative and qualitative location in-

formationmostly serve two distinct purposes. While qualitative information is easy

to understand for humans, computers in general need quantitative information for

most purposes.

�e time context basically represents anything to do with time, such as time

stamps, periods, andmore general terms, such as workday and weekend. It is gener-

ally used to order context and events. It may also include process-oriented concepts,

like work �ows.
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�e relation context captures relations established by an entity with other entit-

ies. Relations themselves may be determined by either temporal or spatial proper-

ties, like proximity, but the set of relationsmake up the relation context. �e relation

context is further divided into three relation contexts:

• Social relations,

• functional relations, and

• compositional relations.

Social relations include any social aspect of the entity such as friend, co-worker,

and relative. Importantly, an entity always has a role in the relationship, since re-

lationships di�er in intimacy and sharing. A functional relationship indicates that

one entity uses another entity for some reason. For instance, a human could use a
computer or give a presentation. Compositional relations describe the relationship
between the whole and their parts. �is includes the common notions of associ-
ation and aggregation. A visual overview of this taxonomy of context categories is

provided in �gure 5.2.
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Figure 5.2: Context categories, as de�ned by Zimmermann et al. [121].

Another approach to organising context is to look at di�erent levels of context.

An early attempt at distinguishing between “raw” context and concepts at a higher

level was done by Hull et al. [66]. In their work, they assume a scenario with wear-

able computers, thus the focus is on the immediate situation surrounding thewearer.

However, other context also becomes important such as power consumption and
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the capacity to transfer data. However, the most interesting aspect, which the au-

thors only brie�y touch, is the distinction between context- and situation awareness.

�eir use of the term seems to match our use, as described previously.

Another look at situations by Meissen et al. is concerned with modelling situ-

ations as being a collection of context variables [86]. �ey take o�set in a de�nition

due to McCarthy and Hayes [81], which can be paraphrased as:

A situation is a presentation of the current state of the world.

�e context variables in their model are all simple values, which can be measured

and do not require any reasoning. �ey distinguish context and situation by not-

ing that context, as de�ned as the collection of all context variables, may change

slightly over time even though the situation does not change. Instead, situations are

de�ned by mapping context variables to characteristic features of a situation. For
instance, the context variable velocity = 2 km/hmay be mapped to the charac-

teristic kindOfMovementSlow. �us, a domain- or application speci�c mapping

between context variables and characteristic features of situations must be de�ned.

For generalisation and specialisation purposes they furthermore de�ne graphs of re-

lationships between characteristics for use in inference rules. I.e. a meeting taking

place in a certain conference room also takes place at a certain address. Similarly,

for situations there is always a former, current, and upcoming situation, where the

upcoming situation is an expected situation, for instance based on the calendar of

the user.

�is de�nition of situation allows for creating chains of situations for a single

user, and de�ning operations on characteristics and situations. For characteristics,

they de�ne the following operations:

• generalise(cs1, cs2) → csr,

• fulfills(cs, p) → True, False, and

• compare(cs1, cs2) → [0, 1] ⊂ R.

generalise(cs1, cs2) �nds the �rst common generalisation csr of cs1 and cs2 in
the hierarchy of characteristics. fulfills(cs, p) determines whether a set of char-

acteristics ful�ll the requirements of a situation patternp. Finally, compare(cs1, cs2)
calculates a comparison based on subsumes-paths in the graph.

On situations, they de�ne the operations:

• previous(s) → sp,

• next(s) → ss, and

• combine(seq) → sr.

previous(s) and next(s) determine the predecessor and successor of a situation

respectively, while combine(seq) �nds the a generalisation of the situations in seq
according to the graph of situations.
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5.1.1 Using Context

Oneof the �rst examples of context aware applications are the applications described

by Weiser [118], which utilise location information for automatic re-routing of tele-

phone calls or locating users. �is is an example of proactivemiddleware , in that it

makes decisions on behalf of the users based on context information. In contrast,

reactivemiddleware does not make decisions on behalf of the user, but may change

behaviour in its interaction with the user, based on available context. As a simple

example, consider a map application on a mobile device with a GPS unit. When no

location information is available, it might open with the map centred on the home

of the owner. However, if it has a more up-to-date information about the current

location of the user, it can instead open the map centred on this location. �is is ac-

tual common behaviour for many map applications. Furthermore, it might decide

how much of the map to show, for instance based upon knowledge of the precision

of the location information or the current speed. If the map is used for navigation

in a car,

Barkhuus and Dey have examined the reaction of users to di�erent levels of

interactivity with context-aware applications [10]. �ey de�ne three levels of inter-

activity:

• Personalisation,

• passive context awareness, and

• active context awareness.

For personalisation, there is no context-awareness taking place. Instead, individual

users tailor or customise the applications they use for their needs, perhaps depend-

ing on the current situation, but always by conscious choice. Formobile computing,

devices are typically personal, and therefore potentially open to the widest array of

personalisation options, since they will not a�ect other users. For passive and active

context awareness, the authors use as an example a mobile phone which updates

the time zone based on information received from the cellular network. In their

de�nition, an active context aware application would do so automatically, while a

passive application would present the user with a choice of updating the time-zone.

At �rst, this might seem similar to our de�nition of proactive and reactive context

aware systems. However, there is a profound di�erence. Reactive systems changes

their interaction with the user, based on available information, whereas proactive

systems make choices on behalf of the user, so there are levels of interactivity, and

levels of control of the user, as illustrated in �gure 5.3. �is gives rise to four di�erent

types of context aware systems:

1. Active interactivity and reactive context awareness.

2. Active interactivity and proactive context awareness.

3. Passive interactivity and reactive context awareness.



5.1. Context 69

4. Passive interactivity and proactive context awareness.

If we consider the above mentioned examples, the map application is an example of

a reactive, active context aware system. It is reactive since it does not decide to show

the map, the user does, but it is an active application if it does not ask the user if he

wants to centre the map on the current location. For the mobile phone example, a

device that automatically sets the time-zone is proactive, since the user does not ask

to get the current time, but it may be either passive or active as described above.
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Figure 5.3: Levels of interactivity are orthogonal to the type of context aware system. With

decreasing interactivity and increase in proactive choices, the user gradually

looses control.

Baarkhus and Dey note that there is a general agreement that di�erent levels

of interactivity exist, but researchers di�er in where to separate them, with de�n-

itions similar to their passive and active systems, and our reactive and proactive

systems. Combining these two approaches in describing interactivity and control of

the user provides a better understanding of the amount of control le� for the user,

but we note that our resulting four categories do not have clearly de�ned bound-

aries. Baarkhus and Dey further concludes that users seem willing to loose some

control but only as long as the usefulness of the application is greater than the cost

of limited control, supporting our position of using participatory design for context

aware systems. Cherverst et al. describe pull and push levels of interactivity [31],

where the push system would fall into the category passive and proactive, and the

pull systems is somewhere between personalisation and passive and is reactive, in

that the user actively requests information.
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5.2 Context models

An important decision in systems for context awareness is the design of the con-

text model. For simple systems, like the location aware systems currently becoming

mainstream, a simple, static model might be su�cient. If you know that the only

context supported will be location, simply implementing a location API will nor-

mally su�ce.

Inmore general context-aware systems, wemight have an idea about the kind of

context which should be supported and, equally important, what kind of operations

we want to be able to do on the context information. Typical operations include

• storing and updating context,

• retrieving context, and

• aggregating context.

While not all systems store context for later retrieval, updatesmust at least be propag-

ated to interested parties, so in some cases, updating and retrieving is more like a

single push-operation, similar to publish/subscribe. In both cases, clients must be

able to express what context they wish to retrieve or obtain noti�cations about. For

context aggregation, it must be possible to combine the low-level, sensed context

into meaningful higher order context. While most context models support aggreg-

ation, they di�er in how well existing tools support this. �is ranges from having to

program speci�c aggregation code for an application, to using o�-the-shelf tools to

perform it, although how to perform the aggregation, i.e. what should be combined

to create higher-order context, will have to be de�ned in all cases.

�e most common context models are

• key/value pairs,

• markup-based,

• object-oriented,

• logic-based, or

• ontology-based.

Key/Value pairs is one of the oldest, and arguably most widely used models. Schilit

used key/value pairs to model context by allowing programs to access variables in

the environment [105]. Key/value pairs are easy to implement and use and, if com-

bined with some form of structure for grouping keys belonging to the same entity,

can easily be used to describe e.g. pro�les of entities. �e main drawback of key/-

value pairs is the lack of advanced structure, making retrieving and manipulating

context more di�cult.

Markup based approaches typically employ an XML-based model, allowing for

semi-structured context-data. Depending on the exactmodel, themarkup language
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can bemore or less restrictive. Approaches range from static hierarchies for express-

ing pro�les to dynamic hierarchies where the interpretation is le� to the application.

Object-oriented context modelling uses the techniques known from object-ori-

entded languages to de�ne a model. It does not necessarily have to be build using

class-hierarchies directly, for instance UML can be used to de�ne the model and

operations on context can then be operations on the UML model.

Logic-based models are similar to key/value pairs, but use �rst-order logic for

expressing higher-order or derived context. As such, sensed context is expressed as

facts, while other context is expressed by means of rules and expressions. �is gives

a context-model with a high degree of formality. It also means that context will typ-

ically be stored, since the logic-engine will maintain a model of the current context

for evaluations. Adding, updating or removing context then amounts to performing

the same operations on facts, while deriving context amounts to inferring it using

rules.

Ontology-based models are in some ways similar to markup based approaches,

in that they o�er a semi-structured context model, but they can also infer higher-

order context using rules. In an ontology based model, context is instances in an

ontology. Updating context is then done by operations on instances, adding, chan-

ging, or removing them. Like in logic-based models, it is possible to add rules and

expressions to the ontology, which infer higher-order context by creating new in-

stances of concepts.

Strang and Popien provide a suvey of the di�erent context models [111], and

provide a set of requirements that the models should ideally have:

1. distributed composition,

2. partial validation,

3. richness and quality of information,

4. incompleteness and ambiguity,

5. level of formality, and

6. applicability to existing environments.

Distributed composition is a requirements that originates with the use of context

awareness in ubiquitous computing. Since devices are distributed, so is the gather-

ing and use of context will be distributed. While not all context aware systems will

actually need this, the context model should preferably support it. Partial validation
originates in the previous requirement. If the gathering and use of context is dis-

tributed, complete knowledge cannot be assumed for any given device, it should be

possible to validate part of a structure. Preferably, it should be possible to support

indication of richness and quality of information, since richness and quality of in-

formation varies over time for a single sensor and between sensors. Since di�erent

sensors may provide con�icting information and all information is not necessar-

ily available at all times, the model should support incompleteness and ambiguity
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of information. Level of formality covers the need for providing interpretations of

terms used in describing context. �at is, it should allow for meta-level descrip-

tions of the terms used. Finally, applicability to existing environments means that

it should be suitable for whatever infrastructure already exists for ubiquitous com-

puting. �e authors examine the di�erent models used for context and observe that

they ful�ll di�erent subsets of the requirements. For instance, the only real bene-

�t of key/value pairs is that they �t into existing environments, since they mainly

rely on tools available in all programming languages to interpret. Markup based

models provides partial validation since they are de�ned be schemas, but su�er for

describing for instance ambiguity of information. �e main drawback of object-

oriented models is the lack of formality, since information is encapsulated. On the

other hand, they provide easy distribution, allows each object to validate itself and

can be integrated directly into existing object-oriented systems, although they may

be heavy on resources. For logic-based models, the level of formality is extremely

high and values can be distributed, but they are not suited for describing incom-

pleteness, ambiguity, or quality of information. Furthermore, adding the model to

an existing environment requires addition of tools for processing the logic. Finally,

they observe that the only real drawback of ontology-based model is that adding

the model to an existing requirement requires tools for manipulating and querying

the ontology, that they are especially good for partial validation and that quality of

information and ambiguity can be added as data in the ontology.

To actually use context, applications need a method for accessing it. While the

application may collect the context directly, conceptually, context is collected by

sensors. From a so�ware perspective, a sensor is a module which collects informa-

tion. If the sensor collects external context it might also refer to a speci�c hardware

device, such as a thermometer for temperature. In the simplest version, an applica-

tion contains sensors or access them directly, to collect context information which it

may then use. However, context collected directly by sensors from the environment

is usually very simple, and too simple to use directly in most cases. Instead of rely-

ing on the application to make use of this simple context, aggregators are modules

which collect context information from sensors and aggregates it into higher level
context. As an example, a simple aggregator may use information from the calendar

of a user and the current time to deduce which task a user is, or at least should, cur-

rently beworking on. Notice, that since an aggregator provides context information,

in this case a task, it is conceptually also a kind of sensor. Aggregation may be more

or less advanced. When referring to aggregation with extensive computations, we

will o�en refer to it as reasoning about context. Figure 5.4 shows an ontology of the

concepts in the context aware system.

5.3 The Role of Middleware

For distributed systems using context awareness, middleware should provide com-

mon services for all clients using context. �ese services include, but are not neces-
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Figure 5.4: Ontology of Entities in a Context Aware System.

sarily limited to:

• Gathering context,

• aggregation and reasoning, and

• sharing context.

Other services which are common, but not necessarily available in all context aware

systems, are context history and context-aware storage. Other systems, like JCAP

[9] also focus on security of context information, allowing for using it in settings

where context data might be con�dential.

For gathering context, the middleware should control sensors in the environ-

ment by discovering sensors and setting up aggregators to provide higher level con-

text information. �e middleware should also provide an API for letting clients ac-

cess context based on their needs. It is then the responsibility of the middleware to

gather the context from appropriate sensors, and possibly set appropriate reasoning

rules.

Sharing of context can basically be either a push or a pull model. In the push

model, a client registers interest in certain context with the middleware, and when-

ever updated context information becomes available, the middleware pushes the

information to the application. In the pull model, the application retrieves context

information from the middleware whenever it is needed.

�ese twomodels are related to two distinct types of context aware middleware:

• Proactive, and

• reactive,

as discussed in section 5.1. Proactivemiddleware supports applications where events

in the form of changes in context results in actions by the application. In this case,

the push model is the most appropriate, since it allows for applications to use an

asynchronous model to create reactions to changes. Reactive middleware supports

applications which alter their behaviour based on current context. In this case, a

pull model is o�en the most appropriate, since applications will only have to lookup

context when they have a use for it.
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Several middleware systems for context awareness have been developed, as de-

tailed in section 5.4. If we focus not on the individual systems, but there intended

use, we can make a number of observations:

• Context aware middleware is o�en intended for a speci�c domain.

• �e middleware is o�en created for use in speci�c locations, where some in-

frastructure can be assumed.

• �emiddleware is o�en designed using an underlying technology whichmay

or may not be suitable in the domain.

�at context awaremiddleware is o�en created with a speci�c domain , or a number

of related domains, in mind is not surprising. If we look at the layers of middleware,

as de�ned by Schmidt [106], which is described in section 2.1, context awaremiddle-

ware will o�en concentrate on common middleware services and domain-speci�c

services. �e reason for this is, thatwhat types of context should be supported highly

depends on the domain, making services that uses this context an important part of

the middleware.

5.4 Context Aware Middleware

�e work in this section is based on and extends work previously published [73].

As described in section 2.1, we take o�set in a rather informal de�nition of what

constitutes context aware middleware, but notes that it is in general an abstract

layer between the operating system and the applications in a distributed system (�g-

ure 5.5).

Application Application

Middleware Middleware

Network Network

Physical Network

Figure 5.5: Middleware provides abstractions between applications and the network stack

in the operating system.

�us, the role of middleware may vary, but it is intended for a speci�c class of

applications, whichmay contain a smaller or larger number of possible applications.

Even though middleware may claim to be suitable for general distributed systems,

underlying assumptions o�en imply a more narrow class of systems or systems for

use in a speci�c domain or environment.
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For middleware for context awareness, the intended class is obviously limited to

applications that somehow use context, but they may still be further limited by ad-

ditional assumptions. Other limitations may be due to the choice in context model.

Di�erent context models have di�erent expressibility, and some systemsmight even

use some form of static context model, limiting the application domain further. For

instance, some systems only support location information.

5.4.1 Categorising Middleware

To categorise context aware middleware, we look at a number of properties dis-

covered by surveying the middleware. To ensure that the properties where actually

founded in the systems surveyed, we used the Grounded �eorymethod which is a

generally accepted scienti�c method for qualitative exploration of real world phe-

nomenas [55]. In grounded theory, observed phenomena are observed, grouped and

then “coded”, giving them names. In this way, we come to the following top-level

properties:

• Environment,

• storage,

• re�ection,

• quality,

• composition,

• migration, and

• adaptation.

�e resulting taxonomy of properties is shown in �gure 5.6.

Middleware systems o�en make explicitly stated or implicit assumptions about

the intended environment of deployment. Middleware systems might be intended

for environments with a static infrastructure to o�er common services to the mid-

dleware or to applications. We say that these have an infrastructure environment.

Other systems might only assume that devices have a method of communication

between devices in the distributed system to implement coordination abstractions.

Such systems are self-contained, in the sense that they do not rely on resources out-

side of the devices that the end-user applications are deployed on.

Some systems provide either storage for context or utilise context to store data,
allowing it to be retrieved based on context parameters. For instance, some systems

provide a �le systems where data is stored according to context parameters as op-

posed to a hierarchical directory structure. In this way, applications can store and

retrieve �les based on their current context. Stores of context allows for applications

to retrieve context from the store instead of retrieving it directly from the source,

and might also provide context history.
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Figure 5.6: Taxonomy of Context-Aware Middleware concepts.

Some systems include re�ective mechanisms, allowing applications to access

meta data describing either

• the application itself,

• the middleware, or

• context information.

�emeta data can allow for inspecting the information, ormight allow for changing

behaviour of various parts of the system by manipulating the meta data. For the ap-

plication, thismight alter its behaviour. Formiddleware it could alter behaviour, but

also alter descriptions of the service the application expects from the middleware.

Representing entities as meta data is sometimes referred to as rei�cation, while the
process of altering entities or their behaviour is referred to as absorption [33].

For our purpose, quality is a measure of howwell a service can be performed, or

how correct data is. For context aware middleware, quality usually refer to quality

of service, in that applications might change their quality of service requirements

depending on changes in context. Other systems provide quality measures on the

context o�ered. One obvious quality measure for context is its age, but other meas-

ures have been used.

Some systems adapt to changes in context by o�ering context based component

composition. For instance, entitiesmight be automatically composedwith other en-
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tities in their vicinity by dynamically loading the appropriate components, or com-

position might be changed due to context events, for instance changing network

access by loading another component.

Migration based on context is used in some systems to provide seamless trans-

fer of applications supporting speci�c tasks to the current location of the user, or to

transfer applications to access resources that are not available at the device they are

currently residing on. �emigrationmight be automatically decided by themiddle-

ware, or it might support the application in making the decision. �is is somewhat

related to adaptation.

Context aware systems typically provide di�erent ways for adapting to changes

in context, with di�erent levels of support from the middleware. Context may be

used by either the middleware, the applications, or both to adapt to the changes.

While the applications may use any method to adapt to the middleware, we have

observed three variations of adaptations performed on the middleware level:

• Transparent,

• pro�le based, and

• rule based.

In transparent systems, the middleware reacts to changes in context without noti-

fying the application, o�en in a way that is not even observable by the application.

In pro�le based systems, the application provides a pro�le describing its needs, typ-

ically in the form of a required quality of service. �e middleware then uses the

pro�les of all applications to provide a service as close as possible to the desired ser-

vice. �is is mostly relevant to middleware systems that deal with internal context.

Rule based systems typically allow the application or the user to provide rules of the

form a → b, where a is a condition and b is a consequence, instructing the middle-

ware to perform b when a is ful�lled. �e consequence can either be an action that

the middleware must perform, or an action it should perform. A variation of rules

is the use of Event-Condition-Action (ECA) rules, which is basically another nota-

tion that is particularly useful in event driven systems, since rules are triggered only

when a speci�c event occurs, meaning that the condition only has to be checked

on matching events. Some middleware further provides help for the application

developer in providing call-backs for speci�c changes in context.

Other aspects of context aware middleware are also important for understand-

ing di�erent systems. �ese include the basic entity of the system and the under-

lying operating system. By “basic entity”, we refer to the entity that constitutes an

application in the system. Some systems support general purpose applications to be

programmed using them, while others group existing applications into for instance

a task entity, which is then the unit manipulated. Other systems assume speci�c

programming paradigms to be used, allowingmanipulation of entities that are com-

ponents of the application. Some systems only run on speci�c operating systems,

while others run part of the system on servers and part of the system on mobile
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devices like mobile phones or PDAs. In other cases, some services are provided by

web applications.

Furthermore, for the systems surveyed we also discuss other di�erences in the

systems. For instance, some are pure middleware, while others are more complete

systems for providing services in e.g. an o�ce setting.

5.4.2 Middleware Systems

Context-Aware Middleware systems have very di�erent characteristics. To better

understand systems, we have applied the taxonomy introduced in section 5.4.1 to a

number of middleware systems in order to show its usefulness.

Table 5.1 provides an overview of the di�erent systems, and shows which parts

of the taxonomy each of them support. �e rest of this section describes each of

these systems.

Table 5.1: Categorisation of Context-Aware Middleware Systems.
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Aura
√ √ √ √ √ √ √

CARMEN
√ √ √ √ √

CARISMA
√ √ √ √

Cooltown
√ √ √ √

CORTEX
√ √ √ √ √

Gaia
√ √ √ √ √ √ √

Kilo
√ √ √ √

MiddleWhere
√ √ √ √

MobiPADS
√ √ √ √ √ √ √ √

SOCAM
√ √ √

Aura

�e basic entity in Aura is tasks [52, 61, 69, 110]. A task is an abstract description of

the work currently undertaken by a user. �e principle behind the system is the Per-
sonal Aura. Aura provides services which manage tasks, applications, and context.

Contrary to most other middleware systems, applications are not necessarily built

on top of the middleware, but are existing applications which can provide a service
the task needs. As an example, consider a task involving editing a text and creating a

presentation. In a Microso� Windows environment, this task can be accomplished

by usingMicroso�Word andMicroso� Power Point as providers of the services edit
document and edit presentation respectively. Tasks canmove betweenAura environ-
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ments, so in a Unix environment, the service providers might be emacs and Open

O�ce instead.

As such, Aura is intended to support everyday work in a context aware manner,

by integrating applications on desktop PCs.

Tasks are controlled by a TaskManager, which handles migration of tasks, while

services are provided by an Environment Manager. Since the tasks are merely ab-

stract representations of a collection of services comprising the task, they can easily

be moved to any environment which can provide the services they need.

Aura provides a Context Observer to manage context. Context information is

used to derive the intent of the user. �e context observer merely collects context,

and reports changes to the Task - and Environment Manager. Depending on the

detail of the collected context, the Context Observer might be able to derive the

current task, location, and intent of the user. �e current task is used for proactively

loading the current task, while location is used to migrate tasks e.g. from the home

to the o�ce of the user. �e intent is used for both tasks and location. If the user is

working at home, but have a meeting scheduled at 10am and leaves the home com-

puter, the Context Observer might derive that the user is leaving for the o�ce, and

migrate the current taskwithout intervention from the user. If theContextObserver

is unable to derive the location or intention of the user, e.g. because of insu�cient

sensors in the environment, the user must explicitly indicate this to Aura.

�emain feature of Aura is the ability to guess the intent of the user, and prepare

the system for the task at hand. �e dynamic migration expects constant network

connections between the di�erent environments, which limits the applications of

the system.

CARMEN

CARMEN primarily deals with resources in wireless settings with temporary con-

nection loss [13]. CARMEN is based on the idea of proxies, mobile agents which

reside in the same environment as the user. If the user moves to another envir-

onment, the proxy will migrate, thus allowing the mobile client to access it in the

new environment. Eachmobile user has a single proxy. �e primary function of the

proxy is to provide access to resources needed by the user. When the proxymigrates,

resources must be made available in the new environment, and this can happen in

either of 4 di�erent ways:

1. Moving the resources with the agent.

2. Copy the resources when the agent migrates.

3. Using remote references.

4. Re-binding to new resources which provide similar services.

�e method chosen depends on the pro�le of the resource.
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Each entity in CARMEN has a pro�le. User pro�les contains information about

preferences, security settings, and subscribed services, among other information.

Device pro�les de�ne the hardware and so�ware of devices. Service component pro-
�les de�ne the interface of services and �nally, Site pro�les group together the pro-

�les which all belong to a single location. �at is, agents in CARMEN keep track of

the location of the user, and uses the pro�le of the entities to migrate accordingly.

CARISMA

CARISMA explores the use of application provided pro�les to adapt middleware to

the needs of the applications [27, 28].

Pro�les are kept as meta-data of the middleware and consists of passive and act-
ive parts. �e passive parts de�ne actions the middleware should take when speci�c

context events occurs, such as shutting down if battery is low. �e active informa-

tion de�nes relations between services used by the application and the policies that

should be applied to deliver those services. �e active part is thus only used when

the application requests a service.

Di�erent environmental conditions may be speci�ed, which determine how a

service should be delivered. At any time, the application can use re�ection to alter

the pro�le kept by the middleware through an XML representation.

To deal with con�icts between pro�les, CARISMA adopts amicro economic ap-

proach [26], where a computing system ismodeled as an economywhere consumers

makes a collective choice over a limited set of goods. In this case, the goods are the

policies used to provide services, not the resources providing them. �e middle-

ware plays auctioneer in a action protocol, where each application submits a single,

sealed bit on each alternative pro�le. �e auctioneer then selects the alternative

which maximises the sum of bids. To determine the bid each of the applications

are willing to pay, functions which translate from pro�le requirements to values are

de�ned. Like pro�les, these functions may be changed at any time through re�ec-

tion. �is type of protocolmakes sense because CARISMAdelivers the same service
to all participating applications.

Cooltown

�eCooltown project is intended to enable wireless, mobile devices to interact with

a web-enabled environment [39]. �e basic principle is that devices, people, and

things have a web-presence identi�ed by a URL, which provides a “rich” interface

to the entity. Users interact with the web-enabled environment using PDAs to in-

teract with the available web-services. As such, Cooltown expects wireless Internet

access when users interact with the system. URLs are passed between devices in

local device to device interaction. E.g. a projector might receive a presentation by

receiving a URL to the �le.

Context in the system is closely tied to the physical environment. For example,

an infrared beacon at the entrance of a room will emit a URL which points to the
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page of the room [11]. When a PDA loads this page, the PDA acts as an interface to

the room, thus changing behaviour based on location context. Other types of con-

text might be used by web-applications by providing web-applications with other

context like time or activity. �e main principle in the collection of context is that

it is provided by web-clients. Depending on which sensors the clients have, web in-

terfaces can adapt to the context they provide. Types of context about the physical

world includes:

• Where,

• when,

• who,

• what, and

• how.

�e context is integratedwith amodel of the physical world, consisting of places,

people and things, and relationships between them. Relationships include

• Contains,

• isContainedIn,

• isNextTo, and

• isCarriedBy,

and is extensible. Relationships are directional, so like hyperlinks they can be nav-

igated in one direction, making them suitable for presenting as web pages. Rela-

tionships have properties, and can be subtypes of other relationships. �e state of

the model is updated automatically by sensing mechanisms ranging from infrared

beacons to GPS.

�e main modules in the architecture are

• Web Presence Manager,

• Description,

• Directory,

• Discovery modules,

• Autobiographer,

• Observer, and

• Control.

Besides the modules, Cooltown o�er tools to build web-presence services (ap-

plications).
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CORTEX

�e CORTEX project have proposed a middleware [43]. �e goal is to support

“Autonomousmobile physical objects that cooperate with other ob-

jects, eithermobile or static, by capturing information in real-time from

sensors event messages propagated in a MANET” [109].

�emiddleware is based on sentient objects. A sentient object senses and views

the behaviour of neighbouring objects, reason about it, and manipulates physical

objects accordingly. Sentient objects dynamically discovers each other, and share

context information.

To support sentient objects, CORTEX provides a middleware based on com-

ponent frameworks, each of which provides a service to the sentient objects:

• Publish-Subscribe,

• Group Communication,

• Context, and

• QoS management.

Publish-Subscribe is used for discovery. While the other component frame-

works support communication, context retrieval and inference, and arbitration of

resource allocation.

�e resulting middleware is con�gured at deployment time and can be recon-

�gured at run-time through a re�ective API to adapt to changes in the environment.

5.4.3 Gaia

�e Gaia Operating Systems is intended to be a meta-operating system [99]. �at

is, a distributed middleware system providing functionality similar to an operat-

ing system. Gaia builds on the notion of an active space, coordinating heterogen-

eous devices in a physical space, typically a single room. Like operating systems, it

provides

• program execution,

• I/O operations,

• �le-system access,

• communications,

• error detection, and

• resource allocation.
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Program execution is supported by the component manager core, which allows

any application to upload components to any node of execution in the active space.

I/O operations are supported by device drivers on each node, and the functionality

is exported to the rest of the active space using distributed objects. Gaia utilises

the Context File-System, which stores �les based on representation of the context.

Both synchronous and asynchronous communication is supported through RPC

and events. Applications can register for event noti�cation in case of errors, and

react accordingly. Finally, Gaia manages resources throughout the active space.

Gaia is structured like traditional operating systems with a kernel providing the

necessary services and applications build with a application framework on top, as

illustrated in �gure 5.7.
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Figure 5.7: �e Gaia meta-operating System architecture. Adapted from Roman et al. [99].

Gaia di�erentiates between location, context, and events and although they can

all be seen as di�erent kinds of context, they are handled by di�erent components.

Context is collected by context providers and higher level context, such as activity,

can be inferred from low level context. An additional presence service deals with

which entities are present in an active space. Four basic types of entities are suppor-

ted: application, service, device, and person.

Context is represented by �rst class predicates andmore complex context is rep-

resented by �rst order logic operations, such as and and or. Applications are noti�ed
of changes in context through events, and can react accordingly.

�eContext File Systembuilds a virtual hierarchy based on context-information

tags on �les and presents a directory structure based on context predicates. For ex-

ample, �les associated with the context location=hopper-338 && present=Kristian
can be retrieved by entering the directory /location:/hopper-338/present:/Kristian.

�e Context File Systems is built with a single server governing the namespace,

while actual �les are imported into the active space using existing distributed �le

systems, such as NFS.
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MiddleWhere

MiddleWhere provides advanced location information to applications and incor-

porates a wide range of location sensing techniques in a model for location [97].

Location information originates in Location Providers and is stored in a spatial data-
base. A reasoning engine uses the location information from di�erent providers to

determine location and a location service uses the spatial database and the reason-

ing engine to provide location with a certain probability. �e system is illustrated in

�gure 5.8.
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Figure 5.8: �e MiddleWhere system. Adapted from Ranganathan et al. [97].

�e location model is hierarchical and deals with three di�erent kinds of loca-

tion:

• points,

• lines, and

• polygons.

Each is represented by coordinates and a symbolic name. Location is represented as

GLOBs (Gaia LOcation Byte-string). For example, a desk could be represented as

Hopper/3/338/Desk1 or asHopper/3/338/(2,4,0), meaning that Desk1 in room 338,

�oor 3 of the Hopper building is located at coordinates (2,4,0) with respect to the

coordinate system of the room. �e room will have coordinates with respect to the

�oor, the �oor with respect to the building, and the building with respect to global
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coordinates. In this case, the desk is represented by a point. Polygons are used for

representing rooms, hallways or spaces within rooms, while lines can be used for

representing doors between two rooms.

�e systems deals with quality of the location information. �e quality is meas-

ured according to resolution,con�dence, and freshness. Resolution di�ers widely

between di�erent location sensing techniques. For example, a person using a card-

reader to enter a room will tell the system that the person is somewhere inside the

room while GPS has a resolution down to perhaps 10 meters. An RF badge might

have a resolution of 1 meter. Con�dence is a measure of how precise the sensor is in

terms of probability that the object is within the sensed area. �is probability origin-

ates in the sensors which register the object and in the case of multiple sensors, the

information is fused to yield a single value. Freshness is based on the time since the

last sensor reading, and each type of sensor has an associated temporal degradation

function which, based on freshness, degrades the con�dence in the information.

MobiPADS

MobiPADS is a middleware system for mobile environments [29]. �e principle en-

tity isMobilets, which are entities that provide a service, and which can be migrated

between di�erent MobiPADS environments. Each mobilet consists of a slave and a

master. �e slave resided on a server, while the master resides on a mobile device.

Each pair cooperate to provide a speci�c service. Services are composed by chain-

ing them together in speci�c order, and the slave mobilets on the server are nested

in the same order. �is provides recon�guration based on di�erent requirements.

MobiPADS is concerned with internal context of the mobile devices, which is

used to adapt to changes in the computational environment. �us, context types

include

• processing power,

• memory,

• storage,

• network devices,

• battery etc.

Each of these have several subtypes, e.g. size and free space for memory and storage.

Mobilets are provided with changes through context events, which they subscribe

to. Higher order context is derived by an Environment Monitor, which subscribes to
event sources and has the same characteristics as other event sources.

Adaption takes place in either the middleware based on system pro�les, or by

letting mobilets adapt to the events they receive. Based on the requirements in the

pro�le, the service chains can be recon�gured to deal with e.g. a constrained envir-

onment, based on programmer provided alternatives service chains. Applications
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Figure 5.9: MobiPADS architecture. Adapted from Chan and Chuang [29].
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have access to re�ective interfaces for context, service con�guration, and adaption

strategies, and can change them to obtain a di�erent service from the middleware.

SOCAM

SOCAM is based on the idea of using ontologies to model context [59]. �e model

is then used by an interpreter to reason about context. �e SOCAM architecture

(�gure 5.10) consists of

• Context Providers,

• Context Interpreters,

• a Context Database,

• a Service Locating Service, and

• Context-aware Mobile Services.

Context-aware 
Communication Services Vehicle Safety Service Locations-based 

Reminder Service

Context Interpreter

Context Reasoner

Context KB

RDB
Service 
Locating 
Service

Weather 
Service

Traffic 
Condition 
Service

Vehicle 
Monitoring 

Service

GPS 
Location 
Service

in-Vehicle Sensors

... ...

Context
Database

Context
Providers
-Internal

Context
Providers
-External

Context-aware Mobile Services

...

data flow for levels of context

Figure 5.10: �e SOCAM architecture. Adapted from Gu et al. [59].

Context Providers provide external or internal context, which can be used by the
mobile services directly or byContext Provider to provide higher-order context. Ex-
ternally, the Context Interpreter acts as a Context Provider. Context is represented

as instances of the ontology model.

�eContext Interpreter consists of a Context Reasoner, and aContext Database,
which contains instances of the current ontology, either from users or Context Pro-

viders. �e context is updated by a triggering mechanism with di�erent intervals.
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Context Providers register with the Service Location Service, thus allowing Mobile

Services to locate them. �e Mobile Services can obtain context either by querying

the located Context Providers, or by registering for speci�c events. SOCAM sup-

ports rules for specifying which methods should be invoked on when an event is

received. �e rules are prede�ned and loaded into the Context Reasoner.

SOCAM represents context as a formal ontology described in OWL. �e mid-

dleware supports reasoning about context, so that high level context can be derived

from observed context by the Context Interpreter. �e ontologies are either a gener-

alised ontology, or a domain speci�c ontologywhich is boundedwith the generalised
ontology, or re-bounded if the context changes. �e domain speci�c ontology may,

for example, be re-bounded if the context shi�s from an o�ce location to a car. It

is the responsibility of the Service Locating Service to load new context ontologies

when applications ask for location context. �e generalised ontology contains con-

cepts like computational entity, locations, and activities. �e domain speci�c onto-

logies describe concepts in speci�c sub-domains, like “o�ce”, “home”, or “vehicle”.

�e idea is that by only binding the ontology of the current domain, computational

burden on resource constrained devices can be reduced.

5.5 Context Awareness in Agriculture

For context-aware applications in agriculture, there are a number of questions to

ask:

• What are the sources of context information?

• Which context is useful?

• How do we aggregate and use context?

�e �rst two questions should be answered using participatory design techniques,

as described in chapter 3, while the third question is experimental in nature.

To discover the sources of context, we mainly used two kinds of participatory

design techniques: �eld studies and focus groups. �e �eld studies consisted of vis-

its to farms and advisory centres, while focus groups where carried out with profes-

sionals from the industry. From these visits, a number of sources of context where

identi�ed. Overall, the sources can be divided into internal and external, from the

point of view of the individual farm. �e local sources include:

• Production data,

• thermometers,

• water meters,

• state from control systems.
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Production data can be the current state of crops in �elds, information about weed

discovered in �elds, possibly by an external advisor, and information about live-

stock. �ermometers are typically placed in stables since changes in temperature

can be fatal to livestock. Water meters can be used to monitor for leaks in pipes,

but also has other uses, like early disease warning, ad described in the scenario in

chapter 1. Control systems for the large number of machinery on a farm can also

provide valuable information. For instance, HVAC systems may provide inform-

ation on air-�ow and humidity, while the embedded control system in a pesticide

sprayer might record the amount of pesticide used.

�e external sources include, but are not limited to:

• Advisory services,

• market data, and

• weather data.

Advisory can be static information about best practice or the results of new research

that is relevant to the farmer. Di�erent research institutions constantly perform re-

search and tests with a wide variety of crops and cultivation methods, which may

alter existing knowledge of best practice for a particular crop, perhaps depending

on the type of soil the crop is growing on, or how it has been treated previously. �is

information is highly relevant to any farmer with �elds that matches the prerequis-

ites of the research being carried out, for instance because research is only relevant

to a speci�c crop growing in a speci�c type of soil, but irrelevant to anyone else,

thus making the relevance of the updated advisory information context-dependent.

As another example consider an existing Danish service, Crop Protection Online [1].
�is service is intended to provide plant producers with information that is relevant

to any particular crop the might have on their �elds, for instance providing inform-

ation about tasks related to crop protection depending on the stage of the crop, as

shown in �gure 5.2. Besides giving information about the tasks, each task links to

a service which will help determine the correct pesticide and amount of pesticide

to use. While the current version is surely useful, if we have information about the

current state of the �elds on a farm, we could provide this information when it is

needed.

Information from the market includes the current price of fodder and livestock.

�is is important, since it can a�ect business decisions at the farm.

Weather data is particularly useful for plant production, providing estimates for

the best time to treat �elds. It may be used to automatically update work schedules,

or by raising alarms when a previously assigned task has to be changed, for instance

because of incoming rain or too much wind.

Determining the usefulness of the various kinds of context is a crucial task. In

general, we have found that it is easy to convince users, developers as well as end-

users of applications, that a context aware integration of all available information

relevant to a farm is useful. However, our project does not have the resources ne-

cessary to integrate all available information sources, so the immediate task is to
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Table 5.2: Excerpt from Crop Protection Online [1]. Season plan for crop protection in

Spring Barley.

Crop

stage

Description

of tasks

Precision in tim-

ing

Comments

10 – 13 Inspect

for seeded

weeds.

When weeds

have about 2 true

leaves.

Some fast growing spe-

cies, e.g. crusifers, are

allowed to have up to 3-

4 true leaves. When ap-

plying herbicides to very

small weeds, there may be

a risk that new �ushes of

weeds will appear a�er the

initial treatment. I cereals,

additional treatments will

normally be needed only

in high densities of spe-

cies, which kan germinate

from relatively high soil

depth, e.g. Cleavers.

. . . . . . . . . . . .

30 – 39 Inspect for

perennial

weeds and

new �ushes

of seeded

weeds.

When perennial

weeds have 6

leaves.

See ’Green lea�et’ on

Creeping �istle (in

Danish).

determine the most useful context, and then provide a model for that context, while

keeping in mind that it should be extendable.

To enable this extendibility, we have looked into existing context models. �e

most compelling choices, which o�ers the best �exibility, seems to be either semi-

structured models, logic-based models, or ontology-based models.

When it has be decidedwhat context information to gather, it becomes crucial to

decide how to gather it. For our domain, we observe that infrastructure is relatively

static, in the sense that most sources of context do not move. �is include sensors

placed in buildings and most equipment. �e main exception is equipment used in

�elds and equipment carried around by workers, like PDAs, which could be used to

provide the location ofworkers. Another observation is the potentially large amount

of data to process. �e two observations leads us to conclude that some central

processing of context is useful. �is greatly simpli�es aggregation, since it can take

place without querying distributed sources of context. For these reasons, we have

proposed a model where context-sensors and consumers of context are distributed,
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while aggregation of context is centralised.

5.6 Ontology Based Context Models

Since the idea of ontology based context models is not new, as described in sec-

tion 5.2, we have analysed the use of standard tools for creating and manipulating

the model. For this, we have chosen an OWL based model using the freely available

Protege-OWL tool and its Java API bindings [77].

In this model, types of context become concepts in an ontology, and speci�c in-

formation becomes instances. �is allows us to express all of the various kinds of

context previously discussed in section 5.1. Since ontologies allows us to represent

the structure of data, pro�les of entities can be described using a modelling tech-

nique similar to the one used in XML-based pro�le models.

5.6.1 Context Model

Our standard context-model is quite simple, mainly aimed at supporting our agri-

culture scenarios. However, it is extensible, and uses our publish/subscribe mech-

anism for accessing context, described in detail section 7.1. Furthermore, we have

extended it by using a context model from the Hydra project [101], simply by ad-

dition of that context model using the ordinary import mechanisms of OWL. Our

Context Service, shown in �gure 5.11, is relatively simple when shown as a UML

model of the main classes. �e reason for this is that most of the functionality ac-

tually is implemented in the two classes provided by Protege-OWL, OWLModel
and SWRLFactory. To start with the other classes, OwlContextService is simply

a facade class suitable for exposing as a Web Service, which uses BonjourDiscov-
ery for advertising its availability using Apple’s Bonjour implementation [68]. Owl-
ContextModel is an implementation of a generalised interface for Context Models,

which encapsulates some of the speci�cs of using OWL for the model. While Owl-
ContextModel uses concepts and instances for modelling context internally, Owl-
ContextModel provides an interface that deals with context events. As would be

expected, OwlContextFactory is simply a factory class. OWLModel is the actual
semantic model which is manipulated by the context service. In our implement-

ation, it is an instance of the JenaOWLModel provided by Protege-OWL for use

with the Jena API [62] and the Jess reasoner [100] for processing SWRL. �is class

is relatively low-level, but supports operations for insertion, deletion, and updates

on the model and includes factory methods for that purpose. As an example of the

use of OWLModel, listing 5.1 shows the creation of an individual of the concept

Event, with its data property associating it with the ContextData. In our model,

the data property of events are not constrained, and may reference anything.

�e context model is accessed through a web-service interface that allows for

subscribing to and publishing events listing 5.2 (the current implementation does

not allow for unsubscribing). A publish event is simply a string containing XML

corresponding to an event in the OWL ontology used for context model, while a
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OWLModel

OwlContextFactory OwlContextModel

OwlContextService

BonjourDiscovery

SWRLFactory

Figure 5.11: Simpli�ed UML model of the Context Service, showing the main classes in-

volved.

Listing 5.1: Creating a new individual of type Event named “ContextEvent” and setting its

data property to point to the “ContextData” individual which is already present

in the ontology..

OWLNamedClass eventCls = this.owlModel.getOWLNamedClass("
Event"));

OWLIndividual ind = eventCls.createOWLIndividual("");

OWLIndividual data = this.owlModel.getOWLIndividual("
ContextData");

OWLProperty subscribesTo = this.owlModel.getOWLProperty("
data");

ind.setPropertyValue(subscribesTo , imp);

subscription is the name of the subscriber and an SWRL rule in the format used by

Protege-OWL. When subscriptions match an event, a noti�cation containing the

event is sent to the subscriber. �e actual subscription works like ontology based

publish/subscribe, which is explained in section 7.1.

For our purpose, we have only created a simple context model with a few con-

cepts necessary for the application (see section 4.2), and focused on the tools ne-

cessary to manipulate it. To create a “full” context model for agriculture, domain

expertise is needed. Such a model would describe all the concepts used in provided

services, allowing for using the same model for describing data that is used for in-

put and output in services since this is needed for semantic service matching (as de-

scribed in section 7.3). �is poses a number of problems, like contradictory de�n-

itions of concepts in di�erent areas of agriculture. As a simple example, take the

“farm” concept in Denmark. In relation to reporting used fertiliser, a farm is a unit

which produces a number of animal units and has a certain area on which to spread

manure. �is unit may be co-owned by several farmers.
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Listing 5.2: �e interface of the Context service as Java-like pseudo code. �e WSDLinter-

face is provided in appendix B.2.

public interface ContextService {
public void publish(XML event);
public void subscribe(String subscriber , SWRLRule

subscription);
}

5.7 Summary

By now, context awareness has already had a long history in ubiquitous computing.

In this chapter, we have analysed ubiquitous computing and middleware to support

it, aswell as how context has been de�ned andused. We looked into various previous

context awaremiddleware systems, and discussed their properties and described the

context model used in the Kilo project.

Our context model, while being intended for a speci�c domain, contains con-

cepts that are of general purpose. However, the use of OWL allows for splitting the

model into appropriate subsets, which can then be used in context models for other

domains. In fact, parts of our model originate in another project. Another aspect of

ontologies for context is that the model itself can integrate domain knowledge, and

existing ontologies containing domain knowledge can be integrated into the model.

However, this is a job for domain experts.
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Chapter 6

First Class Connectors

In traditional programming languages, whether procedural, object oriented or func-

tional, there is a schism between “pure” computation and side-e�ects, all of which

can be related to input and output in some way, whether between applications and

the operating system or between components. Note that we use input and output in

a very general sense, including communication between entities. �is is most not-

able in functional languages, where the core languages typically do not have any side

e�ects at all, but is also obvious in other languages, where side e�ects can be di�cult

to handle. Traditional solutions have included using threads or timeouts to handle

indeterminate delays when handling input and output. However, thesemethods can

be seen as attempts to add constructs for communication into languages which are

actually intended for computation. Instead, separate coordination languages which
implement constructs for input and output have been suggested, as described in

section 6.1.

While the idea of a separate coordination language, like Linda [54], is a good

idea, the question remains on how to implement it in an existing language. �emost

obvious idea is to implement it as an API. However, if a language supports �rst class
connectors it can instead be implemented as a connector. Conceptually, a connector

embodies the coordination of a computer program, just like a coordination language

does. �gure 6.1 shows the relationship between the concepts.

Implements

Embodies

Can ImplementCoordination

Connector

Coordination 
Langauge

Figure 6.1: Ontology of Coordination Concepts.

In this chapter, we look into �rst class connectors and their relation to coordina-

95
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tion languages and architectural description. We then explainwhy �rst class connect-

ors are useful in middleware, and follow this up by describing a system we created

for prototyping service oriented architectures based on web services using the �rst

class connector abstraction available in ArchJava [4].

6.1 First Class Connectors

�e seminal paper on �rst class connectors is due to Shaw [107]. �e author argues

that the then current practice in so�ware architecture was insu�cient for ensuring a

correct implementation in code, identifying a number of problems with the current

development practice:

• Inability to locate information about interactions,

• poor abstractions,

• lack of structure on interface de�nitions,

• mixed concerns in language speci�cations,

• problems with components with incompatible packaging,

• poor support for multi-language systems, and

• poor support for legacy systems.

�e �rst problem is due to the use of import and export systems to link compon-

ents located in di�erent modules. �is leads to problems with namespace clashes

and forces an asymmetrical relation, where one component uses another, but not

the other way around. �e observation here is that although many relations are

asymmetrical, some are inherently not. �is is particularly true for peer-to-peer

systems. Furthermore, structural information is spread out in many parts of the

system, making it di�cult to determine or review the structure of the system.

�e second problems deals with how system architecture is described at design

time. Traditionally, box-and-line diagrams have been used for describing the struc-

ture of a system, whether the diagram is formal, for instance UML, or informal.

In practice, interactions are complex, with rules for instantiation and protocols for

interaction, but this cannot be captured by such a diagram, and programming lan-

guages have no mechanisms for capturing design decisions. For this reason, com-

ponent interfaces are ill-de�ned, and requirements between components are impli-

cit, since there is no single logical place for them.

�e lack of structure on interfaces give rise to two distinct problems. Firstly,

there is no abstraction for connections, which could be used to aggregate primitive

operations. Secondly, interfaces cannot be decomposed into roles with di�erent

functionality, abstracted into di�erent connections.
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�e problem with the mixed concerns of language speci�cations is that most

programming languages are designed for implementing algorithms and manipulat-

ing data structures, not for supporting implementation of complex inter-component

structures.

Components might have incompatible packaging, event though they basically

provide the same functionality. For instance, it might not be possible to reuse an

algorithm from a library because the algorithm is interactive, while the need is for

a non-interactive version of the algorithm. Furthermore, two implementations of

the same algorithm may use di�erent naming, requiring the programmer to write

conversions.

While connections between components are independent of language, assump-

tions about interaction mechanisms and data representation o�en require the use

of a speci�c language. If implementations in di�erent languages have to interact, a

method for describing and implementing interactions must be present.

When interaction and architecture is not immediately available in a system, cre-

ating changes or building new functionality is o�en di�cult, since the architecture

as well as the intention of the interactions in the system are not immediately visible.

Before Shaw, Gelernter and Carriero identi�ed many of the same problems, but

suggested a di�erent solution in the form of Linda [54] . Linda is not a full pro-

gramming language, but a pure coordination language . �e idea is that a complete

programming language consists of:

• A computational model, and

• a coordination model.

�e computational model implements single-threaded algorithms, while the co-

ordinationmodel implements interaction for each algorithmwith the environment.

Like Shaw, they observe that traditional programming languages are mainly inten-

ded for implementing algorithms and usually implement coordination in an ad-hoc

or unstructured way, and for this reason should only be used as a computation lan-

guage . �e authors speci�cally state, that the suggestion that traditional languages

are incomplete is intentional.

Coordination includes everything that is not pure computation, including:

• Process creation,

• communication, and

• synchronisation.

�is solves the problems with incompatibilities between components due to nam-

ing, packaging and languages.

Linda implements the notion of a tuple space (�gure 6.2). A tuple space is a

general purpose, persistent storage space, where applications can store and retrieve

tuples containing any data. Data is stored by simple putting tuples into the space,
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and retrieval is done using pattern matching on the contents of tuples. If more than

one tuplematches a pattern, a single random tuple is returned. By default, retrieving

a tuple removes it from the tuple space, although some implementations allow for

non-destructive reading of tuples.

Tuple Space

("Hello", 1)
in ("Coord", "3", "4")

out ("World", _)

("World", 2)

("World", 2)("Coord", "3", "4")

Figure 6.2: A Tuple Space is a persistent store where tuples can be written and retrieved.

�e basic operations on a tuple space in Linda are:

• out(t),

• rd(t),

• in(t), and

• eval(t).

out(t) places the tuple t into the tuple space while rd and in respectively read

and retrieve a tuple from the tuple space. When a tuple is retrieved, it is removed

from the tuple space. eval inserts an active tuple into the tuple space. An active

tuple is a process, which runs in the tuple space while the issuing process continues

in parallel. When the process terminates, the tuple is replaced by the output of the

process.

While Linda manages to separate computation and coordination, and clearly

de�nes an interface for communication between components, it does not address

the other issues identi�ed by Shaw. Coordination is still interspersed with other

concerns in code, and interactions are not clearly de�ned in terms of component

interfaces and roles. On the other hand, it de�nes a concise language for expressing

coordination.

�e suggestion of Shaw is to de�ne semantically rich connectors in architecture

descriptions, and connector constructs in languages which support:

• De�ning the semantics of connectors and their compositions.

• Generalise the rules for importing and exporting symbols to address asym-

metry, multiplicity, locality, abstraction, and naming.

• Establish type structures for components and connectors, including taxonom-

ies.
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• De�ne rules for appropriate architectural abstractions.

While components essentially correspond to traditional units of compilation, pos-

sibly composite, connectors have no representation in traditional programming lan-

guages. However, connectors could be de�ned using structures similar to the way

components are de�ned, as illustrated in �gure 6.3.

Component

Specification

Type

Association

Implementation Implementation

Player

Component Type

Interface

Connector

Implementation

Role

Connector Type

Protocol

Figure 6.3: Structure of an architectural language, consisting of a speci�cation part with

units of association for system composition and an implementation part. Ad-

apted from Shaw [107].

While components have interfaces in this model, connectors have a protocol

de�ning interactions between components. Both connectors and components have

some implementation, which in principle can be in any languages. For composition,

components acts as players in a composition, playing a certain role in a connector.

Both components and connectors are typed, but use two distinct type hierarchies.

�e proposed model is only a coarse grained suggestion. In actual implement-

ations, roles will also usually have an interface, de�ning how components interact

with them.

A way of combining the best of both approaches is to implement the coordina-

tion language as a connector. �is gives a well-de�ned construct for accessing co-

ordination. Furthermore, such a relatively simple connector can be used to im-

plement more complex connectors which can then implement the communication

protocol. �is is described in more detail in section 6.2.

Dashofy et al. have described methods for using o�-the-shelf middleware for

implementing connectors [38]. �e work is in the context of the C2 architectural

style [113]. �ey evaluate a number of existing middleware systems according to a

number of requirements:

• inter- and intra-process communication support,

• features of so�ware connectors,

• platform and language support,

• communication method,

• ease of integration and use,
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• multiple instances in an application,

• support for dynamic change, and

• performance.

Interprocess communication is a necessity for building distributed systems, so

middleware should support connectors which span isolated processes transparently.

�eir suggestion for adding transparent connectors to C2 involves encapsulating

access to the middleware in C2 ports, and then sending messages using the mid-

dleware. However, they observe that this does not isolate communication to the

connector, and instead suggest a method where a connector is instantiated in each

process, and they then encapsulate communication between them.

Medvidovic observes that this method can be used for ensuring architecture

conformance in distributed systems [85]. �is is basically the same arguments as for

non-distributed systems, withmiddleware being used for implementing distributed

connectors, whereas objects may be used to implement them in non-distributed

environments.

6.1.1 Architectural Description

While architectural description has been used for design-time descriptions of mid-

dleware, it can also bemade useful for developing applications in amore directman-

ner by utilising architectural descriptions when programming for a speci�c middle-

ware, and for observing the run-time behaviour of applications.

For applications, we can use architectural descriptions to setup applications on

load-time. To do this, a loader takes as input an architectural description and loads

the necessary components and sets up the connections between them.

�e idea of �rst class connectors originate in the work of Shaw [107], but formal

architecture description have used it early on. In architecture descriptions, connect-

ors describe interaction between modules, usually described in a separate notation.

In the simplest case, a connector is a statement of the fact that one component uses

another component, but to be really useful, connectors should be able to describe

the interaction in more detail, and some architecture description languages provide

mechanisms for describing protocols and other complex aspects of interaction.

A number of di�erent architecture description languages with �rst class con-

nectors exist with di�erent emphasis, strengths, and weaknesses. Among them are

Acme [53], Wright [5], and xADL [70]. While all three of these systems provide

support for connectors, they vary in how they are supported.

What is common for all of these systems is the use of �rst class connectors in

some way. Acme provides description of components and connectors in terms of

the ports of the components, the roles of connectors, and how roles and ports are at-

tached. It also allows to express higher-level architectural properties, like invariants

and heuristics as part of the description. What it does not provide is describing the

protocol of the connectors, However, this is one of themain bene�ts ofWright. Like
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Acme, Wright de�nes so�ware architectures in terms of components with ports,

connectors with roles, and their attachment. It also supports de�ning computa-

tions of components and protocols of connectors formally. Furthermore, systems

are de�ned in terms of instances of components and connectors. xADL is more

like a meta ADL language, in that the main goal of xADL is to provide an XML

based language for using ADLs in IDEs. For this reason, xADL provides a basic

language which is extensible. �e basic language includes components, connectors,

and architectures de�ning the links between components and connectors. It does

not provide formal descriptions of protocols, ports, and roles. However, since the

language is extendible, this can be added if needed.

6.2 FirstClassConnectors inProgrammingLanguages

While many, notably Shaw [107], have argued that connectors should have �rst

class status in programming languages, only a few, experimental, programming lan-

guages have implemented it. For instance, Chen et al. have described a component

based programming language with �rst class connectors for interaction [30]. �e

language, SAJ , is based on a subset of Java called ReIJ which has �rst class relation-

ships between classes [16]. Another example is ArchJava [4] , which is implemented

on top of a full version of Java. ArchJava programs are compiled into regular Java,

which can then be processed by the Java compiler (�gure 6.4).

Program.
archj

ArchJava
Compiler

Compon
ent2.javaConnect

or.javaProgram.
java

Compon
ent2.clas

sConnect
or.classProgram.
class

Java
Compiler

Figure 6.4: ArchJava programs compiles into Java which is then compiled to Java bytecode

using the standard compiler.

�e constructs for components and connectors are based on regular Java con-

structs for classes, but as suggested by Shaw, they fall into two distinct type systems.

Each component de�nes a set of ports, which can either provide or require meth-

ods. Listing 6.1 and 6.2 shows the components of a simple echo system, where an

EchoService provides three di�erent methods required by an EchoClient. To actu-
ally use the system, the architecture has to be de�ned by expressing connections

between the constituting components. �is is done using the connect keyword,
as illustrated in listing 6.6, where an EchoSystem is de�ned as consisting of an

EchoService and an EchoClient, with the single ports of the two components being

connected. �e resulting system is shown in �gure 6.5.

As such, a component is simply a special kind of object, which only communic-

ates with other components in a structured way, as de�ned by connecting the ports

of the components using the connect keyword. �e only other kind of communic-

ation between components allowed, is for a component to call public methods on
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Listing 6.1: Simple Echo component in ArchJava. �e component o�ers a port with three

methods.

public component class EchoService {
public port service {

provides String echo(String s);
provides String concat(String s, String s1);
provides int echoInt(int i);

}
String echo(String s) {...}
String concat(String s, String s1) {...}
int echoInt(int i) {...}

}

Listing 6.2: Simple Echo client in ArchJava. �e client requires three di�erent methods.

public component class EchoClient {
public port client {

requires String echo(String s);
requires int echoInt(int i);
requires String concat(String s, String s1);

}

public EchoClient () {
....

}
}

the components it has instantiated, called subcomponents. In this way, composite

components can be created in a hierarchical way, since components are allowed to

invoke methods in subcomponents.

EchoSystem

EchoService EchoServiceConnector

Figure 6.5: �e result of instantiating and EchoSystem component.

�e semantic of connect is to connect provided methods with required meth-

ods, using their name and signature in two or more ports. At compile time, it is

checked that each required method is connected to a unique provided method. In

the previous example, provided methods are implemented in their component, but

they may also be implemented directly in the port or delegated to sub-components.
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Listing 6.3: De�ning relationship between components in ArchJava.

public component class EchoSystem {
private final EchoClient echoClient = ...
private final EchoService echoService = ...
connect echoClient.client , echoService.service;

public static void main() {
EchoSystem.system = new EchoSystem ();
...

}
...

}

Connectors can be either simple or complex in ArchJava. In the simple case,

there is only a single, built-in connector, which can connect two components in

the same JVM. More complex connectors can be implemented by creating sub-

classes of theConnector class. Furthermore, connections between components can

be de�ned dynamically using port interfaces and connect patterns. An example of

this is the use of ArchJava to prototype service-oriented architectures, described in

section 6.4.

A similar language which provides abstractions for components and connectors

has been presented by Chen et al. [30]. �e core of the language is based on a subset

of Java called ReIJ which is formally de�ned [16], allowing a formal de�nition of

SAJ. ReIJ has extensions for �rst class relationships, which are used for de�ning �rst

class connectors. �e goal is essentially the same as in ArchJava, namely providing

enforcement of conformance between the architectural speci�cation and its imple-

mentation. In contrast to ArchJava, the de�nition of a connector is limited to an

entity which mediates interactions between components, consisting of a group of

roles and interaction protocols. Like ArchJava, components have public interfaces

de�ned by ports.

SAJ has two distinct connector types: active and passive . �e active connect-

ors describes collaboration between components and initiates control. �at is, they

encapsulate control, while passive connectors are short lived and encapsulate com-

munication (�gure 6.6). Passive connectors only provide direct communication, so

they are always in a binary relation between two ports. When using passive connec-

tions, control is instead the responsibility of components. For this reason, active and

passive connectors are intended for di�erent scenarios, with the active connectors

being suitable for centralised architectures, and the passive connectors for decent-

ralised architectures.

Contrary to ArchJava, SAJ uses connectors internally in composite components

to compose sub-components. Composite connectors on the other hand, are com-

posed of both components and connectors.

�e most common primitive connectors are pre-de�ned, and include:
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Coordination

Control

Communication

Includes

Includes

Active 
Connector

Passive
Connector

Encapsulates
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Figure 6.6: Relation between coordination and connector types in SAJ.

• Procedure call,

• pipeline, and

• data stream.

User de�ned connectors can be created by inheriting the primitive connectors, and

will thus belong to one of the same groups in a connector taxonomy as the primitive

connector.

Ports are de�ned in terms of Java interfaces instead of simply methods. As such,

entire interfaces are either required or provided. Systems are in turn de�ned using

a static and a dynamic part. �e static part de�nes the structure of an interaction,

in terms of components and connectors. �e EchoSystem could be described as

shown in listing 6.4.

�e most notable di�erence from ArchJava is that instead of de�ning interac-

tions between components in a separate EchoSystem component, they are de�ned

in the EchoConnector connector. �is implies that the client will actually have to

implement methods the connector can access, since the client component is com-

pletely passive in the interaction. On the other hand, every part of an interaction is

completely encapsulated by the connector, whereas in ArchJava, a composite com-

ponent will contain the interaction protocol, and the connectors only encapsulate

the communication protocol. For behaviour more similar to that of ArchJava, a

passive connector can be used instead, making SAJ a more �exible language.

6.3 First Class Connectors in Middleware

In middleware, �rst class connectors allow for easier implementation of reuse of

components as well as easier implementation of adaptability. While some systems,

like OSGi or publish/subscribe based systems, rely on well de�ned interfaces for

allowing �exibility in adding and removing components at run-time, using con-

nectors for encapsulating coordination issues can be used to support this �exibility

instead. Speci�cally, systems like OSGi can be seen as a component and connector

system that only supports a single connector. Furthermore, connectors can also be

exchanged at run time, allowing for changes in the environment or for mobile ap-

plications moving between environments.
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Listing 6.4: Static model of a simple echo system in SAJ.

Interface IEchoService {
String echo(String s);
int echoInt(int i);

String concat(String s, String s1);
}
Component class EchoService extends Component {

Public Port service {
Provides IEchoService;
Requires IEchoClient;

}
Public String echo(String s) {

...
}
...

}
Interface IEchoClient { ... }
Component class EchoClient extends Component {

Public Port client {
Provides IEchoClient;
Requires IEchoService;

}
}
Connector class EchoConnector extends Connector {

void EchoConnector(IEchoService echoService ,
IEchoClient echoClient) {

this.echoService = echoService;
this.echoClient = echoClient;

}
public void DoEcho {

...
}

}
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More generalised connectors inmiddleware provide additional �exibility in terms

of reusability and �exibility. While systems like OSGi provide �exibility in terms of

the components of the system, they do not provide �exibility for the communication

paradigms used. �ey either rely on a single paradigm, or requires the communica-

tion to be embedded in components. Using �rst class connectors, the communica-

tion is abstracted from the computation, separating concerns and allowing for easier

distinction at deployment and run-time. In the next section, we show how that can

be utilised for prototyping systems.

6.4 Prototyping Service Oriented Systems

When designing distributed systems it is useful to be able to rapidly create archi-

tectural prototypes of designs. Simple prototypes exploring components and the

relations between them may simply be created in any programming language. �is

allows for exploring a number of architectural qualities like modi�ability and im-

plementability, but not others like performance.

For the purpose of rapidly prototyping service oriented systems based on web

services, we have created a framework in ArchJava [4]. �e framework allows for

service-enabling components de�ned in ArchJava or connect them to existing web

services without changing them. In this way, developers can start with a simple

prototype using direct method invocation on components, and then change con-

nections between components to use web service invocations.

Central to the framework is a customArchJava connector,WSConnector, which
has two primary uses: Connecting two ArchJava components where one is instan-

tiated as a web service, and connecting an ArchJava component to an existing Web

Service. When connecting two ArchJava components, one of the components will

actually be run as a web service, while the other will connect to it. �e framework

assists in this, be supplying the necessary building blocks. �is implies, that the

client component can only have required methods in the port that connects to the

service, while the service component can only have provided methods in its service

port. However, it is possible for a service to utilise other services by calling them

through other ports during invocation of the service. �e framework uses the Axis2

application server to run the web service [6], and the service object is only instan-

tiated upon the reception of a message.

As mentioned earlier, the ArchJava connector is a single role in the conceptual

connector. �e other role is represented by the ServerRole class, which acts as a

message receiver in an Axis2 service. �e architecture of a system with one client

connected to a single service is illustrated in �gure 6.7. WSConnector uses Axis2 to
call the remote web service, while the service is instantiated by Axis2, with Server-
Role receiving the message and delegating it to the service component.

WSConnector uses external classes for marshaling and demarshaling, which

allows for changing the encoding of messages.

Invocation through the connector in Axis2 is accomplished by creating a ser-
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Server NodeClient Node

client:Component service:Component

serverRole:Object

Axis2Axis2

WSConnector:Connector

Figure 6.7: Connecting a client and a service through an ArchJava connector using Axis2.

Axis2 instantiates the ServerRole object, when a message for the service is re-

ceived. ServerRole then instantiates the actual component.

Listing 6.5: services.xml de�ning the Echo operation implemented by the class

EchoService with ServerRole as message receiver.

<service name="Echo">
<description >

Simple Echo Service for testing purposes.
</description >
<parameter name="ServiceClass" locked="false">kilo.

prototype.axis.echo.EchoService
</parameter >

<operation name="echo">
<messageReceiver class="kilo.prototype.axis.

connector.ServerRole"/>
</operation >

</service >

vices.xml �le which speci�es ServerRole as the message receiver for the service,

as illustrated in listing 6.5. WhenAxis2 receives a request for the Echo service, it will
instantiate ServerRole, which can in turn instantiate the service object, the class of

which is provided by the Axis2 framework.

Marshalling

To avoid reliance onWSDL-�les, theArchJava connector uses re�ection overmethod

signatures to implement marshaling and demarshaling. �is is an important part,

since it is what allows services to be used without having to de�ne the exact mar-

shalling used. ArchJava provides its own re�ection implementation in the arch-
java.re�ect package while Java uses java.lang.re�ect. Since ArchJava assumes the

�rst interface, while Axis2 expects types to belong to the second interface, the con-

nector uses archjava.re�ect on the client side, and java.lang.re�ect on the server
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Table 6.1: Marshalling between Java and XML types are according to this table. It is inten-

ded to use the same marshalling as JAX-RPC and Axis2, although they support

additional types [82].

Java Type XML Type
boolean boolean

byte byte

char String (of length 1)

short short

int int

long long

�oat �oat

double double

void no value represented

java.lang.String string

array soapenc:Array

side, in ServerRole. �is gives rise to some limitations, since they have slightly dif-

ferent expressiveness. For instance, ArchJava does not support re�ection over arrays

of simple types.

�emarshaling attempts to follow the same conversions as Axis2 and JAX-RPC

but since documentation for those two packages are incomplete, some variations

may occur. For example, the only type of array supported is arrays of java.lang.String
and arrays of complex types. �is is due to a limitation in ArchJava’s support for re-

�ection over arrays, since arrays of simple types are not supported.

Complex Types

Since the framework is intended for prototyping, using simple types is o�en su�-

cient. However, when connecting to existing services, it might be necessary to use

complex types. Luckily,WSDL-�leswill be available for existing services, and classes

implementing complex types can be generated from these �les, although most gen-

erators have limitations in which types can be generated. Another possibility is to

create such types by hand.

�e framework uses Axis2 for web service support. Currently, Axis2 only sup-

ports the Doc/Lit style [25], and not all complex types can be successfully generated.

6.4.1 Example Systems

To use custom connectors, connect patterns for the connector must be de�ned. As

an example, a pattern for connecting the Echo port of an EchoClient component

with the Echo port of an EchoService component is shown in listing 6.6. �e sig-
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Listing 6.6: UsingWSConnector to connect anEchoClient component and anEchoService
component. �e code de�nes a connect pattern, and will be called to instantiate

a newWSConnector when EchoClient creates a new EchoPort. �e Echo port

of EchoClient. connectmatches the constructor of the connector used, while

the rest of the methods de�nes which methods the port require from the port is

should be connected to.

connect pattern EchoClient.Echo , EchoService.Echo with
WSConnector {
connect(EchoClient sender , URL service) throws

IOException {
return connect(sender.Echo , EchoService.Echo)

with new
WSConnector(connection , service , "echo", "

echo", 1);
}

}

public component class EchoClient {
...
public port interface Echo {

requires connect(URL service) throws
IOException;

requires String echo(String s);
}
...

}

nature of the pattern correspod to the required connectmethod of the Echo port,
also shown in listing 6.6. �e method corresponds to the constructor of compon-

ents, and connections can be instantiated dynamically by using the keyword new on

an EchoPort.

6.4.2 Usage

To change a regular ArchJava program into a program using WSConnector, it is
necessary to rewrite connect expressions to use the custom connector. �is is done

by introducing connect patterns as illustrated in listing 6.6. �e connect pattern

de�nes how connections are instantiated. In this case, the patterns takes a URL

to the service, while the other arguments to the constructor of the connector are

prede�ned by the pattern. If the service URL is always the same, this could also be

de�ned by the pattern.
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Listing 6.7: �e Port of the Google Client. �e required methods match the WSDLdescrip-

tion of the Google API.

public port Google {
requires connect(URL service , String prefix , String

namespace , int type) throws IOException;
requires GoogleSearchResult doGoogleSearch(String key

, String q, int start , int maxResults ,
boolean filter , String restrict , boolean

safeSearch , String lr, String ie, String oe);
requires String doGetCachedPage(String key , String

url);
requires String doSpellingSuggestion(String key ,

String phrase);
}

Connecting to Real Web Services

Since service components are actual web services , it is possible to connect clients

to existing, “real” web services (as opposed to components exposed as web services

for testing). As an example of this, we have created a simple client which connects

to the Google SOAP API [56]. To access an existing service, the interface must be

translated to a Java interface. While it is certainly possible to do this automatically,

currently it must be done by hand. listing 6.7 shows the Google port of the client.
Due to type checking in ArchJava, a corresponding port which provides the meth-

ods must also be created, although it will not be used.

As a simpli�cation, doGetCachedPage returns a String, whichwill be the base64
encoding of the cached page, while doGoogleSearch returns an object of type

GoogleSearchResult, which has been made especially for handling the complex re-

turn type. GoogleSearchResult cannot be auto generated byAxis2, since theGoogle
SOAP API uses RPC/Enc style, and Axis2 can currently only generate types for the

Doc/Lit style.

6.4.3 Performance

Although it is possible to use the framework for evaluating many di�erent architec-

ture qualities, one interesting property is its usefulness for measuring performance.

�is is only possible if the performance of the framework is similar to the perform-

ance of real systems, or vary in performance in a way that is comparable to the way

real services vary.

A simple measure of performance is the total invocation time of operations. We

have used a simple echo service, which just returns its string argument, and as a

baseline, we use implementations for Axis1 and Axis2. �e results of 1000 invoca-

tions are shown in table 6.2, with comparison of the average invocation times shown

in �gure 6.8.
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Table 6.2: Average, minimal, andmaximal invocation time of a call to an operation for Axis,

Axis2, andWSConnector between a client and a remote web service.

System Average Minimal Maximal
Axis 57 41 438

Axis2 66 36 3157

WSConnector 112 42 1835

0

37.5

75.0

112.5

150.0

Local Intranet Internet

Figure 6.8: Comparison of Axis1, Axis2, and WSConnector. WSConnector is somewhat

slower, mostly due to two layers of re�ection in each call, whereas both versions

of Axis use auto generated, specialised code for marshaling.

As can be seen from the table, there is a signi�cant di�erence between minimal,

maximal, and average invocation time. �is is most likely partly due to limitations

of the machines running the tests.

WSConnector is considerable slower than both Axis and Axis2. �is is most

likely due to the cost of re�ection. However, for Internet-based communication,

the connector provides a performance that is similar ( a factor two compared to a

factor 10 ) to the performance of the generated code, making prototypes created

usable for performance comparison in this case.

6.5 Summary

First class connectors have many interesting aspects and have been used in many

di�erent forms, ranging from design time entities in architecture description lan-
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guages to object-like constructs in middleware and frameworks. �e idea of �rst

class connectors is in many ways related to the idea for coordination languages, in

that they too embody the coordination aspects of a system. In architecture descrip-

tion languages, this is purely a design time description, but may include a semantic

description of ports and roles, and even a formal speci�cation of protocol. When

�rst class connectors are rei�ed into compile-time constructs in programming lan-

guages, it allows for the rei�cation of the so�ware architecture into the source code

of a program. For middleware and frameworks, �rst class connectors is also a way

to structure programs, but are not necessarily distinguishable from other objects at

run-time.

We have also shownhow�rst class connectors can be utilised for creating frame-

works for testing service oriented architectures, by encapsulating the coordination

aspect in the connectors, and letting components act as services.
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Semantic Web Technology

To improve the usefulness of data, it has been suggested to annotate it with semantic

meta-data, thus allowing programs to reason about the data. �e basis for this is the

use of ontologies, describing the structure and the content of data. Semantic web

technology builds on existing technologies, noticeably XML [20], to create ontolo-

gies that are machine readable, and use these to describe meta-data for services and

data.

Besides our use of ontologies to describe context (section 5.6), we have used

these technologies for implementing a publish/subscribe mechanism using existing

tools for manipulating ontologies. �e publish/subscribe mechanism, while useful

in itself, forms the basis for accessing the context service of our middleware. We

also use OWL to describe the deployment architecture of applications and OWL-S

for describing services, allowing us to utilise existing research in semantic matching

of services for service discovery.

7.1 Semantic Publish Subscribe

Event-based communication is becoming standard in widely di�erent systems: In

enterprise systems it is o�en used in conjunction with message queues such as the

Java Message Service [112] and in ubiquitous computing [102], it is o�en used when

processing sensor data for, e.g., context awareness [42]. �e promise of event-based

technology is decoupling of the agents in a distributed interaction: the sender does

not need to know, e.g., the address of the receiver and vice versa. A particularly ver-

satile paradigm for event-based communication is publish/subscribe in which events
are routed from a sender to potentially multiple receivers based on receivers’ de�n-

itions of interesting events [46].

Even if senders and receivers are decoupled, they need to share a common schema

for events and they need to ideally be able to describe both structure and contents

of events that they either create or are interested in. Ontologies, and in particular

Description Logic-based [7] ontologies such as theWebOntology Language (OWL;

[65]) provide a convenient and analysable way of expressing such schemas.

113
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Eugster et al. de�ne publish/subscribe systems in terms of a basic interaction

scheme in which subscribers express interest in certain patterns of events through
subscriptions and are subsequently noti�ed of the publication of events by publish-
ers if the events match their interests [46]. Furthermore, an event service provides
storage and management of subscriptions and delivers noti�cations. In this gen-

eral framework, several types of publish/subscribe systems can be discerned in-

cluding topic-based, content-based, and type-based publish/subscribe. In topic-

based publish/subscribe, subscriptions are essentially named (possibly hierarchical)

subjects to which publishers may publish. Content-based publish/subscribe allows

subscriptions based on the runtime contents of events and type-based publish/-

subscribe in a sense uni�es topic-based and content-based publish/subscribe in that

it subscriptions are speci�ed using (object-oriented) types that unify hierarchical

topic �ltering through the type hierarchy and contents-based �ltering through (pub-

lic) members. Ontology-based publish/subscribe provides the expressiveness of

type-based publish/subscribe, but adds the ability to create types and abstractions

through ontology descriptions. Furthermore, we describe how this can be achieved

using available ontology speci�cations and tools.

Among related work, WS-Noti�cation is an OASIS standard de�ning a noti-

�cation infrastructure for use with the WS-* family of standards [57], notably web

services and theWS-Resources framework. �e framework is a topic based publish

subscribe system, with the possibility of �ltering noti�cations based on the contents

of the noti�cation or the state of the publisher. For larger systems, a broker may be

used to route messages. To publishers, the broker acts as a subscriber, and to sub-

scribers it acts as a publisher, so it can be dropped into existing systems without

changing publishers and subscribers. �e main drawback of WS-Noti�cation is

that the �ltering language is not standardised. Instead, each use of the standard

in a system will have to decide on a �ltering language and implement it for use by

providers. �is also implies that it is impossible to de�ne the expressiveness of WS-

Noti�cation in general, but of course possible for any implementation. As an ex-

ample, the Apache Servicemix implementation provides no �ltering language and

instead uses �at topics de�ned by strings [92], where the ontology-based approach

provides increased expressiveness. In contrast, IBMWebSphere uses an implement-

ation of WS-Topics [115], which provides XML based topic descriptions using XML

namespaces to avoid collisions, provides for hierarchical topics, and de�ne 4 dialects

of a �ltering language with increasing expressiveness.

Wang et al. [116] have created an ontology-based publish/subscribe mechan-

ism with a strong emphasis on e�ective evaluation of �lters on the ontology. �eir

systems represents events as RDF graphs and subscriptions as graph patterns and

includes an e�cient subgraph isomorphism algorithm. However, they only achieve

the high e�ciency by introducing some constraints on graphs and graph patterns.

Furthermore, there solution is based on DAML+OIL, which has been superseded

by OWL.

We have created an ontology-based publish/subscribemechanism, namedKilo-
.PS, whichwe describe in the following sections in terms of design, implementation,
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and expressiveness. �e approach is evaluated in three ways:

1. by implementing it using OWL and SWRL libraries,

2. by measuring performance of the noti�cation mechanism, and

3. by using it in the Kilo.Two context model.

7.1.1 Conceptual Design

To describeKilo.PS, we take our outset in the formalisation of publish/subscribe by

Mühl [90] in which a set of operations on a publish/subscribe system is described.

A publish/subscribe system may be de�ned as:

A publish/subscribe system is a tuple PS = (C , E ,N , S), where

• C is a non-empty, �nite set of clients of the system,

• E is a set of events, and

• F is a set of �lter functions from E to a Boolean.

Informally, then, the runtime semantics of a publish/subscribe system may be de-

scribed by a trace of states and operations on the system. �e state of the system is

the sum of states of the clients and the state of a client is the �lters installed at a

client, the events sent by the client, and the noti�cations received by the client. �e

operations are one of:

1. subscribe(c, f ), c ∈ C , f ∈ F: �e client c subscribes to receive noti�cations of
events, e ∈ E, for which f (e) = true. We say that the client subscribes to the

�lter, f .

2. unsubscribe(c, f ), c ∈ C , f ∈ F: �e client c no longer subscribes to f .

3. publish(c, e), c ∈ C , e ∈ E: �e client c publishes an event e. Eventually, clients
that are subscribed to e, where f (e) = true should receive the event.

4. notify(c, e), c ∈ C , e ∈ E: �e client c is noti�ed of e. �is should only apply

to clients that are subscribed to a �lter, f , for which f (e) = true.

We now describe how this can be realized using OWL-DL and SWRL

A semantic publish/subscribe system is a publish/subscribe system de-
scribed by a tuple SPS = (C ,O) where

• C is a non-empty, �nite set of clients of the system;

• O is an ontology that de�nes event and �lters
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In the present work, ontologies are described using OWL-DL. We represent �l-

ters by SWRL rules in which the antecedent constrains the Events for which Noti-

�cations are made. �e general form of these �lters are:

Event(?x) ∧ Subscriber(c) ∧ [Filter using x] ⇒ notify(c, x)

When this rule is evaluated and an Event exists in the ontology for which the speci�c

�lter evaluates to true, then a Noti�cation is created. �is leads to the following

realization of operations:

1. Subscribe: A client subscribes by adding a Subscriber individual and a rule

on the form described above to the ontology.

2. Unsubscribe: A client unsubscribes by removing the added Subscriber indi-

vidual and rule.

3. Publish: A client creates an Event individual in the ontology the result being

that all subscription rules are evaluated. �is will create notify properties on

each Subscriber individual de�ning the events they must be noti�ed of.

4. Notify: For each notify property, the corresponding client is noti�ed of the

event.

Given this conceptual description, we now turn to implementation and detailed

design of ontology-based publish/subscribe.

7.1.2 Implementation and Design

Kilo.PS is based on standard semantic web technology. �e core component of the

system is an ontology on which all actual computation is carried out. �is implies

that the system is inherently centralised, with publishers sending events to a broker,

and subscribers subscribing at the same broker (�gure 7.1), although it is in principle

possible to have more than one broker, even one for each publisher.

Publisher Broker Subscriber

Ontology Store

Figure 7.1: High-level system overview.

�e ontology is described in OWL-DL, and consists of classes and properties

de�ning the structure of events. Events can have any structure, and contain any

data, as long as it is de�ned by the ontology. Figure 7.2 shows a small example of an

ontology in the system, having only a single sub-class of Event, and which doesn’t
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de�ne any structure on the data contained in the event, except for declaring that it is

an individual in the ontology. Further types of events can be de�ned by sub-classing

Event as illustrated by the LocationEvent subclass of event, and the structure of the

data of event can be de�ned by re�ning the hasData property.

Event

Subscriber

PublisherhasPublisher

notify

swrl:Imp

subscribesTo subscribedBy

owl:Thing hasData

Figure 7.2: �e publish-subscribe ontology with sample subclasses of event. swrl:Imp is the
main concept for SWRL rules which represents the �lters.

While publishers publish data by creating new individuals of the Event class or a

sub-class in the ontology, subscribers de�ne their subscriptions using SWRL rules.

For instance, a subscriber named “Subscriber1” can declare interest in all events by
using the following rule:

Event(?x) ∧ Subscriber(Subscriber1)
⇒ notify(Subscriber1, ?x)

In this example, the �lter does not de�ne any speci�c type or structure on the data

of the event. If data of an event is added to the ontology, for instance in the form

of a string, it would correspond to a pure topic-based publish subscribe. However,

we can do more than that, by using the ontology to de�ne the structure of the data.

If this is the case, we can use SWRL rules which match on the contents of the data

instead of merely the topic.

To retrieve noti�cations from the ontology the broker uses SQWRL to retrieve

a list of events and the corresponding subscribers [94]. �e rule used is:

Event(?x) ∧ Subscriber(?y) ∧ notify(?y, ?x)
⇒ sqwrl ∶ select(?y, ?x)

which will return a list of (Event,Subscriber) pairs. �e broker can then send each

Event to the subscriber. �e actual implementation of the Broker uses the Protege-

OWL API for storing the ontology [77], and the Protege Jess bridge and Jess for

executing the SWRL rules.

�ere are other implementation issues in regard to publish/subscribe systems

which we are not part of the mechanism itself, as discussed by Eugster et al. [46],

namely
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• event delivery,

• media, and

• quality of service.

Kilo.PS as such does not de�ne how events should be delivered, but the use of OWL

based ontologies suggest using XML for serialising events for transport, indicating

a message based approach. �ere is no built-in support for supporting invocations

in the subscribers. From the subscribers point of view, to subscribe to events they

have to know the structure of the events they are interested in, or at least the type of

the event. To subscribe to an event, a subscribe passes its name and a SWRL rule to

the broker, and will then receive events as they are processed.

Likewise, the middleware media responsible for transmitting events could be

one of several. We have used Kilo.PS in a middleware based on web services which

is a decentralised architecture using point-to-point communication. However, if

there is a need to support for instance temporal decoupling this could be combined

with a message queue system resulting in a centralised architecture.

Finally,Kilo.PSdoes not in itself provide any quality of service guarantees, which
mostly depend on themiddleware used for transmission of events. When combined

with web services the only real guarantee is the use of reliable communication. �e

current implementation does not store events that cannot be delivered.

7.1.3 Expressiveness

Eugster et al. [46] describe three types of publish/subscribe systems: topic-based,

content-based and type-based publish/subscribe, where type-based essentially sub-

sume both topic-based and content-based considering the expressiveness of sub-

scriptions. In Kilo.PS, topic-based publish/subscribe can be modelled by creating

subclasses of the Event class. An example of this is shown in �gure 7.3. In this

Event LocationEvent GPSLocation
Event

GSMLocation
Event

rdfs:subClassOf rdfs:subClassOf

rdfs:subClassOf

Location

hasData

xsd:integer

hasPrecision

Figure 7.3: Example of a Topic Hierarchy.

case, a subscriber to LocationEvents would also receive GPSLocationEvents and
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GSMLocationEvents if they were published. �e following shows such a subscrip-

tion:

LocationEvent(?e) ∧ Subscriber(c) ⇒ notify(c, e)

In content-based publish/subscribe systems, subscriptions can �lter on the contents

of events. An example of this is:

LocationEvent(?e) ∧ Subscriber(c) ∧ hasData(e , d)∧
hasPrecision(d , p) ∧ swrlb ∶ less�an(p, 100)

⇒ notify(c, e)

Assuming that the precision of Locations are encoded as meters, this will result in

c being noti�ed of LocationEvents where the precision is better than 100 meters.

Combining the possibility for subscribing based on topics, subscribing based on

data contents, and the ability to send data as objects in events essentially gives us

type-based publish/subscribe. �e only part which cannot be handled in ontology-

based publish/subscribe is behaviour of event objects.

Furthermore, event correlation (in which, e.g., a noti�cation is based on the

sending of two events), can also be modelled using SWRL rules. Finally, in addition

to traditional publish/subscribe functionality, it is also possible to, e.g., change data

as well as structure for events at runtime. In the current implementation, it is up

to the discipline of the user of the publish/subscribe system to ensure that standard

behaviour of publish/subscribe systems is preserved.

7.1.4 Performance

�e performance of Kilo.PS has been tested using a test bed consisting of an im-

plementation of the broker and interfaces for publishing and subscribing. �us, the

tests are performed on the pure performance of the broker, without taking network

input and output into account. Furthermore, no optimisations where implemented.

�e tests where performed on a 2.93 GHz Intel Core 2 Duo iMac with 4GB 1067

MHz DDR2 memory running Mac OS X 10.6 and Java 1.6.0 15. Every test was run

100 times and the average and standard deviation calculated.

For the sake of the tests, we de�ne the size of an ontology as the total number

of elements in the ontology. �at is, the total number of classes, properties, and

individuals.

Of some interest, is the time it takes to initialise the system by reading in the

ontology. �is depends on the size of the ontology. In most cases, the intitializa-

tion time is of minor importance, but in the case of a highly dynamic system where

brokers might come and go, it might be important. Figure 7.4 shows the average

load times and deviation for ontologies of varying size.

�e time it takes for publishing an Event is negligible, taking less than 1 ms. If

the data associated of the event is large, this will increase, but will still be low. �us,

in actual use this will be bounded by the transmission time of the network, not the

time spent by the broker.
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Figure 7.4: Initialisation time in ms as a function of ontology size

Of more interest is the time it takes to evaluate subscriptions. Potentially, this

can depend on the size of the ontology and the number of subscriptions. It turns

out that the most important of these is the number of subscriptions. While the eval-

uation time of subscriptions appears nearly independent of the size of the ontology

(�gure 7.5), the number of subscriptions in�uence the evaluation time heavily (�g-

ure 7.6).

Wang et al. provide performance statistics of their ontology-based publish/-

subscribe system [116] based on graph-matching. Although theirs as well as our

system are both based on ontologies, they a very di�erent in model and implement-

ation. For the purpose of performance testing, the authors use randomised events,

while we use a number of tailored test-cases. �e main implication is that they do

not control their matching rate, which is unfortunate, since it has a high impact on

the e�ectiveness of their algorithm, in that lowering the matching rate decreases

the evaluation time signi�cantly. However, they do report an evaluation time for

10.000 subscriptions, 10 classes, and 10 properties with a matching rate of approx-

imately 3% as 1200 ms. Unfortunately, they do not provide an evaluation showing

the e�ect of increasing the size of the ontology while maintaining thematching rate,

resulting in tests showing that the evaluation time decrease as the number of classes

grow. However, we feel that we can safely say that their implementation is orders of

magnitude faster than ours. �e reason for this is mostly that their implementation

of the matching algorithm is bene�ts from being optimised for publish/subscribe,

while our implementation is intended to be used for other, though similar purposes,
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Figure 7.5: Evaluation time in ms of a single subscription as a function of the ontology size.

like accessing a context model. However, our implementation o�ers increased func-

tionality in choosing how to use the system, and is not yet optimised.

While there are several di�erent WS-Noti�cation implementations, Humphrey

et al. have provided a comparison of four di�erent implementations [67]. For their

tests, they provide a shared resource, a counter, usingWS-Resource [35], and let in-

terested parties access a noti�cation of changes usingWN-Noti�cation. For a client

and a server co-located on the same machine using no security, which is the closest

we get to our setup, they report the time for noti�cations to arrive when the counter

is updated between 8.78 ms and 46.52 ms. However, this includes not only match-

ing subscriptions, but also marshalling and demarshalling XML, indicating that the

actual matching times are somewhat smaller. However, WN-Noti�cation is topic-

based, so we expect a more e�ective matching algorithm, and their tests only use a

single event and a single subscriber, making direct comparisons di�cult.

7.1.5 Example of Use

�e ideas in the publish/subscribe system have been used for implementing a sys-

tem for context-sharing using an ontology-based context-model. In this case, the

context-model replaces the publish/subscribe terminology of events carrying data,

but the principle is the same. Consumers of context subscribe to changes in context

using SWRL rules, and will receive noti�cations when updates matching the rules

happen. �is results in a highly expressive mechanism for declaring interest in spe-
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Figure 7.6: Time inms for Evaluating subscriptions as a function of the number of subscrip-

tions for an ontology of size 411.

ci�c changes and has the added value that the rules provided by consumers can

themselves aggregate sensed context, providing higher-order context not already

present in the model. �e system is envisioned to be used in applications with a rel-

atively small number of contextual events, where consumers of context act on behalf

of users, and not for machine-to-machine interaction.

7.1.6 Future Work

One obvious area of future work is performance improvements. One way is to im-

prove performance by optimising rules. For instance, if two subscribers (“c” and “d’)

both want all Events, there will be two rules in the ontology:

Event(?x) ∧ Subscriber(c) ⇒ notify(c, ?x)
Event(?x) ∧ Subscriber(d) ⇒ notify(d , ?x)

which can be rewritten as:

Event(?x) ∧ Subscriber(c) ∧ Subscriber(d)
⇒ notify(c, ?x) ∧ notify(d , ?x)

thereby reducing the evaluation time.

Another possibility for optimising rules is parallelisation of rule-invocation. In

principle, more than one model could be maintained and rules could be distributed
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among them to be evaluated in parallel. While feasible, this would imply consid-

erable analysis of rules, since rules may themselves create new individuals in the

ontology. Another possibility would be to limit rules to only notify subscribers, and

not create new individuals, but this would limit the expressibility of the subscription

mechanism.

Tool support in the form of integration into Protege or Eclipse, allowing for

easier creation of publishers and subscribers would also be useful. �is should in-

clude a simulation environment allowing for testing the results of a set of subscrip-

tions when a series of events are produced.

7.2 Semantic Architecture Description

As described in section 6.1.1, architectural description is useful at design- and run-

time. For the Kilo middleware, we use it to describe the deployment of applications,

in terms of which components and connectors to load as well as for describing re-

quired and provided services of components. While several architectural descrip-

tion languages useful for this exist, it is interesting to investigate semantic technolo-

gies for use in such descriptions. �e motivations for using ontologies of architec-

tures and standards like OWL is the ability to use existing tools to perform trans-

formations and reasoning on architecture models. Modelling the architecture can

be supported by existing so�ware tools, like Protege-OWL [77], and reasoners can

be used, with appropriate rules, to investigate properties of the architecture.

For loading components and connectors in the Kilo middleware, we have a sys-

tem where an ontology describes the initial, local setup. Our ontology is designed

to plug into an existing ontology from the Hydra project for describing the archi-

tecture of applications [120]. �e existing ontology is created for use with services

implemented in Java as OSGi bundles, so we need to extend it to support both the

Kilo component model and the fact that Kilo is implemented in C#. To support

this, we added the new classes shown in �gure 7.7. Besides adding Kilo services and

the C# language to the ontology, we also need a new component-type, to support a

property that describes that Kilo components might require other components or

services.

Additional parts of the ontology, not shown in the �gure, include a kilo:Imple-
mentation class for de�ning fromwhere a service or component can be loaded. �is

includes de�ning the full name of the C# class implementing the component and

the dll from which it can be loaded.

To actually describe on load-time con�guration of an application, we describe

the components as individuals in the ontology, as shown in �gure 7.8. To actually

load the con�guration, a loader reads the XML serialisation of the ontology, and

loads the described components. It should be noted that this particular example

assumes the loader knows how to locate the components. If this is not the case, a

property de�ning this can be added. However, the components may have require-

ments de�ned as C# properties, which the loader then examines and tries to ful-
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owl:Thing

com:Component com:ComponentImple
mentationLanguage

com:ComponentProvi
dedService...

kilo:KiloComponent kilo:Service

requires

kilo:CSharp

requires

Figure 7.7: Part of the Kilo additions for the existing Hydra architecture ontology. Classes

with solid borders are part of the Kilo ontology and arrows without label are

rdfs:subClassOf properties which are le� out for readability.

�ll. As an example, the ContextStore component might need a Context service. In
this case, that will be de�ned by a require property containing a URL to a partial
OWL-S description. �is describes the minimum requirements of service ful�lling

the needs of the component, and it is then the role of the Kilo ServiceDiscovery
service,to �nd a suitable service to ful�ll these requirements. �is is described in

more detail in section 7.3.

kilo:KiloComponent

requires

ContextClient ContextStore

Figure 7.8: De�ning a, very simple, architecture of an application using the Kilo architecture

ontology. Individuals are underlined.

7.3 Semantic Service Discovery

To use semantic descriptions for service discovery, we have analysed existing im-

plementations of OWL-S based service matchers. For our purpose, we have used

OWLS-MX [76], which is a hybrid service matcher that matches partial service de-

scriptions with a database of service descriptions. While this implies a centralised

service store, this is actually useful for our purpose, since it can be pre-loaded with

descriptions of remote services.

OWLS-MX is hybrid in the sense that is uses both logic based and approximate

semantic matching to match services. �is improves upon both approaches, since
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Listing 7.1: XML serialisation of a simple Kilo application consisting of two components,

ContextClient and ContextStore.
<?xml version="1.0"?>
<rdf:RDF

xmlns:xsp="http: //www.owl -ontologies.com /2005/08/07/
xsp.owl#"

xmlns:com="http: // localhost:9999/ontology/
GenericComponent.owl#"

xmlns:swrlb="http: //www.w3.org /2003/11/ swrlb#"
xmlns="http: // localhost:9999/ontology/kilotest.owl#"
xmlns:kilo="http: // localhost:9999/ontologies/

kilocomponent.owl#"
xmlns:swrl="http: //www.w3.org /2003/11/ swrl#"
xmlns:protege="http: // protege.stanford.edu/plugins/

owl/protege#"
xmlns:rdf="http: //www.w3.org /1999/02/22 -rdf -syntax -ns

#"
xmlns:xsd="http: //www.w3.org /2001/ XMLSchema#"
xmlns:rdfs="http: //www.w3.org /2000/01/ rdf -schema#"
xmlns:owl="http: //www.w3.org /2002/07/ owl#"

xml:base="http: // localhost:9999/ontology/kilotest.owl">
<owl:Ontology rdf:about=""/>
<owl:AllDifferent >

<owl:distinctMembers rdf:parseType="Collection">
<kilo:KiloComponent rdf:ID="Client">

<com:componentName rdf:datatype="http://www.w3.
org /2001/ XMLSchema#string"

>ContextClient </com:componentName >
</kilo:KiloComponent >
<kilo:KiloComponent rdf:ID="Store">

<com:componentName rdf:datatype="http://www.w3.
org /2001/ XMLSchema#string"

>ContextStore </com:componentName >
</kilo:KiloComponent >

</owl:distinctMembers >
</owl:AllDifferent >

</rdf:RDF >
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Listing 7.2: �e interface of a simple echo service.
public interface EchoService {

public String echo(String echo);
}

neither of the methods always succeed in �nding a match. Logic based matching

can use a number of di�erent matching strategies including exact matching and

subsumed match, i.e. output of the service is more than requested. �e approxim-

ate service matching is based on a nearest neighbour approach, where a matching

service may require more input than requested, and provide more output than re-

quested. OWLS-MX�rst tries logicmatching and, if it fails, tries nearest-neighbour.

For logic matching, it has 4 di�erent matching �lters, which are applied in order of

most-exactmatch. �e approximatematch is the least exact. �at is, OWLS-MXwill

always return the most exact match to a request. As an example of service match-

ing, we look at a very simple setup involving an echo service, with a simple interface

as shown in listing 7.2. To register the service with the Kilo discovery service, the

device o�ering the service will �rst have to �nd the discovery service using Bonjour

[68]. �is returns a URL specifying the location of the service, which may then be

invoked. In turn, the client can discover the necessary service by sending a partial

pro�le of the service it needs to the discovery service, which will then reply with a

URI pointing to the service if it is available. �is bootstrapping process is shown in

�gure 7.9. For exact matching, the partial pro�le could contain a description of an

operation that takes a string as input, and returns the same string.

Echo
Client

Bonjour
Component1

Bonjour
Component2

Discovery
Service

discover(Discovery)
register(Discovery,URI)

announce(Discovery)
URI

lookup(profile)

EchoService URI

Figure 7.9: Sequence diagram showing the registration process of the Echo service.

As described in section 2.3, a pro�le consists of four parts:

• a service description (partly shown in listing 7.3),
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• a pro�le,

• a grounding,

• and a model.

�e complete description is included in appendix B.3. �e client can send either

a complete or a partial pro�le to the Discovery service and will in turn get a URL

pointing to a service that corresponds to the required service.

Using semantic service matching for allows the client of the discovery process

to focus on exactly what is needed from the service, and not a speci�c service type

with a pre-known interface. For instance, the partial pro�le provided by the client

could de�ne a needed operation, and will then match all services that provide that

particular operation. It also allows the client to simply de�ne what data it needs,

and that what discover all services that can provide the data.

7.4 Summary

We have used semantic web technology for a variety of purposes. Describing web

services using semantic descriptions allows for new ways of describing services,

which in turn allows for service matching based on semantic matching. Further-

more, ontologies can be used for implementing publish/subscribe allowing for a

very expressive subscription language, in our case using by using SWRL. Further-

more, the same technology can be used for implementing context models, allowing

for related technologies to be used for service matching, messaging, and context.
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Listing 7.3: OWL-S service description of the Echo Service.

<rdf:RDF ... >
<owl:Ontology rdf:about="">

<owl:versionInfo >
$Id: EchoService.owl ,v 1.0 2009/01/14 argo $

</owl:versionInfo >
<rdfs:comment >

...
</rdfs:comment >
<owl:imports rdf:resource="&service;" />

...
</owl:Ontology >

<service:Service rdf:ID="EchoService">
<service:presents rdf:resource="&echo_profile ;#

EchoServiceProfile"/>
<service:describedBy rdf:resource="&echo_process ;#

EchoServiceProcess"/>
<service:supports rdf:resource="&echo_grounding ;#

EchoServiceGrounding"/>
</service:Service >

<profile:Profile rdf:about="&echo_profile ;#
Profile_EchoService">

<service:presentedBy rdf:resource="#EchoService"/>
</profile:Profile >

<process:AtomicProcess rdf:about="&echo_process ;#
EchoServiceEcho">

<service:describes rdf:resource="#EchoService"/>
</process:AtomicProcess >

<grounding:WsdlGrounding rdf:about="&echo_grounding ;#
EchoServiceGrounding">

<service:supportedBy rdf:resource="#EchoService"/>
</grounding:WsdlGrounding >

</rdf:RDF >
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Summary and Conclusion

�is thesis has described work carried out in the Kilo project in regard to context-

awareness and middleware. �e goal of the middleware was to suport integration

of information from heterogeneous sources and support �ltering of the informa-

tion in regard to the current context of the user. �e main body of the work con-

cerned designing and evaluating the middleware using techniques from participat-

ory design.

With insight into the domain and requirements originating in the participatory

design process, a number of additional research areas where identi�ed, and work

where carrried out in each of the research areas.

For participatory design, we explored the use of a number of techniques for the

development of middleware. Of these, �eld studies and interview proved useful for

determining requirements of the middleware, although the requirements were usu-

ally expressed indirectly, for instance as requirements of an application supporting a

scenario discussed during an interview. During �eld studies, when discovering how

workers carried out their daily tasks, we also analysed the existing systems used at

the farms, and some requirements arose from the need to potentially support inter-

action with these systems.

For evaluation, deployment of prototypes in actualwork environments provided

feedback about the prototype application as well as the middleware. Again, end-

users of so�ware cannot be expected to explain problems or shortcomings of the

middleware, but can explain what they have experienced. It is then up to the de-

veloper to “translate” these observations into implications for the further develop-

ment of the middleware.

To goal of the project was the development of a middleware design for integra-

tion and context awareness in agriculture. As such, the results in middleware are

of importance. In this area, we have mostly looked into using semantic web tech-

nologies in middleware for service oriented systems. Semantic descriptions have

been used for the context model, the service model, architecture description, and

publish/subscribe.

129
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8.1 Results in research areas

As described in section 1.1, the research has focused on three areas of research:

• So�ware Architecture,

• context Awareness, and

• integration.

�ese research areas were analysed indirectly, by covering �ve di�erent research

subjects:

• Participatory design,

• context awareness,

• architectural models,

• �rst class connectors, and

• semantic technology.

A number of tasks where carried out in relation to each research subject. Parti-

cipatory design techniques where used for designing and evaluating systems. For

context, we analysed what kind of data a context model should support, and de-

signed a context model. Architectural models have been used in middleware, by

using architectural descriptions of applications to provide a declarative method for

describing requirements between components. To implement integration of het-

erogeneous services, we employed �rst class connectors, which where also part of

the declarative architectural description. Finally, we used semantic technology for

describing the architectural model, as well as integration in the form of semantic

annotations of services used for service discovery, and created a semantic context

model, which used tools for querying ontologies for implementing subscriptions.

If we look at the research areas, for so�ware architecture, we have used the pro-

cess of designing and architecture formiddleware for exploring the use of ontologies

the architecture of applications built with the middleware. For context awareness,

we have analysed how it can be useful in the agriculture domain and created amodel

and methods for querying the model. Finally, for integration, we have explored the

use of semantic annotations and �rst class connectors for providing integration of

heterogeneous services and devices.

8.2 Research Questions

In chapter 1, we described four research questions as the basis of the work in this

dissertation. Restated, the research questions are:
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Research Question 1 Howwell do techniques fromparticipatory designwork for design-
ing context aware middleware?

Research Question 2 Is a rei�ed so�ware architecture, including �rst class connect-
ors, useful for deployment and integration for context aware middleware?

Research Question 3 Can the use of applications developed for a speci�c domain be
used to design a general purpose middleware?

Research Question 4 Are semantic web technologies suitable for describing context,
services, and architecture?

For research question (1), we applied various techniques fromparticipatory design

for gathering requirements and evaluating results. Field studies, interviews, and fo-

cus groups proved successful in obtaining requirements and evaluating early designs,

and the result was a viable middleware design. An important part is choosing the

right artifact for each activity, but this is to be expected, as this is also the case for

participatory design for applications. Our conclusion is, that participatory design

techniques lend themselves well to the design of middleware, but have the same

pitfalls as participatory design for end-users applications. Mainly, most participat-

ory design techniques are qualitative, and requires the developers to ensure that the

results supports generalisation.

For question (2), we have explored the use of �rst class connectors for prototyp-

ing service oriented systems, and found that they provide a good abstraction which

allows for experimenting with service-enabling di�erent components in an archi-

tecturewithout changing the components, since the communication is encapsulated

in the connectors. Furthermore, our use of �rst class connectors in the middleware

not only encapsulates communication, but allows for de�ning the architecture of the

running systems as a component and connector view and supports de�ning the re-

quirements of components in terms of abstract service descriptions which can then

be accessed though connectors. Potentially they can also perform necessary transla-

tion and adaptation needed for interacting with the service without the involvement

of the components. �us, they provide a useful abstraction for service oriented ar-

chitectures, and the rei�ed so�ware architecture, in terms of deployment descrip-

tions and required and provided services provides �exibility in choosing suitable

services through semantic service matching.

Question (3) is concerned with generalising development for a speci�c domain

to general purpose middleware. We have not fully veri�ed this, since that would re-

quire implementation of applications fromother domains on top of themiddleware.

However, we argue that for most parts, the middleware will generalise to other do-

mains. While our context model, de�ned as an ontology in OWL, clearly has some

domain speci�c parts, this does not preclude using the context service with other

models. Furthermore, the ontology model uses parts of an existing context model

from the Hydra project which is itself used in more than one domain. �is is an ex-

ample of structuring the context model so that parts of it are general purpose, with
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domain speci�c parts being added when needed. Other services, like the adminis-

tration service, is clearly domain speci�c and is, in fact, an existing service used in

Danish agriculture. As such, themiddleware resembles themodel by Schmidt [106],

in that the middleware consists of common middleware services as well as domain

speci�c middleware services.

For the use of semantic web technology, as expressed by question (4), we have

explored the use of OWL-S for service description and discovery and ontologies

written in OWL for modelling context and deployment architecture. Our conclu-

sion is that the use of related technologies provides bene�ts to themiddleware aswell

as the developer, although the last conclusion would require more research to fully

verify. Since OWL-S describes input and output in terms of concepts in an ontology,

we can potentially use an ontology for describing this as part of a context ontology,

thus increasing the value of creating the ontology. For so�ware architecture, the use

of an OWL ontology for describing the architecture means that developers can use

the same tools, e.g. Protege-OWL, for describing context, data, and architecture.

Finally, using the same mechanism for publish/subscribe and accessing the context

models means that data can be shared using the same ontological description as

used for context and services.

8.3 Hypothesises

�e hypothesises of the project are:

Hypothesis 1 Participatory design provides useful techniques for designing and eval-
uating middleware.

Hypothesis 2 A service oriented middleware using �rst class connectors provides ab-
stractions that are useful for the implementation of applications that access informa-
tion and services from heterogeneous administrative domains.

Hypothesis 3 Semantic web technologies can be used for a variety of purposes in a
context awaremiddleware, including architecture description, integration, and context
modelling.

To evaluate hypothesis (1)we have used participatory design techniques through-

out the project with good results. �e techniques proved useful for the design pro-

cess but have a some pitfalls, noticeably that they are mostly qualitative by nature.

�ismeans that the designers will have to ensure that they are still designing general

purpose middleware, while supporting the requirements gathered in the particip-

atory design process. Furthermore, participatory design techniques work well with

developers as participants when the right artifacts are chosen.

For hypothesis (2) we have built applications using a service oriented middle-

ware that interacts with web services using �rst class connectors. �e use of web

services provides us with suitability for heterogeneous administrative domains, and
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the use of �rst class connectors provide us with useful abstractions for building the

applications. To fully evaluate the usefulness though, it would be necessary to have

external developers use the middleware to create applications.

We have shown that semantic web technologies can be used for a variety of pur-

poses, thus validating hypothesis (3). We have used ontologies and XML Schema

for describing the deployment architecture of applications. For describing service

interfaces and service matching, we have used OWL-S and OWL-S based semantic

matching, the latter of which is used for service discovery. Finally, we have used

OWL and SWRL for describing context and for publish/subscribe.

8.4 Future Work

One of the areas le� out of the project to some degree was direct involvement of

developers. While this was compensated by using focus groups ideally, to determine

the usability of themiddleware towards developers, �eld studies of developers using

themiddleware to create applications should be carried out. �is should be followed

up by evaluation of the resulting applications in terms of development time and

suitability.

�e second application prototype was not completed, and therefore not evalu-

ated by real-world deployment. �erefore, the usefulness of the �nal middleware

design is partly theoretical. A future evaluation would involve not only deploying

an application using the middleware, but deploying it on more than on farm, to

perform a quantitative evaluation.

While our use of ontologies for describing context is promising for the domain,

the problem of clearly de�ning concepts in the domain remains. Con�icting un-

derstanding of concepts in the domain remain a problem that has to be solved to

fully bene�t from a context model, as well as service oriented integration. �is is

a problem that can only be solved by experts from di�erent sub-domains working

together to create a common understanding of the concepts involved.

We have analysed di�erent semantic web technologies for di�erent purposes,

and shown how they can be used, but there remain a number of outstanding re-

search questions. In the case of our publish/subscribe mechanism, optimisations

would make it more useful, since the current implementation is relatively slow. For

the context model we have used it as a centralised model, but the possibility of a

distributed OWL based context model seems an interesting direction of research.

�is would expand the range of domains where the context model could be used.

8.5 Conclusion

�is dissertation has provided on overview of the parts of the Kilo project carried

out at Aarhus University. �e focus of the project was the development of a context

aware middleware for service oriented integration in agriculture. A�er two itera-

tions, we have designed a middleware using semantic web technologies through-
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out the middleware. �is has the bene�t that the technologies are related result-

ing in a less steep learning curve, and tie well into existing infrastructure based

on web services. For instance, our service model is based on OWL-S, which in

turn use WSDLfor describing actual interfaces, providing us with the bene�t that

WSDLinterfaces are already available for the existing web services. Similarly, our

use of OWL to describe context means that concepts de�ned in the context onto-

logy can also be used for describing the data of input and output of web services, po-

tentially allowing for applications to simply require services that can provide them

with the needed context. �is is promising for using the middleware for context

awareness and service oriented integration in both the examined domain and other

domains.



Appendix A

Requirements

�is appendix provides some of the initial requirements gathered in the beginning

of the project for the �rst prototype, although some extend to the second prototype.

�is is intended to give examples of requirement, and does not represent require-

ments that where eventually incorporated into the project.

Requirement 1
name: Disconnected operation

description: �e middleware must not expect continuous connectivity,

and should work even though the connection to central

systems is broken at times.

Priority: High

Origin: Field studies for case 1.

Requirement 2
name: Use knowledge of data coverage

description: �e middleware should take advantage of previous meas-

urements of coverage in its caching strategy, and deliver

high-priority data and retrieve necessary information be-

fore a device is moved into an area that is known to have

limited or no mobile data coverage.

Priority: Low

Origin: Internal discussions at DAIMI

Requirement 3
name: Integration with existing back-end systems

description: �e middleware must support integration with existing

middleware systems, to enable transmission of data either

way.

Priority: High

Origin: Talks with engineers at LC.
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Requirement 4
name: Location awareness

description: �e system must be able to determine the location of a

device carried by an individual.

Priority: High

Origin: Field Studies at Skovgård and Nygård

Requirement 5
name: Partial Task Identi�cation

description: �e system should be able to partially identify the current

task of the user. If the system is unable to determine the

task, a number of likely possibilities should be presented

to the user.

Priority: High

Origin: Case 2, developed at LC

Requirement 6
name: Implementation language

description: Asmuch as possible of the implementation should be done

in C#, to support existing developers at LC.

Priority: High

Origin: LC current practice.

Requirement 7
name: Service Discovery

description: �e middleware must support discovery of available ser-

vices. Service discovery should be �ne-grained, in the

sense that applications should be able to ask for a speci�c

service and QoS, and not for a particular device.

Priority: High

Origin: Research goal

Requirement 8
name: Representation of Context

description: Context information is stored and queried using ontolo-

gies.

Priority: High

Origin: Design decision
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Requirement 9
name: Situation awareness

description: �e middleware must be situation-aware. I.e. instead of

merely determining the context, it must determine what

situation the user is in, e.g. using a tractor.

Priority: High

Origin: DAIMI internal. Necessity to determine e.g. current task.
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Appendix B

Code

�is appendix provides the source of the XSD con�guration schema for Kilo.Two
applications (sectionB.1)mentioned in section 4.2.2, theWSDLinterface of theCon-
text service (section B.2) from section 5.6.1, and the full OWL-S pro�le of the Echo
service (section B.3) used in section 7.3.

B.1 Configuration Schema

Listing B.1: ”XSD Schema for Kilo.Two Component Con�guration.”

<?xml version="1.0" encoding="utf -8"?>
<xs:schema id="Configuration"

targetNamespace="http: //kilo.daimi.au.dk/schemas/
Configuration.xsd"

elementFormDefault="qualified"
xmlns="http: //www.daimi.au.dk/~kilo/schemas/

Configuration.xsd"
xmlns:mstns="http: // tempuri.org/Configuration.xsd"
xmlns:xs="http: //www.w3.org /2001/ XMLSchema"

>
<xs:annotation >

<xs:documentation >
XML Schema describing the format of configuration

files for the Kilo component model.

Author: Kristian Ellebaek Kjaer -- argo@cs.au.dk
</xs:documentation >

</xs:annotation >

<xs:element name="Configuration">
<xs:complexType >

<xs:sequence >
<xs:element ref="Component" minOccurs="0"

maxOccurs="unbounded"/>

139
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<xs:element ref="Connector" minOccurs="0"
maxOccurs="unbounded"/>

<xs:element ref="Architecture" minOccurs="0"
maxOccurs="unbounded"/>

</xs:sequence >
</xs:complexType >

</xs:element >

<xs:element name="Component">
<xs:complexType >

<xs:sequence >
<!-- Name of the component -->
<xs:element name="name" type="xs:string"

minOccurs="1" maxOccurs="1"/>
<!-- Assembly where component can be found -->
<xs:element name="assembly" type="xs:string"

minOccurs="0" maxOccurs="1"/>
<!-- How many should be instantiated -->
<xs:element name="cardinality" type="xs:integer"

minOccurs="1" maxOccurs="1"/>
</xs:sequence >

</xs:complexType >
</xs:element >

<xs:element name="Connector">
<xs:complexType >

<xs:sequence >
<!-- Name of the component -->
<xs:element name="name" type="xs:string"

minOccurs="1" maxOccurs="1"/>
<!-- Assembly where connector can be found. If

not present , the assembly must already be

linked -->
<xs:element name="assembly" type="xs:string"

minOccurs="0" maxOccurs="1"/>
<!-- The class implementing the connector -->
<xs:element name="class" type="xs:string"

minOccurs="1" maxOccurs="1"/>ss
</xs:sequence >

</xs:complexType >
</xs:element >

<xs:element name="Connection">
<xs:complexType >

<xs:sequence >
<xs:element name="component" type="xs:anyURI"

minOccurs="2" maxOccurs="unbounded"/>
<xs:element name="connector" type="xs:anyURI"

minOccurs="1" maxOccurs="1"/>
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</xs:sequence >
</xs:complexType >

</xs:element >

<xs:element name="Architecture">
<xs:complexType >

<xs:sequence >
<xs:element ref="Connection" minOccurs="1"

maxOccurs="unbounded"/>
</xs:sequence >

</xs:complexType >
</xs:element >

</xs:schema >

B.2 Context Service WSDL interface

Listing B.2: WSDL Interface of the Context service
<?xml version="1.0" encoding="UTF -8"?>
<wsdl:definitions xmlns:context="http://kilo.daimi.au.dk/

context/" xmlns:soap="http:// schemas.xmlsoap.org/wsdl
/soap/" xmlns:wsdl="http: // schemas.xmlsoap.org/wsdl/"
xmlns:xsd="http: //www.w3.org /2001/ XMLSchema" name="

contextservice" targetNamespace="http://kilo.daimi.au
.dk/context/">

<wsdl:types >
<xsd:schema targetNamespace="http://kilo.daimi.au.dk/

context/">
<xsd:element name="Publish">

<xsd:complexType >
<xsd:sequence >

<xsd:element name="event" type="xsd:string"/>
</xsd:sequence >

</xsd:complexType >
</xsd:element >
<xsd:element name="Subscribe">

<xsd:complexType >
<xsd:sequence >

<xsd:element name="subscriber" type="
xsd:string"/>

<xsd:element name="subscription" type="
xsd:string"/>

</xsd:sequence >
</xsd:complexType >

</xsd:element >
</xsd:schema >

</wsdl:types >
<wsdl:message name="PublishRequest">
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<wsdl:part element="context:Publish" name="parameters
"/>

</wsdl:message >
<wsdl:message name="SubscribeRequest">

<wsdl:part name="parameters" element="
context:Subscribe"></wsdl:part >

</wsdl:message >
<wsdl:portType name="contextservice">

<wsdl:operation name="Publish">
<wsdl:input message="context:PublishRequest"/>

</wsdl:operation >
<wsdl:operation name="Subscribe">

<wsdl:input message="context:SubscribeRequest"/>
</wsdl:operation >

</wsdl:portType >
<wsdl:binding name="contextservice" type="

context:contextservice">
<soap:binding style="document" transport="http://

schemas.xmlsoap.org/soap/http"/>
<wsdl:operation name="Publish">

<soap:operation soapAction="http://kilo.daimi.au.dk
/context/publish"/>

<wsdl:input >
<soap:body use="literal"/>

</wsdl:input >
</wsdl:operation >
<soap:binding style="document" transport="http://

schemas.xmlsoap.org/soap/http"/>
<wsdl:operation name="Subscribe">

<soap:operation soapAction="http://kilo.daimi.au.dk
/context/subscribe"/>

<wsdl:input >
<soap:body use="literal"/>

</wsdl:input >
</wsdl:operation >

</wsdl:binding >
<wsdl:service name="context">

<wsdl:port binding="context:contextservice" name="
contextPort">

<soap:address location="http://kilo.daimi.au.dk/
context/"/>

</wsdl:port >
</wsdl:service >

</wsdl:definitions >

B.3 Echo Service OWL-S Profile
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Listing B.3: Echo service OWL-S description.

<?xml version=’1.0’ encoding=’ISO -8859 -1’?>
<!DOCTYPE rdf:RDF [

<!ENTITY rdf "http://www.w3.org /1999/02/22 -rdf -syntax -
ns">

<!ENTITY rdfs "http://www.w3.org /2000/01/rdf -schema">
<!ENTITY owl "http://www.w3.org /2002/07/ owl">
<!ENTITY service "http://www.daml.org/services/owl -s

/1.1/ Service.owl">
<!ENTITY profile "http://www.daml.org/services/owl -s

/1.1/ Profile.owl">
<!ENTITY process "http://www.daml.org/services/owl -s

/1.1/ Process.owl">
<!ENTITY grounding "http://www.daml.org/services/owl -s

/1.1/ Grounding.owl">
<!ENTITY echo_profile "http://www.daimi.au.dk/~kilo/owl

-s/EchoServiceProfile.owl">
<!ENTITY echo_process "http://www.daimi.au.dk/~kilo/owl

-s/EchoServiceProcess.owl">
<!ENTITY echo_grounding "http://www.daimi.au.dk/~kilo/

owl -s/EchoServiceGrounding.owl">
<!ENTITY DEFAULT "http://www.daimi.au.dk/~kilo/owl -s/

EchoService.owl">
]>

<rdf:RDF
xmlns:rdf = "&rdf;#"
xmlns:rdfs ="&rdfs;#"
xmlns:owl = "&owl;#"
xmlns:service= "&service ;#"
xmlns:profile= "&profile ;#"
xmlns:process= "&process ;#"
xmlns:grounding= "&grounding ;#"
xmlns ="&DEFAULT ;#"

>

<owl:Ontology rdf:about="">
<owl:versionInfo >

$Id: EchoService.owl ,v 1.0 2009/01/14 argo $
</owl:versionInfo >
<rdfs:comment >

This ontology represents the OWL -S service
description for the

EchoService web service example.
</rdfs:comment >
<owl:imports rdf:resource="&service;" />
<owl:imports rdf:resource="&profile;" />
<owl:imports rdf:resource="&process;" />
<owl:imports rdf:resource="&grounding;" />
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<owl:imports rdf:resource="&echo_profile;" />
<owl:imports rdf:resource="&echo_process;" />
<owl:imports rdf:resource="&echo_grounding;" />

</owl:Ontology >

<service:Service rdf:ID="EchoService">
<service:presents rdf:resource="&echo_profile ;#

EchoServiceProfile"/>
<service:describedBy rdf:resource="&echo_process

;# EchoServiceProcess"/>
<service:supports rdf:resource="&echo_grounding ;#

EchoServiceGrounding"/>
</service:Service >

<profile:Profile rdf:about="&echo_profile ;#
Profile_EchoService">
<service:presentedBy rdf:resource="#EchoService"/

>
</profile:Profile >

<process:AtomicProcess rdf:about="&echo_process ;#
EchoServiceEcho">
<service:describes rdf:resource="#EchoService"/>

</process:AtomicProcess >

<grounding:WsdlGrounding rdf:about="&echo_grounding ;#
EchoServiceGrounding">
<service:supportedBy rdf:resource="#EchoService"/

>
</grounding:WsdlGrounding >

</rdf:RDF >

Listing B.4: Echo service OWL-S pro�le.

<?xml version="1.0" encoding="UTF -8"?>
<!DOCTYPE rdf:RDF [

<!ENTITY rdf "http://www.w3.org /1999/02/22 -rdf -syntax -
ns">

<!ENTITY rdfs "http://www.w3.org /2000/01/rdf -schema">
<!ENTITY owl "http://www.w3.org /2002/07/ owl">
<!ENTITY process "http://www.daml.org/services/owl -s

/1.1/ Process.owl">
<!ENTITY service "http://www.daml.org/services/owl -s

/1.1/ Service.owl">
<!ENTITY actor "http://www.daml.org/services/owl -s/1.1/

ActorDefault.owl">
<!ENTITY profile "http://www.daml.org/services/owl -s

/1.1/ Profile.owl">
<!ENTITY profileHierarchy "http://www.daml.org/services

/owl -s/1.1/ ProfileHierarchy.owl">
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<!ENTITY xsd "http://www.w3.org /2001/ XMLSchema">
<!ENTITY echo_process "http://www.daimi.au.dk/~kilo/owl

-s/EchoServiceProcess.owl">
<!ENTITY DEFAULT "http://www.daimi.au.dk/~kilo/owl -s/

EchoService.owl">
]>

<rdf:RDF
xmlns:rdf= "&rdf;#"
xmlns:rdfs= "&rdfs;#"
xmlns:owl = "&owl;#"
xmlns:actor= "&actor ;#"
xmlns:service= "&service ;#"
xmlns:process= "&process ;#"
xmlns:profile= "&profile ;#"
xmlns:profileHierarchy= "&profileHierarchy ;#"
xmlns:xsd= "&xsd;#"
xmlns= "&DEFAULT ;#">

<owl:Ontology rdf:about="">
<owl:imports rdf:resource="&service;" />
<owl:imports rdf:resource="&process;" />
<owl:imports rdf:resource="&profile;" />
<owl:imports rdf:resource="&profileHierarchy;" />
<owl:imports rdf:resource="&echo_process;"/>

</owl:Ontology >

<profile:Profile
rdf:ID="EchoServiceProfile">

<service:presentedBy rdf:resource="&service ;#
EchoService"/>

<profile:has_process rdf:resource="&process ;#
EchoServiceEcho"/>

<profile:serviceName >EchoService </profile:serviceName
>

<profile:textDescription >
Sample Echo Service for testing

</profile:textDescription >

<profile:contactInformation >
<actor:Actor rdf:ID="EchoContacts">

<actor:webURL >
http://www.daimi.au.dk/kilo/owl -s/

EchoService.html
</actor:webURL >

</actor:Actor >
</profile:contactInformation >
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<!-- Add input/preconditions/effects here -->
<profile:hasOutput rdf:resource="&echo_process ;#

EchoServiceEchoMessageOutput"/>
<profile:hasInput rdf:resource="&echo_process ;#

EchoServiceEchoMessage"/>
</profile:Profile >

</rdf:RDF >

Listing B.5: Echo service OWL-S grounding.

<?xml version=’1.0’ encoding=’ISO -8859 -1’?>
<!DOCTYPE rdf:RDF [

<!ENTITY rdf "http://www.w3.org /1999/02/22 -rdf -syntax -
ns">

<!ENTITY rdfs "http://www.w3.org /2000/01/rdf -schema">
<!ENTITY owl "http://www.w3.org /2002/07/ owl">
<!ENTITY xsd "http://www.w3.org /2001/ XMLSchema">
<!ENTITY service "http://www.daml.org/services/owl -s

/1.1/ Service.owl">
<!ENTITY process "http://www.daml.org/services/owl -s

/1.1/ Process.owl">
<!ENTITY grounding "http://www.daml.org/services/owl -s

/1.1/ Grounding.owl">
<!ENTITY echo_service "http://www.daimi.au.dk/~kilo/owl

-s/EchoService.owl">
<!ENTITY echo_profile "http://www.daimi.au.dk/~kilo/owl

-s/EchoServiceProfile.owl">
<!ENTITY echo_process "http://www.daimi.au.dk/~kilo/owl

-s/EchoServiceProcess.owl">
<!ENTITY echo_grounding "http://www.daimi.au.dk/~kilo/

owl -s/EchoServiceGrounding.owl">
<!ENTITY echo_wsdl_grounding "http://www.daimi.au.dk/~

kilo/owl -s/echoservice.wsdl">
<!ENTITY DEFAULT "http://www.daimi.au.dk/~kilo/owl -s/

EchoServiceGrounding.owl">
]>

<rdf:RDF
xmlns:rdf = "&rdf;#"
xmlns:rdfs ="&rdfs;#"
xmlns:owl = "&owl;#"
xmlns:xsd ="&xsd;#"
xmlns:service = "&service ;#"
xmlns:grounding= "&grounding ;#"
xmlns:echo_service= "&echo_service ;#"
xmlns="&DEFAULT ;#"
>
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<owl:Ontology rdf:about="">
<owl:versionInfo >

$Id: EchoServiceGrounding.owl ,v 1.0 2009/01/14 argo
Exp $

</owl:versionInfo >
<rdfs:comment >

This ontology represents the OWL -S service grounding
for the

EchoService web service example.
</rdfs:comment >
<owl:imports rdf:resource="&service;"/>
<owl:imports rdf:resource="&process;"/>
<owl:imports rdf:resource="&grounding;"/>
<owl:imports rdf:resource="&echo_process;"/>
<owl:imports rdf:resource="&echo_service;"/>

</owl:Ontology >

<grounding:WsdlGrounding rdf:ID="EchoServiceGrounding">
<service:supportedBy rdf:resource="&echo_service ;#

EchoService"/>
<rdfs:comment >

This service has a single atomic process
</rdfs:comment >
<grounding:hasAtomicProcessGrounding rdf:resource="#

EchoGrounding"/>
</grounding:WsdlGrounding >

<grounding:WsdlAtomicProcessGrounding rdf:ID="
EchoServiceGroundingProcess">
<grounding:owlsProcess rdf:resource="&echo_process;

EchoServiceEcho"/>
<grounding:wsdlOperation >

<grounding:WsdlOperationRef >
<grounding:portType >

<xsd:anyURI rdf:value="&
echo_wsdl_grounding ;# EchoPort"/>

</grounding:portType >
</grounding:WsdlOperationRef >

</grounding:wsdlOperation >

<grounding:wsdlInputMessage >
<xsd:anyURI rdf:value="&echo_wsdl_grounding ;#

echoRequest"/>
</grounding:wsdlInputMessage >

<grounding:wsdlInputs rdf:parseType="Collection">
<grounding:wsdlInputMessageMap >

<grounding:owlsParameter
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rdf:resource="&echo_process ;#
EchoServiceInput"/>

<grounding:wsdlMessagePart >
<xsd:anyURI rdf:value="&

echo_wsdl_grounding ;#echo"/>
</grounding:wsdlMessagePart >

</grounding:wsdlInputMessageMap >
</grounding:wsdlInputs >

<grounding:wsdlOutputMessage >
<xsd:anyURI rdf:value="&echo_wsdl_grounding ;#

echoResponse"/>
</grounding:wsdlOutputMessage >

<grounding:wsdlOutputs rdf:parseType="Collection">
<grounding:WsdlOutputMessageMap >

<grounding:owlsParameter
rdf:resource="&echo_process ;#

EchoServiceOutput"/>
<grounding:wsdlMessagePart >

<xsd:anyURI rdf:value="&
echo_wsdl_grounding ;# result"/>

</grounding:wsdlMessagePart >
</grounding:WsdlOutputMessageMap >

</grounding:wsdlOutputs >

<grounding:wsdlReference >
<xsd:anyURI rdf:value="http://www.w3.org/TR /2001/

NOTE -wsdl -20010315"/>
</grounding:wsdlReference >
<grounding:otherReference >

<xsd:anyURI rdf:value="http://www.w3.org/TR /2001/
NOTE -wsdl -20010315"/>

</grounding:otherReference >
<grounding:otherReference >

<xsd:anyURI rdf:value="http:// schemas.xmlsoap.org
/wsdl/soap/"/>

</grounding:otherReference >
<grounding:otherReference >

<xsd:anyURI rdf:value="http:// schemas.xmlsoap.org
/soap/http/"/>

</grounding:otherReference >
<grounding:wsdlDocument >

<xsd:anyURI rdf:value="&echo_wsdl_grounding;"/>
</grounding:wsdlDocument >

</grounding:WsdlAtomicProcessGrounding >
</rdf:RDF >
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Listing B.6: Echo service OWL-S process.

<?xml version=’1.0’ encoding=’ISO -8859 -1’?>
<!DOCTYPE rdf:RDF [

<!ENTITY rdf "http://www.w3.org /1999/02/22 -rdf -
syntax -ns">

<!ENTITY rdfs "http://www.w3.org /2000/01/rdf -schema"
>

<!ENTITY xsd "http://www.w3.org /2001/ XMLSchema">
<!ENTITY owl "http://www.w3.org /2002/07/ owl">
<!ENTITY service "http://www.daml.org/services/owl -s

/1.1/ Service.owl">
<!ENTITY process "http://www.daml.org/services/owl -s

/1.1/ Process.owl">
<!ENTITY echo "http://www.daimi.au.dk/~kilo/owl -s/

EchoService.owl">
<!ENTITY DEFAULT "http://www.daimi.au.dk/~kilo/owl -s/

EchoServiceProcess.owl">
<!ENTITY THIS "http://www.daimi.au.dk/~kilo/owl -s/

EchoServiceProcess.owl">
]>

<rdf:RDF
xmlns:rdf= "&rdf;#"
xmlns:rdfs= "&rdfs;#"
xmlns:xsd = "&xsd;#"
xmlns:owl = "&owl;#"
xmlns:service = "&service ;#"
xmlns:process = "&process ;#"
xmlns = "&DEFAULT ;#"

>

<owl:Ontology rdf:about="">
<owl:imports rdf:resource="&service;"/>
<owl:imports rdf:resource="&process;"/>

</owl:Ontology >

<!-- Basic data types -->
<owl:Class rdf:ID="Message"/>

<owl:DatatypeProperty rdf:ID="messageContent">
<rdfs:domain rdf:resource="#Message"/>
<rdfs:range rdf:resource="&xsd;# string"/>

</owl:DatatypeProperty >

<!-- ProcessModel instance -->
<process:ProcessModel rdf:ID="EchoServiceProcessModel">

<service:describes rdf:resource="&echo;# EchoService"/
>
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<process:hasProcess rdf:resource="#EchoServiceEcho"/>
</process:ProcessModel >

<!-- The Atomic process EchoServiceEcho

There are no preconditions or effects - only output.

-->
<process:AtomicProcess rdf:ID="EchoServiceEcho">

<process:hasOutput >
<process:Output rdf:ID="

EchoServiceEchoMessageOutput">
<process:parameterType rdf:datatype="&xsd;#

anyURI">&xsd;# string </
process:parameterType >

</process:Output >
</process:hasOutput >

<process:hasInput >
<process:Input rdf:ID="EchoServiceEchoMessage">

<process:parameterType rdf:datatype="&xsd;#
anyURI">&xsd;# string </
process:parameterType >

</process:Input >
</process:hasInput >

</process:AtomicProcess >

</rdf:RDF >

Listing B.7: Echo service OWL-S WSDL �le.

<?xml version="1.0" encoding="UTF -8"?>
<definitions xmlns="http:// schemas.xmlsoap.org/wsdl/"

xmlns:soap="http: // schemas.xmlsoap.org/wsdl/soap/"
xmlns:http="http: // schemas.xmlsoap.org/wsdl/http/"
xmlns:xs="http: //www.w3.org /2001/ XMLSchema"
xmlns:soapenc="http: // schemas.xmlsoap.org/soap/

encoding/"
xmlns:mime="http: // schemas.xmlsoap.org/wsdl/mime/"
xmlns:echo="http: // ellebaek.net"
targetNamespace="http: // ellebaek.net">

<message name="echoRequest">
<part name="echo" type="xs:string"/>

</message >
<message name="echoResponse">

<part name="result" type="xs:string"/>
</message >

<portType name="EchoPort">



B.3. Echo Service OWL-S Profile 151

<operation name="echo">
<input message="echo:echoRequest"/>
<output message="echo:echoResponse"/>

</operation >
</portType >

<binding name="EchoBinding" type="echo:EchoPort">
<soap:binding style="rpc"

transport="http: // schemas.xmlsoap.org/soap/
http"/>

<operation name="echo">
<soap:operation soapAction="http:// ellebaek.

net/echo/echo" style="rpc"/>
<input >

<soap:body use="literal"/>
</input >
<output >

<soap:body use="literal"/>
</output >

</operation >
</binding >

<service name="EchoService">
<port name="EchoPort" binding="echo:EchoBinding">

<soap:address location="http:// ellebaek.net/
echo"/>

</port>
</service >

</definitions >
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Appendix C

GUI Mockups

�is appendix provides the originalmockups used as artifacts for participatory design

(chapter 3). Due to the participants of the projects, the language of the mockups is

Danish.

Opgaver

Bjarne
16/8/2007     07:45

Smågrisestald

- Morgenrunde, smågrisestald

Fodre grise

Tjekke forderautomater

Behandling af halebid

Alarmer

- Opgaver nu

+ Løbning

+ Opgaver senere

Personer

Medicinering

Medicin

Godkend

Figure C.1: GUI mockup used in initial design process (1).
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Opgaver

Bjarne
16/8/2007     07:45

Løbestald

Alarmer

- Opgaver nu

+ Løbning

+ Opgaver senere

Personer

Medicin

Godkend

+

Figure C.2: GUI mockup used in initial design process (2).

Personer

Bjarne
16/8/2007     07:45

Løbestald

Opgaver

Troels

Anita

Jens

Kald Op

Send Besked

Kald Op

Send Besked

Kald Op

Send Besked

Figure C.3: GUI mockup used in initial design process (3).
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