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ABSTRACT 

Ubiquitous computing (Ubicomp) increases in proliferation. Multiple and ever growing in numbers, 
computational devices are now at the users' disposal throughout the physical environment, while 
simultaneously being effectively invisible. Consequently, a significant challenge is service discovery. 
Services may for instance be physical, such as printing a document, or virtual, such as communicating 
information. The existing solutions, such as Bluetooth and UPnP, address part of the issue, specifically 
low-level physical interconnectivity. Still absent are solutions for high-level challenges, such as 
connecting users with appropriate services. In order to provide appropriate service offerings, service 
discovery in Ubicomp must take the users' context, tasks, goals, intentions, and available resources 
into consideration. It is possible to divide the high-level service-discovery issue into two parts; 
inadequate service models, and insufficient common-sense models of human activities. 
 
This thesis contributes to service discovery in Ubicomp, by arguing that in order to meet these high-
level challenges, a new layer is required. Furthermore, the thesis presents a prototype implementation 
of this new service-discovery architecture and model. The architecture consists of hardware, ontology 
layer, and common-sense layer. This work addresses the ontology and common-sense layers. 
Subsequently, implementation is divided into two parts; Oden and Magubi. Oden addresses the issue 
of inadequate service models through a combination of service-ontologies in concert with logical 
reasoning engines, and Magubi addresses the issue of insufficient common-sense models of human 
activities, by using common-sense models in combination with rule engines. The synthesis of these 
two stages enables the system to reason about services, devices, and user expectations, as well as to 
make suitable connections to satisfy the users’ overall goal. 
 
Designing common-sense models and service ontologies for a Ubicomp environment is a non-trivial 
task. Despite this, we believe that if correctly done, it might be possible to reuse at least part of the 
knowledge in different situations. With the ability to reason about services and human activities it is 
possible to decide if, how, and where to present the services to the users. The solution is intended to 
off-load users in diverse Ubicomp environments as well as provide a more relevant service discovery. 
 

This work was supported in part by Vinnova under project number 2002-00907, and in part by the Swedish 
Research Council under project number 621-2003-2991. 
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Chapter 1
INTRODUCTION

THERE is an increasing interest in Ubiquitous computing (Ubicomp), or
pervasive computing. One could argue that a revolution is taking

place. This means that no matter where we go, and no matter what we
do, we will be using computers and computer enabled devices. Ubiquitous
and pervasive also have secondary meanings in this context; non-invasive,
effortless, unconscious. In the ideal world, this interaction would take place
with the same amount of physical and mental effort (or less) that is needed
to turn on a light in your living room. Without these devices and services
being non-invasive, and the use of them being effortless, no usage will take
place, or if their use is required, the productivity will drop and frustration
will rise.

While it is true that the above needs to be addressed, there is actually
one challenge to overcome before we can reach this goal. With this many
devices, the first step in their use is to decide what devices are available and
subsequently which devices that are interesting from our point of view. The
interest might be of an automated nature; devices performing automated
tasks, for themselves or users. The interest might also be of a manual
nature; Users may want to use certain services. Without help in finding
adequate devices and services, users may quickly become overloaded and
lose interest in the system. This challenge is not exclusive to ubiquitous
computing but can be found in most other areas of human activity as
well. The challenge is to make these different devices interact with each
other, and users, in a free and automatic manner, without putting any
extra burden on the humans. Systems, devices, and services have to
be able to find each other and provide coherent and relevant services
to the users. Ubicomp requires service-discovery functionality. Before
discussing service discovery in detail, we will provide a brief introducton
to ubiquitous computing.
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1. INTRODUCTION

1.1. Ubiquitous Computing

As computers have gone from being few and expensive, to many and
inexpensive, the user interaction has shifted from batch jobs and timeshar-
ing to personal computing. We are now expanding personal computing
to ubiquitous computing, where users interact with many computerized
devices in the environment. However, most of the current application-
development methods, and human-machine interaction paradigms are
aimed at one computer–one user. With the increasing proliferation of
computer-enabled devices, the current software- and interaction-develop-
ment methods are not able to harness the full capacity of the Ubicomp
environments.

We are currently transitioning into the Ubicomp stage. Users will have
access to many computerized devices, which leads to new requirements
for thinking, developing, modeling as well as interacting, Larsson and
Berglund [44]. Interaction with these Ubicomp environments will be
different from the computer interaction that we are used to today. One of
the most fundamental differences will be the on the fly pooling of different
interaction elements, as well as resources, from different devices and
services, in order to create custom interfaces that fit a particuar situation
as well as make the current possibilities visible and accessible to the users.
See Table 1.1 for a comparison of different interaction paradigms.

Table 1.1: Interaction paradigms.

One Computer Many Computers
One User Personal computing Ubiquitous computing
Many Users Time sharing Walk-up computers

Figure 1.1 below presents our view of Ubicomp. We believe that an
intricate part of Ubicomp is the UbiOS, the equivalent of an operating
system for ubiquitous computing, or at least an OS that is capable of
coping with a ubiquitous environment. A significant amount of effort
has been devoted to creating hardware infrastructure and more specifically
components or “gadgets” [12, 23, 3]. Given the lack of infrastructure and
relative young age of Ubicomp as a field of science, this bottom-up strategy
is understandable.

Other efforts have been aimed towards finding ways of interacting
with devices in a more ubiquitous manner, using enhanced affordances
already provided in the environment. For example, augmenting binders
to support automatic document tracking while maintaining the traditional
interaction, using traditional TV-remote controls to input text supported by
predictive completion systems in the TV-set, and the idea of using robotic

2



1.1. Ubiquitous Computing

UBICOMP

INFRASTRUCTURE SOFTWARE HUMANS

Component 
groups

Un-ubified 
things UbiOS

Group 1 Group 2

Component 
group 1

Component 
group 2

Distributed 
memory

Service 
Disscovery

Distributed 
User 

Interfaces

Component 1 Component 3Component 2

Human 1 Human 2

Figure 1.1: A modular view of Ubicomp, hierarchically arranged, showing major
components and their subparts.

animals as interfaces to the home in order to keep expectations low about
the computer controlling the home, Ingmarsson et al. [41], Ingmarsson
and Dinka [39], Ingmarsson et al. [40]. This experimentation has resulted
in many insights into the infrastructural aspects of Ubicomp, and into a
situation where all the infrastructural parts exist as islands separated from
each other with little potential for synergetic effects. One explanation for
the lack of common ground for hardware communication is that Ubicomp
is a novel field.

The next step for Ubicomp is to move towards interaction between
these infrastructural elements. It is time to start building a UbiOS, and
attempts to do so have been made [6]. In Figure 1.1, there are a number of
key components in the UbiOS that need to be addressed in order to realize
the vision of ubiquitous computing. Distributed memory (DM) is required
in order for the devices to operate on the same data. Distributed User
Interfaces (DUI) [44, 45] are required to provide an optimal user experience.
Finally, service discovery is imperative not only for the reasons mentioned
above but also for other parts of the UbiOS to work correctly, such as the
DUI.
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1. INTRODUCTION

1.2. Service discovery

As mentioned above, service discovery is a crucial part of Ubicomp. At
a rudimentary level, there are existing solutions to service discovery, such
as hardware able to interconnect itself through Universal Plug and Play
(UPnP) [30]. It would appear that the challenge is met. Users do not need to
do any manual configuration. However as the number of devices increase,
so does the load on both human and machinery.

Subsequently, the issue is not really how to find things and connect
them together. The issue is how to find and connect the correct things,
in order not to overload the machinery and human. There is a need for
a service discovery approach designed for the ubiquitous domain, as well
as able to perform some form of reasoning about what to connect.1 For
an introduction to current service-discovery techniques, we recommend
reading Section 3.3 and then continue with Section 1.2.1.

1.2.1. Issues in current service discovery

One of the oldest research questions in Computer Science is: “What can
be efficiently automated?” [25, page 41]. This question can be related to
the service discovery problem. Is it possible to automate this in a Ubicomp
setting and if so, how can it be done? The other issue is the one of efficiency.
Here efficiency may be measured by the sheer ability to do what the human
is incapable of doing, namely sifting through a high number of services and
presenting the ones relevant for the user. Looking at service discovery from
a Ubicomp perspective we have identified four properties that we deem
important for a system to possess:

1. Network independence. By placing the service discovery mechanism
at a higher level of abstraction than peers, peer groups, etc.

2. Peer-to-peer (P2P) discovery. We argue that service discovery should
be unmediated in order to be suitable for ubiquitous computing and
ad-hoc networks.

3. Expressiveness. Service descriptions must be expressive and flexible,
scaling to future device types and providing support for reasoning
about services.

1There is also a secondary issue of presenting all this information to the user in a
ubiquitous computing environment, but GUI aspects are not within the scope of this thesis.
It will suffice to say that if we have done our job, the GUI-designer should be in a better
situation to start with. This secondary issue might also serve as the starting point for the
forthcoming Doctorate thesis. This is also inline with the research directions in everyday
computing identified by Abowd and Mynatt [1].

4



1.2. Service discovery

4. Common sense or world knowledge. Reasoning about services is not
enough. The system must be able to act in a proactive fashion and
take the benefits and restrictions from the surrounding situation as
well as the innate wishes of the users into consideration. This can be
related to the why mentioned by Abowd and Mynatt [1].

The preceding four issues all contribute to finding relevant services,
but also to reducing the workload of the users. With the increased
number of devices at the users’ disposal, it is imperative that a service
discovery system can filter out services that are of limited interest to the
users. Otherwise, a cognitive overload can take place, and potential useful
services can be drowned in the noise from for the users currently irrelevant
services. After identifying these properties, it is possible to analyze current
service discovery protocols with regards to them. First, we note that
some of the existing protocols depend on specific network transport layers.
Universal Plug And Play (UPnP) [30] integrates a suite of such protocols,
from Internet Protocol (IP) [22] and Transmission Control Protocol (TCP)
for basic communications, up to Simple Object Access Protocol (SOAP)
[95] and General Event Notification Architecture (GENA) [56] for service
invocations and event notifications. Service Location Protocol (SLP) [37] is
also IP-only, but uses its own formats instead of XML [97] for its various
service-discovery messages. Jini [78] uses UDP [38]. Bluetooth SDP [10]
only runs on Bluetooth networks. Other protocols have abstractions for the
transport layer that allow the use of different infrastructures. Salutation
[81], with its Transport Managers, is a case in point.

A service-discovery architecture for Ubicomp should be independent
of network infrastructure, such as Bluetooth and TCP/IP, since there is no
guarantee which infrastructure will be used by the different services and
devices. Using something like UPnP or SLP would compromise this
platform independence, which we view as important in a Ubicomp set-
ting. To ensure this network independence, service discovery in Ubicomp
should be placed at a high level of abstraction. By separating the network
infrastructure and the service discovery protocol, it is possible to achieve
a high level of abstraction. Of the technologies we have examined, only
Salutation meets this first goal without major modifications.

A second issue is the use of devices that serve as service registrars, so
called brokers, and the suitability of the service-discovery technologies for
P2P networks. Bluetooth SDP does not require brokers, but connections
have a master-slave setup, whereas peers in P2P networks are usually
considered as fundamentally equal. UPnP makes use of control points,
but these are usually directly connected to the device itself, instead of
acting as proxies or brokers for many devices. Salutations Service Location
Managers can be both local and remote, so both direct and mediated

5



1. INTRODUCTION

discovery is supported. SLP and Jini require the use of central repositories
of service descriptions or interfaces.

Using brokers, or proxies, to mediate service-discovery requests, while
done by for example JXTA Search [88], is not suitable for ad-hoc and
ubiquitous-computing networks. Requiring the use of proxies or mediator
services may mean that many peers lose the service-discovery capability
if the central mediator goes down, or if the network connectivity to the
mediator is faulty. This could also mean that users have to configure which
mediator service to use manually, or at least have knowledge of which
mediator services there are. Furthermore, in an environment where devices
are highly mobile, and the state of devices is rapidly changing; having a
mediator could entail excess work, as the mediator service must be updated
to reflect all such changes. It is fundamental to P2P systems that all peers
are able to directly connect to each other, and this is one of the reasons
why we feel that a P2P approach is suitable for our ubiquitous computing
research. Of the examined standard technologies, Bluetooth, UPnP and
Salutation meet this goal of P2P discovery.

A third issue to discuss is the expressiveness and flexibility of device
descriptions and discovery requests. Bluetooth SDP uses globally reserved
unique identifiers for predefined service types. UPnP uses its own XML
format, which allows more information about devices to be described, but
these descriptions must be based on one of the (so far limited number
of) existing templates agreed upon by the UPnP forum. Salutation has
a similar approach with its Functional Units. SLP only allows a simple
categorization of services based on its Service URLs. Jini describes services
only from a programming perspective; its service descriptions are the Java
interfaces to services.

While using appropriate network technologies can solve the first two
issues we have mentioned above, those of network independence, and
direct peer-to-peer discovery, this third issue of expressiveness and flexi-
bility of device descriptions and discovery is more difficult, and requires
some novel thinking. None of the standard service-discovery architectures
we have examined scale well in this regard; without expressive device
descriptions, service-seeking peers cannot reason about devices in an
intelligent way.

The fourth and final issue to consider is the ability to use common sense
in the service discovery process. Notoriously difficult to define, perhaps
the most important thing about common sense is what it enables us to do
as humans.

Commonsense knowledge is knowledge about the structure
of the external world that is acquired and applied without
concentrated effort by any normal human that allows him or her
to meet the everyday demands of the physical, spatial, temporal

6



1.2. Service discovery

and social environment with a reasonable degree of success.
–Benjamin Kuipers [84]

An example of this would be would be to know that although a printer is
possible to print to, there is no way to physically gain access to it and pick
up the paper. None of the standard systems are equipped to handle this
requirement.

For a comparison of systems with respect to these properties see Table
1.2. Issues three and four can be seen as two additional layers in a service
discovery system. We have implemented these two layers and call them
ODEN and MAGUBI respectively.

Table 1.2: Summary of current service-discovery technologies and their abilities.

Type Peer 2 Peer
discovery

Network
indepen-

dence

Expressive-
ness

Common
Sense

SLP
Jini
Bluetooth •
UPnP •
Salutation • •

Oden • • •
Magubi • • • •

1.2.2. Oden

For the ODEN layer, (see Figure 1.2 below for its place in the system
hierarchy), we have constructed and implemented a P2P based (JXTA) [62]
ontological approach to service-discovery called ODEN (Ontology-based
Discovery-Enabled Network) [26]. ODEN uses Web Ontology Language
(OWL) [93] and OWL Services (OWL-S) ontologies, to express detailed
semantic information about services, devices, and other service-discovery
concepts. This kind of approach allows peers to reason about service
offerings and achieve intelligent service discovery by using an inference
engine. Due to its P2P-nature, it also solves the important issue of service-
discovery scalability in Ubicomp. Even with the network in constant flux,
as is common in Ubicomp, the service-discovery system has to be able to
adapt and perform well.

The current ODEN implementation takes advantage of XML [97] and
JAVA [77], both of which have potential of heavy resource usage. Neverthe-
less, they bring substantial gains in portability and maintainability which

7



1. INTRODUCTION

are too large to be ignored, and in a few years time, speed will most likely
not be an issue on most Ubicomp devices. ODEN is presented in depth in
chapter 4.

1.2.3. Magubi

The MAGUBI layer aims to solve the remaining issues, see Figure 1.2 for its
place in the system hierarchy. Although ODEN facilitates service discovery
in Ubicomp, some issues remain to be solved. One issue is the definition
of the Ontology itself. This definition is related to the grounding problem
[70], which is the problem of anchoring or linking symbols and properties
to the real object. One solution is to have a standards committee, such
as the World Wide Web Consortium (W3C), that have developed some
different ontologies.2 This committee could work in much the same way
as the W3C to ensure a wide acceptance for the ontologies as well as a
continuous development [92]. The need for a common platform is also
shared by Zhu et al. [98, page 83]. This Ubiquitous Ontology Group would
be responsible for setting the standard and entities wanting to produce a
compatible Ubicomp device would be required to be members.

However, even solving the grounding problem is not sufficient for
solving the overall service-discovery issue. In a situation with a number
of possibilities regarding which service to select, there is a need for a world
model, a combination of rules and ontologies. This world model is required
in order for the system to make more relevant decisions for the users.
Indeed, it could be argued that world modelling is also beneficial for the
system as a whole, since it can help prohibit spurious service discovery
results as well as initiations, thus reducing the load on the system and
network. The CYC-project [49] has tried to construct a model of all the
things a human learns as common-sense knowledge while growing up.
After acquiring this knowledge it is reasonable to conclude that it would
be possible to reason about more of the surrounding world. One example
might be the basic situation where a user would like to print a document.
With world models, it becomes possible to see that it might be impossible
to collect a printout behind a locked door, even though the first stage
of service discovery comes up with a large number of potentially usable
printers through the network.

Viewing Ubiquitous service discovery as two separate stages, finding
services takes place in the first stage using ODEN or a similar system.
A number of things can be done in the second stage. For example,
checking results from the ODEN-layer for consistency using the world
model. Another possibility is to use the knowledge in the world model

2W3C develops standards for the world wide web.
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1.3. Contributions

GUI

MAGUBI

ODEN
JESS

JTPJXTA

JAVA VM

Figure 1.2: An illustration of the interrelationships between the different parts of the
system. The GUI allows the user to interact with MAGUBI and ODEN. MAGUBI uses
ODEN and Jess. ODEN makes extensive use of JXTA and JTP. The systems rest
on a Java subframe which makes for easier portability and greater compatibility.
Due to the modular build, components can be switched out if the need arises.

as an input source, (to know which devices to look for), to the ODEN-
layer, in order to reduce the computational complexity by use of heuristics.
Furthermore it is possible to reason about the results from the ODEN-
layer and use the world knowledge to try and reduce/filter the number
of results, and in the best case perform an automatic selection for the users.
Additionally, the system may initiate searches proactively for the users
based on common-sense knowledge. In Chapter 6 we present MAGUBI,
a system that is designed to reason about the results obtained from ODEN

as well as act in a proactive fashion based on location, time, ID, and similar
contextual information.

The ability to measure service success is discussed and a set of possible
metrics are suggested. Furthermore, the issue of the actual presentation
of the service, both from the users perspective as well as the developers is
brought up and discussed.

1.3. Contributions

The primary contribution of this thesis is a novel service-discovery architec-
ture, through the introduction of a new layer that assists the users in service
selection as well as acts proactively on the users’ behalf. Specifically, this
thesis shows and discusses some of the advantages that can be gained
when using systems such as ODEN and MAGUBI. ODEN (see Chapter 4)
contributes by addressing such issues as P2P-ability, network indepen-
dence and increased expressiveness in service descriptions. MAGUBI

(see Chapter 6) contributes by showing how world- and common-sense
knowledge can be leveraged to increase the accuracy of relevant service
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discovery. These systems enabled more theoretical contributions in the
form of new research issues identified such as:

• rule-sets for service discovery (see Section 6.3.2),

• ontologies for service discovery (see Chapter 5 and Section 7.3),

• the service discovery system acting on the users’ behalf (see Sec-
tion 1.2.1, Chapters 5 and 6),

• the image that the users want to portray in the virtual world to other
users as well as systems, and balancing this with privacy as well as
ethical issues (see Section 7.2),

• the measure of what successful service discovery is and the proposal
of some metrics for this (see Section 7.5),

• the nature of services – what types of properties that are shared
among different services (see Section 7.6),

• user-discovery by turning the tables on service discovery, and from
this new perspective; see the goals that the people try to accomplish
rather than the tasks they do to get there (see Section 7.7),

• and how to properly present a service to the users in a ubiquitous
environment (see Section 7.8).

1.4. Thesis overview

The remainder of this thesis is organized as follows: In this chapter, the
challenges at hand are defined and outlined in depth. Chapter 2 presents
the method used in this work. Chapter 3 presents the background of the
area as well as related research in order to lay a foundation for examining
the state of the art. Chapter 4 discusses ontologies and their role in
service discovery, and presents a run through of our first system that tried
to deal with the immediate shortcomings of current service discovery in
ubiquitous computing. Chapter 6 deals with the next system, which was
built to further enhance the service discovery process and to aid the users
in a more direct way. Chapter 7 discusses the issues in and around this
thesis. Finally, Chapter 8 summarizes the thesis and presents conclusions.

10



Chapter 2
METHOD

THIS chapter is divided into two major parts. Section 2.1 explores some
of the possible methods for conducting this type of research, and

addresses the method employed. Section 2.2 describes the method used,
using a step-by-step walkthrough of the research.

2.1. Methodology

Research in service discovery in ubiquitous computing should be aimed
at establishing how to better enable the users to utilize the available
services in the environment, and also to uncover the requirements of the
creator/developer of the services. This is an important factor to emphasize
since much of the effort so far has been on pure connectivity and system
issues. Indeed, a lot of what researchers deem as problems often differs
from what practitioners in the field deem as relevant [64] and vice versa. In
ubiquitous computing there are many scientific methods that can and need
to be employed, such as psychological studies/experiments, methodology
development/evaluation and tool development/evaluation. In previous
research, we focused a mixture of quantitative and qualitative methods
[41]. For this particular research the method employed has been of the type
explorative, iterative development [69], similar to Basilli’s [7] building-
experimentation-learning cycle.

This method was selected mainly due to the fact that there are many
uncertain factors when it comes to knowledge about current technology
and their level of deployment, in particular among users but even among
creators. In order to discover what can be done with today’s technology
it makes sense to start out by exploring current technologies, as well as
literature in the field. Then try to improve the most obvious drawbacks,
add new solutions, arrive at a more in depth understanding of current
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2. METHOD

capabilities and possible improvements, do a re-implementation, and then
be in a better position to go to the users.

In contrast to the above is the notion that in order to best capture the
users’ needs, one way of starting out would be to interview subjects as to
what they would like from a solution, but due to Ubiquitous Computing’s
current small saturation in society there are risks associated with going to
the user too soon:

• We might be unclear as to what we are actually asking the potential
users. This might very well be due to the fact that we ourselves and
the users are uncertain as to what we want, and what we can achieve
with the current system [24, 16, 17].

• The technology is quite new and unproven. Due to this, neither the
developers nor the users know what to expect, that is to say they
do not know the affordances [29] of the technology. This is another
reason to explore the prototyping space in order to better understand
the actual problems that face creators and users.

2.2. Outline of the process

This research has been carried out in five major stages, combined with
several sub-stages in each. For an overview see Figure 2.1.

The five major stages were:

1. Literature study and problem specification, as well as analysis of
current service-discovery systems. See Sections 1.2.1, 3.1 and 3.3.

2. Implementation of the first system (ODEN), and evaluation of current
common-sense research/systems. See Sections 4.2 and 5.2.

3. Specification of new revised demands, problems and scenarios. See
Sections 5.2.1 and 5.4.

4. Implementation of the second system (MAGUBI). See Chapter 6.

5. Evaluation and analysis of implemented systems. See Chapter 7.
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START

Litterature study 
Service 

Discovery

Demands 
/

Problems

Analysis 
Ubicomp

Analysis 
existing 
systems

New
Demands 

/
Problems

Scenario 
generation

MAGUBI
Implementation

Analysis

Report

* Search for existing systems

* Litterature studies existing 
ontologies and systems

CYC 
explorative 

experiments
CYC & CYC 
API analysis

ODEN 
Implementation

Figure 2.1: Method followed in this work. Five major stages: Literature study and
problem specification. Implementation of first system and evaluation of current
common-sense research systems. Specification of revised demands, problems
and scenarios. Implementation of second system. Evaluation and analysis of
implemented systems.
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2.2.1. Literature study and problem specification

START

Litterature study 
Service 

Discovery

Demands 
/

Problems

Analysis 
Ubicomp

Analysis 
existing 
systems

Figure 2.2: Method: Literature study and problem specification

Stage one has four subparts:

1. An analysis of existing service discovery systems.

2. A literature study of the state-of-the-art in service discovery.

3. An analysis of Ubicomp in general, with an emphasis on the service-
discovery perspective.

4. A synthesis of the preceding three items into a problem statement,
as well as requirements on systems to reach a higher level of perfor-
mance.
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2.2. Outline of the process

2.2.2. Implementation of the first system (ODEN), and evaluation of
current common-sense research/systems

* Search for existing systems

* Litterature studies existing 
ontologies and systems

CYC 
explorative 

experiments
CYC & CYC 
API analysis

ODEN 
Implementation

Figure 2.3: Method: Implementation of the first system (ODEN), and evaluation of
current common-sense research/systems

Stage two has three major parts:

1. Implementation of the first system designated ODEN[26], based on
demands from previous literature study and problem specification.
The system was implemented using a combination of Java, JXTA, Java
Theorem Prover [27]. See 4.2 for details.

2. An evaluation of existing systems with potential for common-sense
reasoning:

(a) SOUPA: Standard Ontology for Ubiquitous and Pervasive Ap-
plication [15], IEEE SUO: Standard Upper Ontology Working
Group [75].

(b) An in-depth analysis of CYC [49, 66], with emphasis on the
structure of the system, as well as on the API [19] available to
the programmer/developer.

(c) CYC explorative studies:

i. Implementation of an API in Java for communication with
CYC.

ii. Testing of insertion and removal of data in CYC.
iii. Reasoning testing of CYC.
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From this it was determined that although CYC is an impressive
system, its current state is one which would demand too much
adaptation in order to produce a viable solution. In addition, the
“ubiquitousness” of CYC is an open question. It is not aimed at
Ubicomp per se, but rather is intended as a general ontology system.
For the time-being it was decided that although CYC is the state-
of-the-art as far as incorporated information is concerned, it is not
suitable to use in developing the rest of the system. A number of
lessons were learned from CYC which can be found in Sections 5.2 –
5.4.

2.2.3. Specification of new revised demands, problems and scenar-
ios

New
Demands 

/
Problems

Scenario 
generation

Figure 2.4: Method: Specification of new revised demands, problems and
scenarios

Stage three: From Section 2.2.2 we get new requirements that lead to a
proposal for and design of a new system, designed to compliment the first
one, which also shifts focus closer to the users, whereas the first system
was more aimed at the devices. In order to more thoroughly penetrate
the situation that the users are in, a number of scenarios were drawn up,
analyzing an already present wall-mounted touch screen in the foyer of the
Department of Computer and Information Science at Linköping University.
Of the resulting scenarios one was selected for implementation.

16



2.2. Outline of the process

2.2.4. Implementation of the second system (MAGUBI)

In stage four MAGUBI was implemen-

MAGUBI
Implementation

Figure 2.5: Method: Implemen-
tation of the second system,
MAGUBI

ted using a combination of Protégé, Jess,
the scenario and ODEN. A more detailed
scenario was drawn up, in which the sys-
tem would help the user in a ubiquitous
fashion when lunchtime approached, and
make recommendations based on location,
activity, schedule as well as external fac-
tors. Protégé was used to engineer an
ontology that incorporated the necessary
properties from the scenario. Jess was
used to create a number of rules, which
acted as a reasoning system. ODEN pro-
vides a rough list of available services that
MAGUBI may act upon and further refine.

2.2.5. Evaluation and analysis of implemented systems

A critical analysis of both systems was

Analysis

Report

Figure 2.6: Method: Analysis

performed, the results of which can be
found herein. For a more in depth discus-
sion of each system see Sections 4.4 (for
ODEN) and 6.6 (for MAGUBI). As a note
on the method employed, it was benefi-
cial to do a full cycle of redesign, taking
into consideration the lessons learned from
the first system while implementing the
second, as well as addressing some of the
issues discovered in the first one. The final
analysis has lead to an upcoming research

agenda that will utilize the conclusions from the two first systems, while
shifting focus away from the technical systems themselves and onto the
users.
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Chapter 3
RELATED WORK

TO frame service discovery in ubiquitous computing we need to look at
Ubicomp and service discovery and the challenges therein.

3.1. Challenges in Ubicomp

Abowd and Mynatt [1] identified three major challenges. The first being a
desire for natural interfaces, in other words interfaces that support common
forms of human expression. The second is context awareness, to ensure
correct behavior in different situations. The third challenge identified is
automated capture of experiences in order to have access to these experiences
later.

Breaking down these challenges, we find sub-challenges that need to
be resolved first. Connecting to the issue of natural interfaces, we can
see that one of the biggest efforts in Ubicomp has been to create devices.
However, many of these devices have been focused on one-off solutions for
particular problems and not as general components in a larger context. An
example of this are wall-mounted screens that often have not been pursued
as general display and interaction devices but rather as parts of a particular
engineering problem or application.

With regards to context-awareness, Abowd and Mynatt first established
what they believe to be a minimal set of necessary context. Identity in the
form who, activity in the form of what, location in the form of where, time
and passage of time in the form of when, and the reason why the users are
doing what they are doing. Furthermore, Abowd and Mynatt stressed the
need for a good representation of context in order to progress with correct
responses to that particular context.

As far as issues in automated capture, Abowd and Mynatt listed two
major challenges. Capture is problematic in terms of having the right
capture device at the right time and capturing the right thing. Access is

19
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problematic when we want to find specific sections of a recording. Abowd
and Mynatt concluded with a brief mention of privacy concerns regarding
all the recorded material.

A recurring theme in Abowd and Mynatt is the notion of everyday
computing. Everyday computing is defined as the result of scaling
ubiquitous computing with respect to time. This definition is made because
of the nature of informal daily activities. The specifics listed as typical for
these are: Activities rarely have a beginning or an end. Interruption is
expected. Multiple activities operate concurrently. Time is an important
discriminator. Associative models of information are needed.

Abowd and Mynatt pointed out the following challenges as main focal
points for their research: Designing a continuously present computer
interface; presenting information at different levels of the periphery of
human attention; connecting events in the physical and virtual worlds1;
modifying traditional HCI methods to support designing for informal,
peripheral, and opportunistic behavior.

Evaluation and social implications are two additional aspects that
Abowd and Mynatt emphasized. They argued that there has to be a real
human need for the Ubicomp system when evaluating it, since it is often
at the cutting edge of technology. Moreover, evaluating in the context of
authentic use is crucial in order to obtain correct results. Another point that
is accentuated is that task-centric evaluation techniques are inappropriate,
since they evaluate how well a system fits a particular task at hand, and
not the system itself. Privacy aspects as well as potential security issues are
also mentioned as important challenges by Abowd and Mynatt.

Another perspective of the vision and challenges of Ubicomp comes
from Satyanarayanan [71], who identified the following research avenues:
The first is effective use of smart spaces. This means that by embedding
computing infrastructure into building infrastructure, they are brought
together. The second is invisibility. The aim of Ubicomp is to be un-
obtrusive and not enter the users’ mind until they decide they need it.
Satyanarayanan also stressed that

. . . a modicum of anticipation may be essential to avoiding a
large unpleasant surprise later, much as pain alerts a person to
a potentially serious future problem in a normally unnoticed
body part. [71, page 11]

The third is localized scalabillity, which means scalability in its broadest
sense. How do we handle multiple users wanting the same resource? The
fourth and final challenge is masking uneven conditioning; that is, how to
obtain a graceful degradation of performance, since not all parts of the
environment are immersed in Ubicomp.

1This is also touched upon in: Pederson [63]
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Satyanarayanan also listed some concerns regarding users’ intent. De-
pending on what the users are trying to accomplish, the system has to
respond by doing different things. Important questions here are according
to Satyanarayanan: How does one represent user intent internally? How
is the accuracy of the knowledge represented? Will the attempt to discern
user intent impact the user, and if so how? Cyber foraging is also brought
up in the article, and the issue of whether or not surrogates for the
smaller devices that the users are carrying will be readily available in the
surroundings. A number of questions follow: How are the surrogates
discovered? How is security handled? What time-frames are necessary
for the surrogates so that they can fulfill their role?

3.2. Service Discovery in Ubicomp

In the paper “Service Discovery in Pervasive Computing Environments”,
Zhu et al. [98] noted that there has been a number of service discovery
protocols designed, however not specifically aimed towards the Ubicomp
field, even though these protocols, to a certain extent, can be utilized in the
field. They also noted that Ubicomp environments are far more dynamic
and heterogeneous than enterprise environments. The authors also pointed
out that ambient services have limitations to their physical location, which
web services do not have. This most likely makes the service discovery
protocols based on LANs and single-hop wireless communication too
coarse in the Ubicomp setting. Zhu et al. also argued for a common
platform so that different service discovery protocols can interact with each
other.

Furthermore, Zhu et al. identified ten components of existing service-
discovery protocols and approaches:

1. Service and attribute naming. This can take the form of a template-
based naming, or template-based and predefined naming.

2. Initial communication method. To establish contact three different
methods are listed; Unicast2, Multicast3, or Broadcast4.

3. Discovery and registration. This can be Query-based, meaning that
the service/device user actively sends out requests for the services,
or Announcement-based, i.e., the services/devices make themselves
known.

2Sending packets to a single destination.
3Sending packets to multiple destinations in the form of a multicast group.
4Usually this means sending packets to all within a single hop range in a network.
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4. Service discovery infrastructure. Whereas the Directory-based ap-
proach has a dedicated component that processes queries and an-
nouncements, the Nondirectory-based approach as no such compo-
nent.

5. Service information state. In the case of using the Soft state variant,
announcements specify the service’s life span. However, when using
a Hard state approach it is necessary for the clients and possible
directories to poll the services at periodic intervals.

6. Discovery scope. In the case of Network topology scope, the network
itself is used to regulate how far away services are discovered. One
hop is usually the case. The User role scope employs the user identity
to establish the area in which the services are found. Finally, in
Context driven scope information such as temporal, spatial as well
as other activity information is used to set the scope.

7. Service selection. Here the system can do a fully Automatic selection
for the users or let them do a Manual selection for themselves.

8. Service invocation. There are three levels when invoking a service. A
first level system only presents a pointer to the Service location. If the
system has support for a second level it will additionally reveal the
Communication mechanism for the service. Finally if it has support
for three levels it will also provide Application operations for the
service.

9. Service usage. This describes when the subscription to the service
ends. Here it is possible to have Explicitly released, which means that
the service user has to explicitly release the service. It is also possible
to have a Lease-based service usage, in which case the possibility to
use the service automatically ends when the lease ends.

10. Service status inquiry. Here the choice is between getting direct
Notification from the service or having to Poll the service for updates.

Zhu et al. also touched upon security and privacy in service discovery,
and mentioned that many solutions fail simply due to service environment
changes. They also advocated end-to-end encryption as well as the ability
for users to use the service-discovery mechanism without any special skills.
Finally Zhu et al. stressed that service discovery in unfamiliar computing
environments has not been addressed well, and it is in these kinds of
environments that we are when we deal with Ubiquitous computing.
All together, this means that there is a need for more intelligence in the
underlying computing infrastructure.

22



3.2. Service Discovery in Ubicomp

Chakraborty et al. [14] noted that service discovery is a well-recognized
challenge in distributed environments. They also emphasized that there
will be a need for a flexible service discovery architecture that is tailored
for Ubicomp. An important distinction is made between the discovery archi-
tecture and the service-matching mechanism. The discovery architecture can
be viewed as an analogy of how the network is constructed and how the
different nodes find each other. The service-matching mechanism can be
viewed as the identification of the correct service searched. It is also noted
that syntactic level matching is inefficient in Ubicomp environments due
to the autonomy of service providers, which will result in heterogeneity of
implementations and interfaces [14]. Chakraborty et al. also addressed the
issue of service vicinity, by creating groups and including the possibility
to limit access to the services based on distance in the semantic network,
which is the network formed inside the ontological structure.

3.2.1. Comments on service discovery in Ubicomp

Zhu et al. [98] also pointed out that there is a need for more intelligence in
the underlying computing infrastructure. As far as service discovery goes,
we have chosen to focus on this as well as other aspects of service discovery
for Ubicomp, see Table 1.2. To reiterate, we believe that P2P-discovery,
Network independence, Expressiveness in the service descriptions, and
Common sense are of paramount importance in order to further the pro-
liferation of Ubicomp. ODEN and MAGUBI contribute to more intelligence
in the underlying computing infrastructure through the use of semantics
and common sense, as well as the issues identified above in Section 1.2.1.

Chakraborty et al. mentioned the need for a service discovery in-
frastructure for Ubicomp, and argued for the combination of discovery
architecture and service-matching mechanisms. We share this view and
want to take it further with the addition of common sense into the service
discovery system (Chapter 5).

Regarding Chakraborty et al.’s [14, pages 98, 101] mentioning of
policy-based/serendipitous advertising, it is our opinion that this is most
likely a view that is consistent with Ubicomp. We believe that policy-
based/serendipitous advertising will be advantageous in a future Ubicomp
environment, where the users will have friends and antagonists. By
friends, we mean other users and services that can be drawn upon for
help, whether it be for accreditation purposes or information sharing, etc.
By antagonists, we mean devices, services, and to a certain extent other
users, that the users want to steer clear of, much in the same way that
users in general want to steer clear of pop-up advertisements today on
the web. Any research into service discovery in ubiquitous computing
will have to take this into account in order to be able to operate in the
real world. Semantics and common sense models of the world may help
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in this endeavor. Chakraborty et al. also focused on evaluating network
performance of the protocol. This performance evaluation is important,
since far too often novel approaches are presented without evaluating
performance.

Furthermore, Chakraborty et al. [14, page 98] assumed that there will
be heterogeneity in the Ubicomp environment as far as implementations
and interfaces are concerned. We believe that this will be true in certain
settings. However, we also believe that it will be in the interest of both
service providers and service consumers to be compatible in order to be
utilized and able to utilize. In particular, we believe this to be true in
market-driven situations. In fact, in these aforementioned market-driven
situations, there might be a problem with too much compatibility or “false
positives,” i.e., services or service consumers that pose as something they
are not in order to gain advantages. We also note that Chakraborty et al.
[14, page 98] shared our assessment for the need of higher level semantics
in service discovery for Ubicomp.

3.3. Current Service-Discovery Technologies:
General approaches

Looking at the field of service discovery in general, beyond ubiquitous
computing, there are different solutions that cater to different needs. It
is not until recently however, that the focus has started to come closer
to the field of Ubicomp. To implement service discovery for Ubicomp,
we first examine a selection of existing service-discovery protocols, to see
if any of these can provide a solution, or give valuable insights into the
service-discovery problem. Several surveys of service discovery have been
published [30, 34, 98]. Our examination will present a selection of the
characteristics of the protocols. We have discussed some shortcomings
of these protocols, especially as related to service-discovery for P2P and
ubiquitous-computing environments, in Section 1.2.1. In the following
sections, we will present some of the state-of-the-art in general service
discovery.

3.3.1. Bluetooth Service Discovery Protocol

Bluetooth [10] is a short range, low power wireless technology for cable
replacement. In other words, it is intended to rid users of cable clutter
and the need for frequent disconnection and reconnection. Bluetooth was
invented by Ericsson but is now controlled by the Bluetooth special interest
group (SIG), today comprised of a large number of companies, including
3com, NOKIA, IBM, Intel, Microsoft, and Motorola.
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General approaches

Bluetooth defines its own protocol stack, including a service-discovery
protocol, SDP. This is based on unique identification numbers (UUIDs),
with several predefined services such as Headset, Printing, Fax, and so
on. After a device has been discovered, a Protocol Descriptor List in the
SDP service description is consulted to find out which protocols can be
used to initiate contact with the device. Avancha et al. [4] showed that the
Bluetooth SDP can also be extended with semantic descriptions written in
W3C’s Resource Description Framework (RDF) [94] or DAML+OIL [36] to
support more expressive information about devices.

While not truly P2P in the sense of equality among peers (one is master
the other is slave), Bluetooth does provide the ability to switch between
these roles. The Bluetooth specification defines so-called piconets which
are groups of up to 255 devices. Only eight of these devices can be active at
any given time. The rest have to be in park mode. Several piconets can be
connected into scatternets using a device acting as a bridge-slave. A device
can be master in one piconet and slave in another.

3.3.2. Universal Plug and Play (UPnP)

Poised to make home networking easier, the UPnP [85] standard, geared
towards both software services and physical devices, was developed
by a forum led by Microsoft. UPnP builds on existing protocols and
standards: DHCP and AutoIP for addressing; IP, UDP, TCP and HTTP
for communication; and SOAP [95] for remote invocation. UPnP also
defines a couple of additional XML-based protocols to support service-
discovery: SSDP (Simple Service Discovery Protocol) and GENA (Generic
Event Notification Protocol). We will here focus on SSDP as it has the most
relevance for our purposes.

When entering a network, a device broadcasts a short advertisement
containing its type, unique identifier, and a URL pointing to more infor-
mation. These advertisements are stored by control points. Searching
for a device is done by broadcasting a request for the desired type of
device. This request is intercepted by all control points, and matching
advertisements are sent back to the requester. Next, the service requester
retrieves device descriptions and service descriptions of the devices found,
using URLs embedded in the advertisements. These descriptions are based
on templates defined by the UPnP forum. Only a few templates are
defined however, among them Internet Gateway Device, Printer Device,
and Lighting Controls. SSDP device descriptions may also have a URL to
an HTML presentation page, which can be used to control the device or
service and view information about it.
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3.3.3. Salutation

The Salutation architecture [81] is controlled by the Salutation Consortium,
with IBM and a large number of printer and digital camera manufacturers
among its members. The architecture is based on service brokers called
Salutation Managers (SLMs). These play a crucial role in Salutation,
mediating all interaction between devices, including actual data transfer.
SLMs use Transport Managers (TMs) to achieve network independence
and connect to remote SLMs. A device that wishes to provide a service
registers it with an SLM, or provides its own SLM and makes it available
on the network. Services are described by Functional Units (FUs). FUs such
as Print, Fax Data, Address Book, etc. have been defined. Each FU defines
attributes relevant to its type of service, and specific services fill in values
for these attributes. To discover a service, a request is sent to an SLM, which
tries to match the request with the FUs that have been registered there. An
SLM can also propagate a request to other SLMs that may know of more
devices. SLMs can also exchange information among themselves, creating
a topology of the network.

3.3.4. Service Location Protocol (SLP)

In designing SLP [37], the Internet Engineering Task Force (IETF) aimed at
IP-based networks, and this architecture relies heavily on TCP and UDP to
determine existence, location and settings of the services offered. There are
three types of agents in SLP: User agents (UAs), Service agents (SAs) and
Directory agents (DAs). UAs discover locations and settings needed by the
potential user of the service; SAs advertise the availability of services; and
DAs act as brokers, caching information about services. The system can
operate in two modes – with or without DAs. When operating without
DAs, the UA will send a multicast request for services, and will receive
unicast replies. When there are DAs present, SAs will attempt to register
with a DA, and UAs will send all discovery requests to these brokers.
Service descriptions in SLP are very basic Service URLs that categorize
service types. SLP strictly deals with discovery. What happens after that is
not within the range of the SLP specification.

3.3.5. Jini

To ensure platform independence, Sun developed Jini [78] to run on Java.
While this of course leads to a certain amount of platform independence,
it unfortunately also creates the requirement that devices that want to use
Jini have to have a running Java implementation on them. When a service
wishes to make its presence known on the network it registers itself by
uploading a proxy object to a lookup service. When searching for a service,
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the searcher sends out a multicast UDP request. After receiving the results
for the search from the lookup services, the searcher can download the
proxy objects and run them locally in order to establish contact with the
desired service. Jini is one of the few service-discovery systems that rely
on code mobility and serialization of (Java) objects. Jini also sports other
features such as a transaction server, but we will not describe these here.

3.4. P2P in Ubiquitous Computing

Developing for a ubiquitous P2P environment requires new ways of
approaching the development process. Mädche and Staab [53] presented
three dimensions that they claim will create a new paradigm of service-
driven architectures: Information vs. activity, centralized vs. ad-hoc net-
works and implicit vs. explicit semantic descriptions. The authors argue
that ad-hoc configured, activity-oriented services with explicit semantics
will offer new opportunities. On the downside, going from centralized to
ad-hoc configurations and from implicit to explicit semantic descriptions,
usually generates a higher degree of complexity in the system. However,
this kind of migration is probably necessary if we are to support future
dynamic and ubiquitous environments. Using JXTA to solve the ad-hoc
issue, as we have done in ODEN, is a good starting point. Several attempts
have been made to marry the P2P and semantic web worlds.

3.4.1. Edutella

This [59] is a metadata query infrastructure based on RDF 5, and layered
on top of JXTA. ODEN is also based on JXTA, so it is interesting to contrast
ODEN with Edutella. The similarities do not run very deep, however.
Edutella uses an approach similar to JXTA Search (already mentioned,
[88]), that uses super-peers (called hubs in Edutella) to register query
answering capabilities and to propagate queries. Querying takes place
using a pre-defined query language and data model, and reasoning is not
done on the service-seeking agent. These approaches are, as we have
argued, not appropriate for service-discovery in ubiquitous computing
networks. Edutella is not intended for discovering and using services, but
rather for finding metadata about information providers. It has no explicit
SOAP[95] / Web services Description Language (WSDL)6 [96] integration
as ODEN does. Despite these difficulties, there has been research [79]

5Resource Description Framwork, a W3C Recommendation.
6WSDL is a language for defining programming interfaces of objects and methods, in a

way that is independent of the programming language, the objects and methods are written
in. WSDL uses XML descriptions to achieve this language independence, and is being
standardized by the W3C.
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on using DAML-S7 service descriptions with Edutella. Still, Edutella
is an impressive infrastructure for information integration in distributed
systems, and its makers have shown how a multitude of different types of
information resources can be aggregated and translated using its mediating
wrapper peers.

3.4.2. Other efforts

Other developments focus more on the low-level details of P2P networks,
such as routing of messages between peers. Schlosser et al. [72] presented
an ontology-based P2P Infrastructure for semantic web services. While
JXTA relies on broadcasting to distribute queries and advertisements,
and rendezvous and relay peers to propagate these messages to other
networks if necessary, the infrastructure presented by Schlosser et al. [72]
partitions the P2P network into a so-called hypercube. All peers must
implement specific algorithms for entering and leaving the cube, and for
routing and broadcasting messages. Consequently, all peers share the
responsibility for the integrity of this delicate topology, which may be a
disadvantage. Furthermore, an outer hypercube partitions the network
according to global ontologies, for example ontologies for service types.
This approach can be seen as a more sophisticated version of the first step
of our approach to service-discovery. That is, instead of using a hierarchy
of JXTA names and the standard JXTA search mechanism, they use global
service ontologies that partition a hypercube topology.

Schlosser et al. [72] claimed superior scalability to very large networks
for their approach, and it is possible that it is very useful for these
situations. Indeed, it could be combined with the second stage of service
discovery that we have suggested, that is, OWL and OWL-S service
descriptions that are retrieved from the service providing peer and loaded
into an inference engine on the client. However, their approach placed an
extra burden on all peers, and the benefits must be weighed against this
disadvantage. Many ubiquitous-computing applications that have been
envisioned have a high degree of locality. Peers will mostly communicate
with other peers that are physically nearby, and for these situations a local
broadcast may be a sufficient solution. A similar approach is done by
Crespo and Garcia-Molina [18]. Their Semantic Overlay Network groups
nodes according to semantic similarity.

3.5. Introducing JXTA

The goals of the P2P infrastructure JXTA [62], (short for “juxtapose”) are
interoperability, platform independence, and ubiquity. JXTA does not in

7Darpa Agent Modelling Language. The precursor to OWL-S.
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itself contain service-discovery facilities. Through the JXTA protocols,
peers using different transport protocols and hardware platforms, and
programmed in different languages, can interact with each other. Cur-
rently, JXTA has support for TCP/IP and HTTP networks. Java is the
language used to write the JXTA reference implementation. There are
also versions for J2ME [82] (Java 2 Micro Edition), a very light-weight C
language implementation suitable for embedded devices [83], and several
other implementations in development.

In JXTA, peers are organized into peer groups. A peer group can
be used to represent the context of peer interactions, types of service,
current state, location, and so on. Representing this type of context is
of the utmost importance in ubiquitous computing [73]. Any peer that
wishes to make a service available on a JXTA network needs to create
an advertisement of the service. An advertisement is a small piece of
XML data that announces the existence, and some properties of, a peer,
a peer group, or a pipe. The peer then needs to publish the advertisement.
Publishing an advertisement allows other peers in the same peer group to
find it, using a standardized search mechanism, until the expiration time
of the advertisement has passed. At that time, the service provider should
publish a new advertisement, if it still wishes to provide the service. When
a peer finds an advertisement, it usually puts it in its local cache. Other
peers can then retrieve it from there as well as retrieving the advertisement
from the actual service provider. This mechanism provides additional
redundancy and scalability of JXTA networks.

Advertisements in JXTA have a string Name field. When a peer wants
to locate other peers, it can use these names to guide its search. If we adopt
the convention of using colon-separated strings, such as

Device:Printer:Printer1

or

Service:E-shop:UsedComputersInc

for the advertisement names, they can be used to indicate what type
of service the peer provides, in a hierarchical fashion. The discovery
mechanism in JXTA also allows * as a wild card, so for example a peer
could search for

Device:Printer:*

in order to find all peers with names starting with Device:Printer:.
However, the name of a device or service often does not provide

sufficient information. Until there is a globally agreed-on hierarchy of
devices, the search string above would perhaps result in a few matching
printing services, but other printers could be named for example Hard-
ware:OutputDevice:Printer, or something entirely different, and
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these services would not be discovered. A user looking for a used PC may
be happy to find UsedComputersInc, not knowing that it only sells Macs.

As these examples hint, and as we have seen earlier in this chapter,
using simple name matching might be enough to obtain rudimentary
service-discovery in Ubicomp. In the two upcoming chapters ODEN and
MAGUBI are presented; two systems designed to provide an enhanced,
and for the users and devices more useful service discovery in Ubicomp
by leveraging semantic information as well as common-sense information.
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Chapter 4
ODEN: USING ONTOLOGIES IN
SERVICE DISCOVERY

WE propose to enhance service discovery using a P2P framework
combined with semantic models of services using OWL [93]. OWL

has its roots in the Semantic Web [9] and Description Logic [5] fields,
and can be used to create ontologies to represent many different kinds
of knowledge. An ontology in computer science is usually defined as
an explicit specification of a conceptualization [31] (of a domain). For our
purposes, we can use ontologies to describe a shared conceptualization of
the domain of services, devices and other concepts that could influence the
service-discovery process, such as different kinds of contexts [73]. Using
ontologies enables service-seeking peers to reason about available services
and devices, and make intelligent and informed decisions about which
services to use, and how.

4.1. OWL

OWL is a standard representation language for ontologies, and as such
has good tool support. Also, the OWL Services (OWL-S) [93] ontology is
written in OWL, providing further motivation for using this representation.

The OWL-S ontology for semantic web services is the basis for our
work. It provides a set of concepts for modeling some aspects of services.
For example, it lets us model inputs and outputs, preconditions and effects,
and the relations that different processes have to each other. However,
a more comprehensive ontology is needed for service-discovery in ubiq-
uitous computing in general, since OWL-S does not include concepts for
device capabilities and context [26]. We will also demonstrate how such an
extended ontology can be integrated into the P2P network.
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4.2. ODEN

Our experimental research platform ODEN uses ontologies expressed us-
ing OWL, and elaborates on OWL-S’ concepts for semantic modeling of
services and devices. ODEN integrates these ontological descriptions into
the P2P-system in a way that preserves the fundamental P2P characteristics
that we believe are important, with respect to independence of network
infrastructure, and direct P2P discovery.

While the P2P-system handles basic networking duties, service ontolo-
gies enable reasoning and evaluation of services. ODEN has two layers: the
low-level communications infrastructure (P2P-layer), and the high-level
ontologies and reasoning. These two layers are largely independent of
each other. We could rewrite the ontologies without changing the way in
which they are integrated into the P2P-layer, and we could replace the P2P-
layer and still use the same ontologies. This independence is an important
feature, as both P2P systems and ontologies are rapidly evolving fields.

The following subsections will discuss discovery-enabling ontologies,
how ODEN integrates such ontologies into the P2P-layer, and how the
service-discovery procedure in ODEN takes place in detail.

4.2.1. Ontologies and Reasoning

Service-seeking peers must be able to evaluate service descriptions, com-
pare their pros and cons, and deduce facts that might be needed to make a
decision as to which service to use, and how. To evaluate OWL ontologies,
peers need an inference engine. Several inference engines are available.
The peers we have implemented currently use Java Theorem Prover
[27] (JTP), as it offers a good combination of usability, performance and
documentation. It is possible to substitute this for other inference engines
if necessary. In fact, all evaluation in ODEN takes place at the service
consumer, so different peers can use different engines and altogether
different methods of evaluating services.

The service descriptions in ODEN are currently based on a hierarchy
of OWL classes, shown in Figure 4.1, based on the OWL-S Profile
class. OWL-S encourages subclassing the Profile class to present properties
specific to particular types of services to agents that wish to evaluate the
service. We introduce a class called DeviceProfile, with properties
common to all types of devices. For example, each DeviceProfile
can have several DeviceConfigurations, each of which can, in turn,
hold several ServiceParameters. This design lets us express different
combinations of parameters that the device supports. For example, a
printer may have a high-resolution black-and-white configuration, and a
low-resolution color configuration.
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device
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device:Scanner

Printer1Profile
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device:Printer:
Printer2

. . .
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. . .
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instantiates

Figure 4.1: The one-to-one mapping in the ODEN service discovery system
between (a) the P2P (in this case JXTA) Name hierarchy and (b) the OWL-S Profile
hierarchy.

Further subclasses of DeviceProfile define properties specific to
different types of devices. As an example, we have created a PrinterPro-
file class with properties for paper size, resolution, and other properties.
New subclasses can be added for any type of device, and relations between
device types can be expressed using subclassing and other OWL constructs
(e.g., disjointness, unions).

4.2.2. Communications Infrastructure

In ODEN, each peer represents a device or service. Rather than a classic
client–server approach, ODEN uses peers that can both consume and
provide services, and it does not make assumptions about pre-configured
servers. Our current P2P-layer uses JXTA, which was designed specifically
for ubiquitous and ad-hoc networks, and can handle these issues using
abstractions such as peers, peer groups and advertisements. ODEN builds
on the basic peer discovery mechanism in JXTA; that is, advertisements and
searching for service names. ODEN augments this mechanism with a layer
of semantic information. We define two important additions to service
advertisements that peers providing services using ODEN must implement:

1. A WSDL [96] interface description of the service.

2. Pointers to OWL files that describe the service (Figure 4.2).
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Figure 4.2: A service advertisement in ODEN. The name places the device or
service in a hierarchy; the WDSL field provides a programming interface to the
service; and the OWL-S tags point to detailed semantic descriptions, retrievable
from the service-providing peer.
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Furthermore, service names must follow a common hierarchy. This
hierarchy maps one-to-one to the OWL-S Profile hierarchy described in
Section 4.2.1, as shown in Figure 4.1. OWL-S uses WSDL interface
descriptions to provide a concrete grounding to its abstract descriptions
of methods, so our use of WSDL follows naturally from our choice to use
OWL-S. Peers wishing to evaluate a service need to retrieve the OWL-
files that describe the service. This remote communication is also kept
language-independent by using SOAP [95]. SOAP is also an XML-format,
and an associated protocol for remote invocation also standardized by
W3C. To use SOAP in the JXTA infrastructure, ODEN uses a JXTA–SOAP
bridge that embeds the SOAP messages in JXTA messages. This bridge
builds on existing work, and has been extended to better interact with
the other parts of ODEN. Integrating WSDL and SOAP into JXTA is
straightforward, as JXTA uses open XML messages and advertisements,
and is not committed to any particular standard for remote communication.

4.2.3. Service Discovery Procedure

The procedure for a peer to find, evaluate, and use a service in ODEN is as
follows:

1. Retrieve advertisements from other peers that are of the correct type,
e.g., Device:Printer:*.

2. Retrieve the OWL files, indicated by the advertisements that describe
the services provided by these peers. Calling a getFile SOAP-method
that all service-providing peers in ODEN must implement retrieves
the files.

3. Load the OWL-descriptions into an inference engine. Evaluate the
data and decide which service(s) to use, if any.

4. Extract the WSDL-interface description of the service from the ser-
vices advertisement, and call the SOAP-methods described therein in
order to invoke the service.

4.3. ODEN running

We will illustrate a run of ODEN through an example. We start by running
the simulated PDA-client that we will use to find the service we want. As
can be seen in Figure 4.3, the PDA-client starts by loading the OWL-S files
and the corresponding OWL-S profile structure. If there exists a peer-group
for the Office already (created by other peers), it is joined at this point in
time. If no such group exists (such as in this case), then the PDA-client
creates such a group.

35



4. ODEN: USING ONTOLOGIES IN SERVICE DISCOVERY

Figure 4.3: The PDA-client starting in ODEN. It starts by loading OWL-files into its
JTP knowledgebase, starts the PDA peer for P2P-networking and finally creates
and joins the Office peer group.

Figure 4.4: Simulated PDA-client GUI after start. Note that there is no device
constraint selected in the left panel. The middle panel shows results when a search
for services is done. The buttons to the right shows the corresponding information
about the selected service.

36



4.3. ODEN running

Now, the PDA-client GUI appears (Figure: 4.4). As it is now, it is not
possible to search for a generic Device:*. By changing the mode of the
PDA-client through selection of Device:Printer:* from the drop-down
button, the interface changes to reflect the possible search alternatives that
exist for this type of device (see Figure 4.5.).

A B C

Figure 4.5: The search for Printer panel in ODEN. To the left (A) can be seen
the different properties that can be selected for the current device (in this case a
printer), and also a column of numbers to the immediate right (B), where the user
can set the priorities for the different properties. To the furthest right (C) are a
number of buttons which bring up the corresponding information when pressed.

We may now select our desired printer criteria (e.g., printer type, paper
size). To the right of each of these criteria we may also specify the priority
of them. For instance, it might be very important for us to get the printout
in color. In fact, it might be so important to get the printout in color that
we are willing to accept a reduced resolution. Another possible example
situation is that we need the printout rapidly and we want it to be in color.

When the search button is pressed, the PDA-client peer starts by
looking for advertisements that match Device:Printer:*, in other
words all Printers. The next step is to use these advertisements to
download the OWL-S files from the devices themselves. See Figure 4.6.
When these files have been received, they are injected into the PDA-client’s
JTP database, after which the reasoning is performed and each result
scored.
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Figure 4.6: Printer1 log. Upon a service search, the different devices/services
send the profile, process, service, and grounding information.

In Figure 4.7 we can see the result of a search where we have placed
emphasis on color and ability to print transparencies. If we place a priority
of 10 or higher on a certain attribute, we have chosen to interpret that as
a necessary attribute. In other words, if a priority of 10 is selected for the
attribute color, Printer1 will score 0 since it lacks the ability to print color,
even though it might fulfill the other attributes.

Figure 4.7: Results from ODEN when we are prioritizing color. A higher number to
the immediate right of the property indicates a higher priority for that property.

4.4. Discussion of ODEN

A significant feature of ODEN is that the service consumer controls all
evaluation of services. A broker or service-evaluation service could still be
implemented to help resource-constrained peers find and use the services
they need, but the choice to use such brokers is up to the service consumer,
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not to the service provider. Our service discovery architecture itself does
not assume such a broker.

A second important point to note is that a service-seeking peer first
filters out potentially interesting services using JXTA‘s name-matching
search, and then loads and evaluates only the services that match. This two-
step process reduces network traffic and the amount of work the service-
seeking peer has to do, since a smaller number of advertisements have to
travel the network, and there is less data for the peer to evaluate. The first
step is a coarse filtering, and the second, using the ontologies, provides
precision.

As we mentioned in Section 3.5, this process assumes a global name-
space of devices and services. This is, of course, difficult to achieve, but
there are different ways of alleviating this issue. At one extreme, the first
step can be skipped completely, which happens if peers simply search for
* instead of, for example, Device:Printer:*. This may be feasible if
the contexts of discovery, i.e., the peer groups, are sufficiently small. All
evaluation of services would then be performed using the ontologies. This
solution would be highly robust, but as we have mentioned, it may give
the searching peer far too many service descriptions to evaluate.

At the other extreme, the namespace hierarchy can be extremely fine-
grained, so a peer would search for a specific device1. This approach would
give the searching peer exactly what it was looking for, provided that it
knows exactly what it wants, and that the hierarchy is stable. These are
very strong provisions however, and this solution is highly brittle.

We believe that the optimal solution lies somewhere between these two
extremes. The exact layout of the namespace hierarchy is still an open
question, but it should only provide broad categories sufficiently general
to avoid the brittleness of a too specific approach, while sufficiently specific
to avoid flooding the searching peer with irrelevant advertisements.

A third issue we wish to mention is the concerns that have been stated
regarding the performance of JXTA [33, 13]. It should be noted, however,
that the JXTA platform is under development, and these problems are being
addressed. Furthermore, our concern here is not maximum throughput of
data between peers, but to build an architecture for service discovery. The
evaluation of service advertisements, using an inference engine, currently
takes much longer than retrieving the advertisements, so the speed of
network traffic is not the most critical issue in this context. Using an
inference engine locally has advantages and disadvantages. We put extra
strain on a “weak” computer when we run heavy reasoners on it. On the
other hand, we are not dependent on the network in order to evaluate and
reason about services.

1For example: Device:Printer:LaserPrinter:HPLaserJet:*
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4.5. Observations regarding ODEN

It is worth noting that ODEN, being JAVA-based, is able to run on a
multitude of platforms. This ensures a great deal of portability, although
Java demands a certain amount of resources. Being modular is another
property of ODEN. It is possible to plug parts in and out of ODEN at
will. As such, it is possible to substitute JTP, for instance, for Racer [32]
or FaCT [35]. As mentioned in Section 3.5, the current P2P-part of ODEN

– JXTA – is available in a Java 2 Micro Edition as well as a light-weight C
implementation, which lowers resource requirements. JXTA is also open
source. Relying on XML-based formats for the descriptions makes for a
heavier solution, but this is offset by the advantage of being able to use
general tools readily available, such as Protégé [42].

In terms of reasoning and extracting information about services, ODEN

is able to use the power of JTP [27], which puts it beyond simple matching
algorithms or profiles such as in Bluetooth [10]. As far as taking the
initiative, ODEN has no capabilities. In a sense, this leaves us with a
passive service discovery system. This passiveness is one of the issues
that indicates the need for an additional layer in service discovery for
ubiquitous computing. Related to this is the issue of planning. Sometimes
it might be necessary to plan in several stages in order to be able to utilize a
certain service. Other times, usage of a service might seem straightforward,
but in reality this is not the case. An example of the latter might be the
erroneous decision to allow the user to print to a printer behind a locked
door. So far, we have not conducted large-scale experiments with ODEN as
it is still under development.
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Chapter 5
TOWARDS COMMON-SENSE
REASONING IN SERVICE
DISCOVERY

AS stated in the previous chapters, there are indications that point to
something missing in service discovery for ubiquitous computing as

done by the more common protocols. There is a lack of richness in the
description of service capabilities. With ODEN this is somewhat remedied,
but the burden that is put on the user to manually find services is not
consistent with the general notion of Ubicomp. As we stated in Section
1.2.1, it is fundamental to the usefulness for the users that they are able to
find the relevant services and devices at the relevant time and location.

It is clear that there is a need for the system to reduce the sheer number
of available services and devices to a manageable level for the users. It is
also clear that there is a need for a proactive system, which keeps an eye
out for new services that might be of interest for the user. In order for this
system to be robust, it must rely on a set of knowledge that is true in most
settings. A possible approach towards this set of knowledge is what in
computer science is generally known as common-sense reasoning.

5.1. Common sense in Computer Science

One of the pioneering ways of addressing the issue of adding intelligent
behavior to a computer system was the logical-formal approach [55,
McCarthy, 1959]. This approach is usually characterized by formalizing
knowledge into structures and rules. Interestingly McCarthy’s article is
also one of the first times that common sense is mentioned in computer
science literature. McCarthy stated that:
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...a program has common sense if it automatically deduces for itself a
sufficiently wide class of immediate consequences of anything it is told
and what it already knows.[55]1 (Italics McCarthy)

It could be argued that much of what we deem as intelligent behavior is in
fact common sense. By common sense, we generally mean, the knowledge
that we as humans amass as we grow up. Informally, a common-sense fact
can be defined as:

“...a true statement about the world that is known to most
humans.” [87, page 75]

Much of what we do in a day does not require any conscious effort at all.
It can be viewed as looking up things in a giant table. There have been a
number of approaches to adding common sense to computer systems. One
of the earliest and more ambitious approaches to use the formal approach
is CYC2 [49].

There are also efforts concentrated on providing ontologies that can
be used in common-sense reasoning. The Institute of Electrical and
Electronics Engineers Standard Upper Ontology Working Group (IEEE
SUO WG) [75] is one. Another is the Suggested Upper Merged Ontology
(SUMO) [60] which contains 20,000 terms and 60,000 axioms. It has
mappings to all of WordNet3. It has specialized ontologies for a number of
different areas such as Communications, Distributed computing, Economy,
Geography, Government, Military etc. However, compared to CYC, it is
much smaller and some of the ontologies, such as Communications are
very rudimentary. Although SUMO has its merits we did not believe that
it was right for service discovery in ubiquitous computing, largely due to
the comparatively small number of entries compared to CYC. We expected
to be able to gain more leverage by using a larger ontology and cutting
away unwanted sections, rather than having to add significant amounts of
additional knowledge to an already existing ontology.

There are also other less formalized approaches. The Mindpixel project
[74] is one as well as OpenMind [76]. These projects share a less formalized
and less rigid approach to collecting data. The methods employed by
OpenMind and Mindpixel are similar in that they use ordinary users to
either input or verify statements. This makes for faster growth of amassed
statements. It can be noted that there is a trade-off between growth-rate and
rigor/control. Using experts to amass and enter the knowledge provides
the possibility for a formalized and directly designed structure. Having
a vast amount of “hard wired” knowledge to draw upon makes systems

1See John McCarthy’s homepage:
URL: http://www-formal.stanford.edu/jmc/mcc59.html

2The name is derived from encyclopedia.
3A semantic lexicon of English [57].
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robust in dealing with an uncertain environment. A traditional AI-system
lacks this immense knowledge base and that is one of the key reasons why
it is so brittle when it gets outside its domain, or even when encountering
fuzzy data that is inside it. Furthermore, the ability to exchange knowledge
and translate between different representations and dialects is an important
issue.

5.2. Evaluating CYC

Our selection for a more in depth evaluation and possible integration fell
upon CYC. We found that CYC avowed to have a number of integrated
features, a very large number of facts and axioms, as well as having the
structure to motivate why and how decisions were being reached. It also
appeared to have relevant functions, such as a planner. Furthermore,
CYC appeared to have a continuous development effort which many other
ontologies did not. These features led us to select CYC as a primary
candidate for a possible common sense based service discovery system. An
introduction and evaluation of CYC follows below.

Dr. Douglas Lenat thought that if he could furnish a computer with the
same set of common sense facts that humans have, it would be a great step
towards a better AI. For the last 20 years [48], the CYC project has been
building knowledge and integrating it into a structured ontology. In CYC
there were about two million facts (assertions) as of 2001. The project has
its roots at Atari’s research division and after that at the Microelectronics
and Computer Technology Corporation (MCC) in Austin, Texas. MCC
was CYC’s home until 1994. In 1995, Cycorp was founded to continue
development. Cycorp as of today sells “Cyc Secure,” a tool for network
vulnerability testing.

CYC is comprised of the following components:

• knowledge base

• inference engine

• CycL (The formal language for CYC)

• CycNL (Natural language support for CYC)

• Semantic Integration Bus

CYC is a formalized representation of a very large amount of funda-
mental human knowledge. This knowledge is represented in the formal
language CycL. The knowledge base has terms, assertions, and rules. CYC
is not frame-based. CYC’s knowledge base is divided into microtheories
which allows for contradictory assertions between the microtheories as
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well as speeding up the system by narrowing the amount of data to be
processed during the inference. Most of the assertions regarding terms
in the knowledge base are entered by manually. However, the term-
denoting functions enable CYC to automatically create non-atomic terms,
(for example LiquidFn Nitrogen), and assertions during the inference
[21].

Data available to CYC

CYC already knows a great deal about a great many things. As of
September 2006, Cycorp claims that CYC contains more than 300,000
concepts and almost 3,000,000 assertions, with more than 26,000 relations
between them [20]. For instance, CYC knows that Lunch is something that
humans do. CYC also knows that hunger is an involuntary body function.
With this data, CYC is able to do some “common sense” reasoning about
humans and their activities.

Strengths of CYC

Due to its formalized nature, CYC is able to motivate why it gives the
answers it does. It also keeps track of the state of the queries it has executed
so that it may continue from where it left off or simply look in its cache for
the answer if the question comes up again.

Weaknesses of CYC

Like with all ontology-based systems, much power is placed in the hands
of the ontologist. By power we mean power over the construction of the
ontology, the choices of what to include, and where to include it. This
causes problems for the would-be user or engineer that needs to know alot
about the structure in order to be able to use it to its fullest capacity. This is
of course true for any tool, but becomes quite clear with a tool as large as
CYC.

Lenat and others have high ambitions for the final ontology result.
According to Lenat, in the end it should not matter how the ontology
is constructed since, in theory, when enough knowledge is amassed, the
system can by itself find the right information like humans do [91] when
they encounter something ambiguous. If one assumes this to be correct,
then the traditional worry about the power of the ontologist becomes
greatly reduced.4

4This is further discussed in Section 7.3.
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5.2.1. Decision: Building our own ontology for our domain

Initially, we were very optimistic about CYC’s potential for service dis-
covery for ubiquitous computing. However, after lengthy evaluation and
initial prototyping we arrived at the conclusion that the potential gains
from using CYC, would not outweigh the amount of work that had to be
spent adapting CYC to our domain. We believe that CYC, in its present
form, is not appropriate to use in our service discovery domain. This is
due to a number of factors:

• The complexity issue. Even though Cycorp has tried to get around
the complexity issue by creating what they call microtheories, there
still exists in reality the need to limit CYC when it comes to the actual
search and inference, so that it stops within a finite amount of time.
This limitation of the search space is due to the huge amount of data
available, and also due to the fact that the branching factor is rather
large.

• Where to start searching. Due to the vast amount of knowledge
available, it is not easy to know where to start searching. Which
microtheory should be activated? How do we know we have the
correct synonym for an expression? This uncertainty may lead to
frustration for the ontologist/programmer.

• Difficult to penetrate API/application. CYC’s sheer size and amount
of functions makes it a daunting task to try to use the correct
features. The fact that it is difficult to get started with CYC is also
a major drawback. This is corroborated from other users as well
[54]. Furthermore, there is a lack of comprehensive documentation.
There are some tutorials available, but not to the extent that would be
required to fully understand the system.

• Missing feature. A feature was missing in CYC which was bug-
reported to Cycorp. To be more specific, the planner was found to
be non-working. This was a major drawback since planning or the
knowledge of what must come before and after is one of the more
important tasks in a common-sense scenario.

The first two points are of a principal nature in that they concern fun-
damental issues in the nature of CYC-like systems. The final two points
concern engineering/implementation issues. Productive reuse of code and
information is generally beneficial to development. However, as shown by
our investigation into the world of CYC, there are issues when the mass of
knowledge and code becomes very large. We concluded that in the specific
case of CYC, it was too big, too convoluted and too complex to be able
to integrate within a reasonable amount of time into our project, which
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forced us to seek an alternative solution: In our specific case, a solution
developed by ourselves. If, however CYC came with a large library of
demo applications, complete with code, that demonstrated its different
capabilities, it is likely that this would enhance its proliferation.

5.3. The issue of The Ultimate Ontology

There have been many attempts to create The Ultimate Ontology (here-
inafter TUO). TUO has been pursued for a long time. In using TUO,
(assuming it is sufficiently large) we end up in the well-known realm of
too much complexity, in other words unacceptable execution time, which
makes TUO useless unless we impose restrictions on how we use it. In
CYC for instance the user can stipulate boundaries for the search, both in
time as well as in how far and in which way the CYC-ontology is traversed.
There has also been an introduction of microtheories (Mini-ontologies) to
solve the challenge of too much complexity. In other words, completeness
is sacrificed in favor of efficiency [65].

Another challenge is the current lack of use of systems such as CYC.
Attempts to incorporate CYC into current research have usually amounted
to hooking on a microtheory inside the CYC-tree and using it separately
from the rest of CYC. Without using the rest of CYC’s knowledge or
abilities, there is little difference between this and building a separate,
specialized ontology in the traditional way. As long as TUO (be it CYC,
SOUPA or any other ontology) is used in this way, little is gained. The
MIT5 project ConceptNet [51] has followed another path, one that is closer
to WordNet [57]. ConceptNet captures many common-sense concepts and
relations. The knowledge is not structured as a logical framework but
as a semantic network similar to WordNet. Like WordNet, ConceptNet
can expand on queries and determine semantic similarity. However,
ConceptNet focuses on informal conceptual-connectedness and the ability
to make common-sense inferences over real-world texts [52].

5.4. Observations regarding use of CYC-like systems in
development of service discovery

It is useful to have an advanced ontology for service discovery, as exempli-
fied by ODEN (Chapter 4). Unfortunately, CYC in its current form is not a
viable solution at this point for our purposes. It is clear that common sense
can be useful in the service discovery process, but it is also clear that using a
self-developed ontology and reasoning system is more appropriate for our
purposes than CYC. However, lessons learned from CYC have influenced

5Massachusetts Institute of Technology
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us when designing our own system. The bulkiness of CYC, together with
all its tools is one of the main reasons that it is difficult to adapt to our
purposes. On the other hand, the comprehensive nature of CYC and all its
tools were what attracted us in the first place. In this particular case, it was
the ability to reuse an ontology once it has been created. As we have seen,
the possibility for reuse of CYC was slight in our setting partly due to its
size, and partly due to lack of familiarity with the tool, as well as a lack
of an interface that facilitates the familiarization and exploration of CYC.
It is important to remember that there is a point to having common-sense
knowledge if we want to function in the world. In the words of Marwin
Minsky [58]:

For each different kind of problem, the construction of expert
systems had to start all over again, because they didn’t accu-
mulate common-sense knowledge.

The difficulty lies in knowing when an ontology is reusable or extendable
and when it is time to start over [68]. Some implications for designing
Ontologies for Service Discovery in Ubiquitous computing can be found in
Chapter 7.3.
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Chapter 6
MAGUBI: TASK-BASED SERVICE
DISCOVERY

MAGUBI is a system designed to work together with ODEN (Figure
6.1) and to act as a common-sense post-processor by filtering out

possibly inappropriate results that ODEN might generate. MAGUBI can
also initiate service discovery through ODEN on behalf of the user. This
modular design is advantageous in that the design, like the rest of the
architecture, is interchangeable. There are some benefits of having MAGUBI

on top of ODEN, for example:
Consider users who would like to print documents. A service discovery

system like ODEN can find a printer that can print according to the users’
requirements. However, this does not take into account actually retrieving
the printed document. At the MAGUBI-level, there is information that
printers must be physically accessible to the users. Systems like MAGUBI

can for instance avoid printing to printers behind locked doors.

6.1. Scenarios and use cases

Working with scenarios is important since it gives us richer understanding
of what the user might need in a particular situation. Consider an office
foyer setting where people are coming and going all the time, having
different goals, personal desires and equipment. In this foyer, we have a
wall-mounted touch screen. The start state for the screen is to display a
welcome screen with the time, the upcoming public schedule of events,
as well as two buttons that allow the users to either search for people or
rooms. To illustrate the potential, we construct a few scenarios:
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GUI

MAGUBI

ODEN
JESS

JTPJXTA

JAVA VM

Figure 6.1: The location of MAGUBI in the system hierarchy. MAGUBI acts on-top
of ODEN filtering results and generating queries based on world knowledge.

Morning People are arriving at work. They are interested in their immedi-
ate schedule, especially if it has been changed, as well as high priority
messages and e-mails.

Lunch People go out to lunch. Food-related information as well as traffic
information is interesting to them at this point in time.

Getting off work People want to get home as quickly as possible. Traffic
flow, as well as bus and train timetables are interesting at this point,
along with any errands that they might have to do.

Business trip Upon commencing a business trip, it is important to know
whether or not the method of transportation is working correctly. Is
the train running on schedule? Has the flight been cancelled? Will I
be able to reach the train station in time with a bus or do I have to call
a taxi?

Colleagues Whether or not a colleague has just passed by, or has not
yet arrived, might be important/useful information for a coworker.
(Imagine a meeting that both are scheduled to attend.)

New employees New coworkers have a different set of needs and wishes
than people that have worked for a long time at the location. The
layout of offices as well as contact information and a useful guide to
current events and how to get there are important.

Visitors When a person is a temporary visitor in an area, they have needs
similar to the new user even though the emphasis will most likely be
on current events. However, their rights may differ considerably, such
as access to rooms.

To illustrate the principle, we have chosen to work more in depth, running
the service discovery system with the lunch scenario.
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Howard

Restaurant 3

Restaurant 2

Restaurant 1Work

Suggestion:
Restaurant 3

(Car use recomended)

Screen

Figure 6.2: Howard going to lunch. His Bluetooth cellphone providing his identity.
ODEN and MAGUBI working in concert to provide a suitable recommendation
knowing his preferences and that he has access to a car.

6.2. Lunch scenario up close

Howard is working a usual day at the office and as the clock approaches
noon he gets up from his desk, gets ready to go to lunch, and starts to leave
the building, see Figure 6.2. As he passes the big information screen just
inside the entrance, it provides him with a recommended restaurant for
lunch. He gets into his car and drives to the restaurant.

What has actually happened here? The system has knowledge about
Howard and his activities. It knows who he is, where he is and neces-
sary temporal information, such as his daily routine, calendar, and text-
correspondence. Using this information, the system can make predictions
and recommendations. This information is collected through simple,
ubiquitous means. Using a cell phone and Bluetooth beacons, we can get
access to all the required information. The cell-phone provides us with a
unique ID. The Bluetooth beacon provides us with a unique location.1

1Nilsson et al. [61] showed that an accuracy of about 1.7m ± 1.7m is possible. Using
Bluetooth beacons with lower power output (class 3, 1mW) would yield even higher
accuracy if desired, since their range is on average 10cm and maximum 1m [11], even
though in this case we are already well within necessary accuracy to carry out our task.
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Figure 6.3: One of the touch-screen entrance information terminals at the
Computer and Information Science department at Linköping University. (Far right
in the picture.) The terminal provides basic agenda information as well as contact
and location information to persons, events and locations.

The motivation behind the lunch-scenario can be found at one of the
campuses of Linköping University [50]. At the Computer and Information
Science Department [80], there are integrated wall displays at the entrances.
See Figure 6.3. Normally, these displays are used by students or visitors to
find out information about the agenda, rooms, or employees. However,
for the employees themselves this is an underutilized resource and could
provide extra information throughout the day. Since most employees and
visitors carry a cell phone with Bluetooth, it is logical to try to utilize
the already existing infrastructure. This is true in most other settings as
well, since ownership of a Bluetooth cellphone is pervasive in most parts
of the world where Ubicomp is gaining ground. The employees usually
pass the display when they arrive, at lunch, and when going home for
the day. Most of the time, the employees do not use the displays at
all. If the displays could be made to show useful information when the
employees pass without any extra effort, then a ubiquitous and pervasive
use could be achieved. Another reason for choosing lunchtime is that most
people have an interest in knowing about lunch alternatives as well as
recommendations around lunchtime. This scenario can be generalized to
any screen that people pass with their Bluetooth cell phone.
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6.3. MAGUBI system architecture

MAGUBI can be seen as a post-processor of the results from ODEN, as well
as an initiator of service discovery requests on the users behalf. MAGUBI

is comprised of two parts: (1) an ontology created in Protégé from the
information in the lunch scenario, and (2) a set of rules in Jess [28] that
operates on the said ontology with the aforementioned scenario as a base.

6.3.1. Ontology up close

As can be seen in Figure 6.4 there are several classes that support the sce-
nario in Section 6.2. We will touch upon some of the available information
in the different classes. The class LunchGuest (LG) is at center of the
system. It contains information about what food and restaurants the LG
likes and dislikes, the last known location of the LG, what restaurants the
LG has and has not visited, and if the LG has access to an automobile.

The class Place with its attribute location, which it gets from the
Bluetooth beacon, provides us with vital information about where we
are as well as when we last visited the location. The class Place is
actually an abstract class and has as such no instances. One level down
we find: PlaceHome and PlaceWork which are self-explanatory. The
class PlaceLunch is also central in this scenario. It contains information
about among other things, the menu, whether or not the place is open at the
moment, and the number of times the place has been visited by the LG. We
also find an abstract class called PlaceTransport. PlaceTransport
contains information about the speed and capacity of a transporter. It has
two subclasses called PlaceTransportCar and PlaceTransportFoot.

An important part for the user is the LunchGuestCalendarAppoint-
ment class. It contains information about when and where an appointment
is, as well as whether or not the LG has been there before. The two
final classes are Food, and GMT. GMT is a provider of the time and Food
represents the different types of foods that are available.

6.3.2. Rules up close

To facilitate understanding the system, the most important rules are
presented here. There are several rulestructures that keep track of future
plans as well as what has happened in the past. If there is an appointment
in the near future, it triggers certain behavior. If not, appointments
or events in the past are taken into consideration and contribute to a
recommendation. There is a rule that checks for restaurants that serve food
that the users prefer. Provisions have been made to check whether or not
a restaurant is open or closed at the current time, thus indicating possible
problems. The system also keeps track of whether or not the users have
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Figure 6.4: Diagram over the MAGUBI lunch-ontology, containing information
regarding places, transportation, appointments, and agents.
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access to an automobile or not. Not-visited restaurants are continuously
updated and recommended if they match the users’ preferred foods.

6.4. Control architecture of MAGUBI

The diagram in Figure 6.5 shows the control flow in MAGUBI. The
diagram serves as an illustration for how the different rule prerequisites
are interrelated, and is not meant as an absolute algorithmic depiction.
As far as priority goes, the most important thing is finding out if there
is an appointment scheduled at the current time plus 1, (t + 1). If so, the
appointment is presented and the user is notified of two things:

1. If the restaurant is closed right now.

2. If it is possible to get to the lunch appointment on time as well as
recommended method of transport.

If there is no appointment in t + 1, there are two possibilities:

1. The system will first check what was done in the past at regular in-
tervals (e.g., days, weeks, months, and years in the past). In case of a
hit in the history, the system proceeds with a recommendation based
on previous appointments/recommendations/visits, for example a
birthday, as well as whether or not the restaurant is open right now.

2. When there is no hit in the history, the system performs a search
for new restaurants and if one is found the system checks for
compatibility with the users’ preferred food and presents the new
restaurant to the users. In case of the restaurant being incompatible
with the users’ food preferences, the system will present a previously
visited restaurant with a menu that is compatible with the users’
palate.

6.5. Running MAGUBI

In Figure 6.6, MAGUBI can be seen acting proactively on data supplied
through the Protégé ontology. In this particular example, MAGUBI rec-
ommends a new restaurant that has not been visited before. In doing
this, it checks for appointments in the future, as well as in the past, before
proceeding with recommending a newly discovered service in the form of
a restaurant that serves food that the user likes. As shown, several rules do
not fire in this scenario. In particular, the system does not fire appointment-
related rules due to the fact that there is no appointment in the immediate
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Figure 6.5: Diagram of the MAGUBI control flow, showing the reasoning process in
the rule-based expert system, based on either results from ODEN or the common-
sense knowledge ontology.
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future, nor are there any appointments at significant times in the users’
history. (Such as a day, a week, a month in the past, and so on.)

Figure 6.6: Running MAGUBI. Showing logging outputs as well as the
recommendation from the system.

6.6. Lessons learned

In developing MAGUBI, we have tried to produce ubiquitous computing
by enabling access to pre-existing infrastructure through enhanced service
discovery software. The approach scales at a technical level inasmuch
as it is able to handle multiple users since there is no central server that
can be overloaded with requests. In MAGUBI, there is one server per
user. Scalability in this sense is also true for ODEN since we base it
on JXTA, a system which has been tested for network performance [33].
When it comes to the scalability of extending the system to encompass
situations and scenarios beyond the lunch scenario the scalability is not
as straightforward. It is not that it is impossible per se, but this approach
demands the developer to be proficient in ontology engineering and its
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support tools, such as Jess and Protégé. The lunch scenario rules can be
generalized into rules that cover generic terms such as a meeting rule that
covers both lunch and other types of meetings.

In creating these rules and ontologies, we see the need for professional
ontologists and rule-developers. It is not likely that the average users of
the system have the skills required to create and maintain the ontologies
and rule sets, nor should it be expected of them, in the same manner that
it is not expected of an average automobile-owner to be able to perform
advanced automobile maintenence. One way forward is to simply let
users buy ready-made ontologies and rule-sets for certain domains, and
have the system ask them for the appropriate data. Another way is better
tools aimed at the consumer level, with a more intuitive, simplified, and
most likely graphical representation of rules and ontologies, or possibly a
simplified language similar to the languages used on wikis for example.
Yet another way forward is sharing ontologies and rule-sets among users
who use trust-based buddy systems. In this way we get publicly editable
rule-sets and ontologies as well as peer-review, which combined should
prove beneficial in theory for rule quality as well as rule creation.
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Chapter 7
DISCUSSION

THIS chapter discusses, mainly from a Ubicomp perspective, current
solutions, privacy/ethical issues, design considerations regarding on-

tologies in service discovery, how to measure success in service discovery,
the nature of the services themselves, and service discovery versus user
discovery. It also deals with some emerging research issues from the
perspectives of the users and the developer.

7.1. Current solutions

Noticeable about the current solutions is that they do not take any initiative
on the users’ behalf. Our solution does, and in our opinion this will become
more important in a world where the users will be unable to manually
locate all the services that they might be interested in. Furthermore, besides
being pro-active in locating potentially useful services for the users, there
will be a need to filter out services that in different ways might pretend to
be more useful than they actually are, much in the same way that pop-
up ads and other advertisements can be filtered out when using a web
browser. Indeed, it is very likely that the challenge in the future will not
be how to find services, but how to keep out the unwanted ones. There
is a need for the opposite of Service-Discovery; escape from irrelevant
services. This will be a hard challenge. The users will want to use specific
services and possibly be informed about potentially useful services based
on activity, location and interest. On the other hand, the users do not want
to be bothered by service-spam. Current solutions are also commonly not
distributed, and the ones that are usually employ non-standard P2P, which
in a sense turns them into specialty solutions, depriving them of many of
the automatic benefits that come with using standard systems.

In contrast to Chakraborty et al. [14] we do not construct a solution
which is customized in order to reach our goals, instead we aim to reach
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them by combining pluggable industry standards and already existing
software (JXTA, JTP, JESS, and so on) into a system that addresses both
discovery architecture such as protocol and software infrastructure, as well
as service matching. In fact, with MAGUBI + ODEN we have moved beyond
simple service matching and into ontology-based, reasoning, matching,
pro-active service discovery, as well as filtering. Naturally, when building
service discovery systems for Ubicomp, it is advisable to use standard
components when possible. There are currently several research efforts in
P2P-systems, ontologies and in ontology development.

7.2. Privacy/ethical issues

The delicate balance between what is efficient and what is a breach of
privacy is something that designers of systems that handle people’s data
have always struggled with [2] and will most likely continue to do so for
the foreseeable future [8]. For instance Lederer et al. [46] use a metaphor
called faces, that is inspired by Goffman’s research into how people present
themselves in society. In systems such as MAGUBI and ODEN, the issues
are different from that of a banking system for instance. Even so, it is wise
to consider the possible implications for privacy violations. Knowledge
about the user will have to be stored somewhere. It could be in the form of
a general ontology, but then we run the risk of being too general and not
benefit from user-specific information. On the other hand, a too specific
ontology runs the risk of becoming brittle. Furthermore, a specific ontology
becomes potentially dangerous if it falls into the wrong hands. This would
suggest that the current approach where we evaluate the service offerings
on the personal device is correct in a setting where personal data cannot
be trusted to be sent over the network to be processed by other devices.
Moreover, this points towards the need to have public profiles, like the
faces mentioned above, that can contribute to the overall quality of service
discovery and only share such data as the user deems correct to share.
The challenge is to combine an effortless Ubicomp experience with privacy.
Lederer et al. [46] suggested that the users should review logs. However,
this task is time-consuming and users cannot be expected to do this in every
situation. Constantly asking the user for consent will most likely result
in the user switching off the security system. In addition, reviewing logs
addresses the problem after the fact rather than in advance. A community-
based filtration system where known users recommend and vouch for
services is a promising direction for the future.
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7.3. Implications for designing ontologies for service dis-
covery in ubiquitous computing

When designing ontologies in this Ubicomp situation there is a trade-off
between a larger, more comprehensive ontologies and small lightweight
ontologies. The trade-off is between expressiveness, maintainability and
how heavy the ontology is to process.

It is our conclusion that, for service discovery in ubiquitous computing,
a big, heavy ontology of the CYC-type is probably not a viable solution.
Within a smaller ontology, a possible way to get a limited, deeper coverage
of a particular focus is to use regular people and a constrained automatic
gathering process to filter out erroneous entries. Three projects that used
this approach were Mistic [90], Mindpixel [74], and Open Mind [76].
More recently, a similar solution in the current setting, is the approach
taken by MIT with ConceptNet [47]. ConceptNet is a semantic network
automatically constructed from the Open Mind Common Sense Project.
ConceptNet does not have the logical framework of systems such as CYC,
but instead emphasizes semantic connections much like WordNet [57]. A
straightforward example is when ConceptNet puts your microwave on
defrost when you take out an item from the freezer, since the concept of
freezer is connected to the concept of microwave in the ConceptNet. There
are, however, two caveats to consider when looking at ConceptNet and
similar approches: ConceptNet lacks the explicability of a well-organized
ontology. It only has the ability to say: “X is related to Y.” CYC, on the other
hand, can motivate why it reasons in a certain way.

von Ahn and Dabbish [86] used this type of information gathering to
collect labels for picture-data. The strength of this type of collection is that
it is quick in amassing great amounts of data. However, the drawback is
that there is no human control of the resulting structure and there is less
ability to construct a more descriptive structure. The contrasting approach
is to have a staff of ontologists constructing the ontology, such as in the case
of CYC.

A further conclusion and implication is that when designing ontologies,
reasoning systems, and the like for use in service discovery for ubiquitous
computing, it is very important that they are designed so that they are
easy to reuse and adapt, since they otherwise will be ignored because
they convey obscurity and because of the massive effort required to
begin to use them. Another recommendation is that the benefits and
contributions that the ontologies might bring to a specific Ubicomp project
must be very clear, otherwise they risk being ignored again. The issue of
extendability/scalability is discussed in Section 6.6. This issue is integrated
into the grounding problem: Getting the system to cope with as many novel
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situations as possible, without the use of an ontology that tries to cover
everything, is important.

From building our systems we can conclude that it is possible to build
an ontology fairly fast for a limited domain. However, this is not something
that is easy for the layperson. Consequently there is a need for ontology
construction systems which cater to the said layperson. A possible way
forward is a Wikipedia-like [89] ontology creation system, which has a
simplified language to create ontologies and also enables the potential for
incremental change to the ontologies by the community in which they are
used.

7.4. Support for developers and service creators

As mentioned above, there has until now been a high degree of focus on
enabling connectivity for services. Less focus has been on providing the
programmer/designer/developer with a model to announce and present
his/her services. Due to the lack of research in this field we find ourselves
in a situation where the creators know very little about how their service
is going to be presented to the users and therefore are not in a position
to do anything about it. Potentially, there is much that can be done about
this. If standards for how to approach this were to be incorporated into
the programming APIs1, and IDEs2 tailored to include service presentation
in a ubiquitous environment, presumably the creators would have a much
easier task in presenting his/her service to the users. For DUIs3 this is
also important. Models of what goes where, or for that matter the ability
to control what goes where, or at the least knowing that X is definitely
not going to end up on Y is important for the persons designing the DUI,
whether they are UI-designers or programmers or a combination thereof.

One possible approach to achieving the definition of adaptive presenta-
tion of DUIs and services would be to do it in a way similar to LATEX[43]
and HTML. That is to say the creator specifies the logical structure of
the service and its interactive capabilities, requirements, and restrictions
when programming it, but the system decides when, how, and where to
present it. This would place very little extra burden on the programmer,
and at the same time simplify for the system since it would have a clear
logical structure of where to put things. A possible approach would be
to give the programmer a kind of WYSIWYG4-interface to the service-
discovery/handling system. An analogy to this would be the layout
managers in, for instance, Java or Cocoa . In this service presentation builder

1Application Programming Interface
2Integrated Development Environment
3Distributed User Interface
4What You See Is What You Get
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things such as: “this must be presented in color”, “X has to be presented
with at the most 20 cm lateral spacial separation from Y,” “if this cannot be
presented to the users at eye-level, it must be read out aloud instead,” could
be clearly shown and specified. Without catering to the developer’s and
creator’s special needs for services in ubiquitous computing said services
will not be created.

7.5. Measuring success for service discovery from a user
and organizational perspective

Until now, there has been a focus on the infrastructural as well as hardware
aspects of service discovery. As the field of service discovery matures,
new issues emerge. With hardware and software problems being resolved,
metrics for success from a user perspective within service discovery will
become increasingly important. This is because of a number of reasons.
One is a more traditional reason; to reduce the overall load on the
infrastructure and software. Two newer reasons are to reduce the load on
the human and user satisfaction. In this setting, it is important to remember
that, for instance, faster response times and the ability to find all services do
not automatically lead to a more satisfied user [41], but other less tangible
factors such as enjoyment, type of interaction, and design might play a
significant role in the success of a system, and may sometimes even lead to
the users choosing a system that in actual performance (for instance words
per minute) is lower than the subjectively less attractive system.

One possible way of getting user satisfaction metrics for service discov-
ery is to measure how many of the services discovered and presented to the
users were actually used. Used services could automatically be classified
as correctly identified and presented. This approach is in contrast with
the more traditional metric of ability to find all available services in a given
situation. The idea for this metric is originates in the enhanced semantics of
ODEN, as well as the common sense rules of MAGUBI. The incorporation
of these metrics into MAGUBI’s ontology and the rule engine is possible
because of the pluggable nature of said systems.

An important part of metrics is the ability to stifle erroneous usage
of services. An example of this is when an emergency service becomes
the norm due to popular demand. The ability of the service provider to
affect the service metric to decrease usage is thus an important aspect of
the system. Finally, measuring features such as coverage and speed is also
important when comparing different rule sets and ontologies.

What users deem as a success metric is not necessarily a success metric
for organizations. For instance, the ability to print many copies on a printer
is beneficial for a user, however for the organization frivolous printing
leads to unnecessary costs.
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7.6. The nature of services

Services can appear in many forms. It is not uncommon in the service
discovery field that devices are viewed as services. For instance, a headset
in Bluetooth provides the service headset. This makes sense when the
headset can be seen, since the users can make the mental connection
between the headset and some (or all) of the potential services it might
render. It is therefore important that service discovery systems reflect user
expectations as well as real technical data. A possible discrepancy between
the perceived properties of the service and the actual properties can lead
to inconsistencies in usage. It is therefore necessary to try and correctly
anticipate said properties. Our suggestion for these properties are as
follows: The degree of physical manifestation: There might be real physical
services such as a printing service or a restaurant service, but there might
also be entirely virtual services such as a weather information service. The
degree of closeness: Certain virtual services might be perceived as close as
certain physical services. The degree of uniqueness: If there is only one
instance of the service it is very unique and vice versa. The degree of cost:
The monetary or time expenditure associated with the service. The degree
of delimitation of the service: A remote control can control a multitude of
services whereas a setting knob on a radiator only controls that particular
radiator. The degree of time: If the service is with or without start in
time and/or with or without end in time, i.e. if it is continuous, instant,
or perhaps intermittent or delayed. The degree of initiation and initiator:
It is important to know if this service was passively received, consciously
searched for, or initiated on the users’ behalf by the system. On occasion
other services may initiate a service. The degree of load on the service:
A service that, on paper, is better than another, might under heavy load
perform worse than a service that, on paper, is worse but on the other hand
has a lighter load. For example, a slow printer with a non-existent print
queue will produce the printout faster than a fast printer with a very long
print queue. The degree of popularity of the service: As seen in Section
7.5, the popularity of a service can be seen as an indicator of how satisfied
users are with that particular service. However, a service might be popular
for many of reasons, some of which might not necessarily be related to the
actual performance of the service.

7.7. Service discovery versus user discovery

If the whole notion of service discovery is reversed, it becomes user
discovery. This approach is an interesting step beyond current solutions.
More precisely, the issue is not so much “the users finding services and
devices” but rather “the services and devices finding the users” or “users
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finding users”. Expanding on this subject; we can compare this task to
what a headhunter does; finding a person with the right competence for
a task. If applied to a Ubicomp setting, for instance a military command
setting, we can see that finding the right person to perform a task is crucial
to a successful campaign.

A possible configuration for user discovery is to allow certain ways to
access the user. Using the lunch scenario as an example, using user dis-
covery would mean that restaurants need to convey their menu somehow
to Howard. One way of letting them do so is to allow a special area on
the wall screen to be accessible to services that want to present themselves
to Howard. At lunchtime this area would prioritize services wanting to
present lunch alternatives.

The print situation is another example where user discovery may entail
advantages. When printing, choosing a fast printer with a long print
queue, might result in having to wait longer for a printout than if a slower
printer without any documents in queue is chosen. By assuming the role
of printer consumer, the user can become the receiver of services instead of
the initiator and a printer that has a short or non-existent print queue can
search for the user instead of the other way around.

7.8. How to present appropriate services to the users

When deciding how the appropriate services are to be laid out and
presented, there are a multitude of factors involved as well as a recursive
SD-issue. Imagine, for instance, that our user enters a room, and wants
to know what services are available. Before service discovery, as it is
currently, it was necessary to look through all the services available and
decide manually which service to utilize. With MAGUBI this task would be
significantly reduced. A number of interesting issues have come up as a
result of this work.

A lot of effort has gone into the first two steps of service discovery,
namely the technical solutions for establishing contact and communication,
and with ODEN and MAGUBI, evaluation and reasoning about which
service to select. Having shown that these challenges can be met (at least
in the limited domain we have focused on), it is time to push ahead and
look at the next research issue; different ways of presenting the discovered
services in the best manner to the users. This issue, in our opinion, is a
subject that is worthy of attention and will play a major role in the future
service-oriented world.

Research conducted in cognitive science and biology has produced a
number of findings in relation to this. Most notably, the notion of affordances
by James Gibson [29], i.e. the concept that the appearance of an object
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communicates to the users about how to use it. A chair for instance affords
sitting.

The concept of affordances can be beneficial when thinking about
the challenges ahead for service discovery. It is however difficult to
directly translate the notion from physical object to service, although it
is a good starting-point. What these service-affordances are is an open
question at the moment. However, the different properties of services
that we mentioned in Section 7.6 hint at what might be deemed important
characteristics for these affordances. Furthermore, due to the Ubicomp
nature of these services the use of different modalities is most likely going
to play a role [67]. The ability to combine different channels and modalities
when presenting and interacting with the services, will hopefully ease the
identification and use of the services, in particular in situations where
one or more modalities might be restricted due to the environment. A
lot of the work in service discovery has understandably focused on web-
services which, in one sense, are located a step away from the user. What
is done when the web service is found and utilized and has received the
information is less well researched. This is especially true in relationship
to the users. If a service is tied to a physical object, maybe that object in
itself can be augmented or enhanced in some way as to radiate details about
its service. This conveyance of information has been explored in ambient-
computing. In the case of a virtual service, however, it is harder to know
how to advertize and interact with it. One possible solution is to advertise
the service through an object with which the users could interact with the
service. This advertisement, using conventional thinking, has the potential
in ending up with all services being presented on the users’ PDAs with
the possibility of massive interaction chaos as a result. Consequently, a
challenge and research issue for future designers and architects will be how
to include general ways of interaction with services into the common living
environment [39], since much of tomorrow’s living is going to be in a very
service-rich, pervasive-, ambient-, Ubicomp-environment.
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Chapter 8
SUMMARY AND CONCLUSIONS

AS we have seen, the current research situation in service discovery
is very connectivity-driven. We believe that sufficiently good con-

nectivity has been achieved and that it is possible to shift the focus to a
more user-driven one. One step towards this user focus is the creation of
ODEN, which enables a better way for the users to search for and choose
the right service, by giving the users a toolkit that enables higher specificity
for searching, as well as P2P-capabilities, network independence, and
reasoning about and evaluation of services. We discovered that although
we added said attributes, there was something missing, namely world- and
user-knowledge. Thus, we evaluated CYC from the perspective of service
discovery in ubiquitous computing. Even though we found CYC to be a
very comprehensive tool with great potential, we also found that for our
purposes it was too cumbersome to integrate into the Ubicomp setting, and
that it lacked advertised features such as the planner.

This result lead to the development of MAGUBI, a system designed
to work in concert with ODEN. MAGUBI introduces a new layer in service
discovery; a layer that consists of said world-knowledge in the form of
an ontology modeled in Protégé, and rules modeled in JESS. MAGUBI

introduces user-knowledge and works by performing post-processing on
the results received from ODEN, and has the ability to instigate searches on
the users’ behalf based on said world- and user-knowledge. We conclude
that it is possible to build a limited ontology and rule set fairly fast for
a limited domain, but that creation, maintenance and expandability are
currently not easy for the layperson. The use of wiki-like ontologies and
language could be a way forward in this area. We conclude that this new
level is needed if we are to reach a more proactive, user-centered form of
service discovery.

As far as contributing to the general discussion of service discovery for
ubiquitous computing, we would like to point out that systems that take
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initiative on the users’ behalf and provide escape from irrelevant services as
well as use of off-the-shelf components are promising approaches. Another
aspect of services is the public face that the users presents to the virtual
world. This too is a topic worthy of attention in order to create a more
beneficial relationship between users and service providers. Furthermore,
an issue that has received little attention is how success is measured in
service discovery from user and organizational perspectives. We propose
some metrics for this in Section 7.5. This is also related to the nature of
services. Certain properties can be applied to most services. By suggesting
a number of these properties we hope to enable creators and users alike to
obtain better development, comparison, and usage of services. By turning
the tables on service discovery, which we view as something that inherently
puts the burden on the user, and examining the issue from the perspective
of user-discovery, we try to put the processing where it belongs, on the
computers. By using user-discovery as terminology, we are enabled to
view the situation as a matter of finding either the right person for a job
or finding a user for a service.

Finally, there is an interconnected, emerging research issue that we
deem to be of importance: The issue of presenting the services to the
user in an appropriate manner. After solving the basic connectivity and
the correct selection of services, the next step is to present the service or
possible services in a way that makes it possible for the users to not only
select the correct service, but also interact with the selected services in a
manner that is natural, with the aim of being as optimal as possible in
the current setting. In order to do so, efforts must be made in providing
the appropriate tools and models to the creator of said services in order to
empower them to present their service to the user in an appropriate way.

It is our conviction that this new layer, in the form of MAGUBI, will
facilitate the development and use of: escape from irrelevant services,
the face that the users present to the virtual world, the measurements for
success in service discovery, the properties of services, as well as enabling
user discovery and the ability to allow the creators of the services to present
the services in an appropriate manner and through this enable a more
fluent interaction for the users. A service is only as good as its interface
enables it to be, and it only gets a chance to be good if it gets discovered.
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vasive Computing, April 2004. Österreichische Computer Gesellschaft.
URL: http://www.pervasive2004.org/.

[4] Sasikanth Avancha, Anupam Joshi, and Tim Finin. Enhanced service
discovery in bluetooth. Computer, 35(6):96–99, June 2002.

[5] F. Baader, D. Calvanese, D. McGuinness, D. Nardi, and P. Patel-
Schneider, editors. The Description Logic Handbook - Theory, Imple-
mentation and Applications. Cambridge University Press, Cambridge,
January 2003.

[6] Francisco J. Ballesteros, Enrique Soriano, Katia Leal, and Gorka
Guardiola. Plan b: An operating system for ubiquitous computing
environments. In PerCom 2006, 2006.

[7] Victor R. Basili. The role of experimentation in software engineering:
past, current, and future. In ICSE ’96: Proceedings of the
18th international conference on Software engineering, pages 442–449,
Washington, DC, USA, 1996. IEEE Computer Society. ISBN 0-8186-
7246-3.

71



BIBLIOGRAPHY

[8] V. Bellotti and A. Sellen. Design for privacy in ubiquitous computing
environments. In Proceedings of the Third European Conference
on Computer Supported Cooperative Work (ECSCW’93), pages 77–92.
Kluwer, 1993.

[9] Tim Berners-Lee, James Hendler, and Ora Lassila. The semantic web.
Scientific American, May 2001.

[10] Bluetooth Special Interest Group. Bluetooth specification. https://
www.bluetooth.org/spec/, October 2006. URL: https://www.
bluetooth.org/spec/.

[11] Bluetooth Special Interest Group. Bluetooth basics. http:
//www.bluetooth.com/Bluetooth/Learn/Basics/, February
2006. URL: http://www.bluetooth.com/Bluetooth/Learn/
Basics/.

[12] Gaetano Borriello and Lars-Erik Holmquist, editors. UbiComp 2002:
Ubiquitous Computing, September/October 2002. Springer.

[13] K. Burbeck, D. Garpe, and S. Nadjm-Tehrani. Scale-up and
performance studies of three agent platforms. In Proceedings of
International Performance, Communication and Computing Conference,
Middleware Performance workshop., pages 857–863, April 2004.

[14] Dipanjan Chakraborty, Anupam Joshi, Tim Finin, and Yelena
Yesha. Towards distributed service discovery in pervasive computing
environments. IEEE Transactions on Mobile Computing, 5(2):97–112,
February 2006.

[15] Harry Chen, Filip Perich, Tim Finin, and Anupam Joshi. Soupa:
Standard ontology for ubiquitous and pervasive applications. In
International Conference on Mobile and Ubiquitous Systems: Networking
and Services, Boston, MA, August 2004.

[16] Larry L. Constantine and Lucy A. D. Lockwood. Software for use: a
practical guide to the models and methods of usage-centered design. Number
0-201-92478-1. ACM Press/Addison-Wesley Publishing Co., 1999.

[17] Alan Cooper. The Inmates Are Running the Asylum. Number
0672316498. Macmillan Publishing Co., Inc., 1999.

[18] Arturo Crespo and Hector Garcia-Molina. Semantic overlay networks
for p2p systems. Technical report, Computer Science Department,
Stanford University, October 2002.

[19] Cycorp. Opencyc api. http://www.cyc.com/doc/opencyc api/
java api, 15 March 2006. URL: http://www.cyc.com/doc/
opencyc api/java api.

72



BIBLIOGRAPHY

[20] Cycorp. Researchcyc. http://research.cyc.com/, September
2006. URL: http://research.cyc.com/.

[21] Cycorp. What’s in Cyc? http://www.cyc.com/cyc/
technology/whatiscyc dir/whatsincyc, October 2006. URL:
http://www.cyc.com/cyc/technology/whatiscyc dir/
whatsincyc.

[22] DARPA. Internet protocol rfc:791. http://www.ietf.org/rfc/
rfc0791.txt, September 1981. URL: http://www.ietf.org/
rfc/rfc0791.txt.

[23] Nigel Davies, Elizabeth Mynatt, and Itiro Siio, editors. UbiComp 2004:
Ubiquitous Computing, September 2004. Springer.

[24] Roy C. Davies. Using Virtual Reality for Participatory Design
and Brain Injury Rehabilitation. PhD thesis, Lund University
Sweden, 2000. URL: http://www.eat.lth.se/Staff/roy/
Publications/2000%5CPhD.

[25] Peter Denning, Douglas E. Comer, David Gries, Michael C. Mulder,
Allen B. Tucker, A. Joe Turner, and Paul R. Young. Computing as
a discipline: preliminary report of the acm task force on the core
of computer science. In SIGCSE ’88: Proceedings of the nineteenth
SIGCSE technical symposium on Computer science education, pages 41–
41, New York, NY, USA, 1988. ACM Press. ISBN 0-89791-256-X. doi:
http://doi.acm.org/10.1145/52964.52975.

[26] Daniel Elenius and Magnus Ingmarsson. Ontology-based service
discovery in peer-to-peer networks. In The First International Workshop
on Peer-to-Peer Knowledge Management (P2PKM), 2004.

[27] Richard Fikes, Gleb Frank, and Jessica Jenkins. Jtp: A system architec-
ture and component library for hybrid reasoning. In Proceedings of the
Seventh World Multiconference on Systemics, Cybernetics, and Informatics,
2003.

[28] Ernst Firedman-Hill. Jess in action. Manning Publications Company,
2003.

[29] James J. Gibson. The Ecological Approach to Visual Perception. Lawrence
Erlbaum Associates, 1987.

[30] Richard G. Golden. Service and Device Discovery : Protocols and
Programming. McGraw-Hill Professional; 1st edition, 2002.

[31] Thomas R. Gruber. A translation approach to portable ontology
specifications. Knowledge Acquisition, 5(2):199–220, 1993. ISSN 1042-
8143. doi: http://dx.doi.org/10.1006/knac.1993.1008.

73



BIBLIOGRAPHY
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wall, editors, Current Trends in AI Planning, pages 266–277. IOS

77



BIBLIOGRAPHY

Press, Amsterdam, NL, 1994. ISBN 90-5199-153-3. Online at
http://www.aass.oru.se/˜asaffio/.

[71] M. Satyanarayanan. Pervasive computing: Vision and
challenges, August 2001. URL: citeseer.ist.psu.edu/
satyanarayanan01pervasive.html.

[72] M. Schlosser, M. Sintek, S. Decker, and W. Nejdl. A scalable
and ontology-based p2p infrastructure for semantic web services.
In Proceedings of the Second International Conference on Peer-to-Peer
Computing, pages 104–111, 2002.

[73] Albrecht Schmidt. Ubiquitous Computing - Computing in Context. PhD
thesis, Lancaster University, Lancaster University, England, United
Kingdom, November 2002. URL: http://www.comp.lancs.ac.
uk/∼albrecht/pubs/.

[74] Slashdot website. Chris mckinstry replies: Telescopes, ai
and more. http://slashdot.org/articles/00/07/04/
2114223.shtml, September 2006. URL: http://slashdot.org/
articles/00/07/04/2114223.shtml.

[75] Standard Upper Ontology Working Group. Standard upper ontology
working group. http://suo.ieee.org/, October 2006. URL:
http://suo.ieee.org/.

[76] David G. Stork. The open mind initiative. IEEE Expert Systems and
Their Applications, pages 16–20, May/June 1999.

[77] Sun Microsystems. Java technology. http://java.sun.com/,
September 2007. URL: http://java.sun.com/.

[78] Sun Microsystems. Jini network technology - specifications. http:
//www.sun.com/software/jini/specs/, October 2006. URL:
http://www.sun.com/software/jini/specs/.

[79] Uwe Thaden, Wolf Siberski, and Wolfgang Nejdl. A semantic
web based peer-to-peer service registry network. Technical report,
Learninglab Lower Saxony, 2003.

[80] The Institution for Computer and Information Science at Linköpings
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