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Abstract. Mobile ad-hoc networks are a growing research topic. Much
effort has been put into providing a technical basis for such networks.
However, up to now, there has been very little work on how to facil-
itate integrated usage of the resources available in such a network. In
this paper, we give an insight into our research on developing concepts
to use the services of an ad-hoc net in an integrated, effective, and ef-
ficient manner. Our main focus lies on information services supporting
e-learning applications.

1 Introduction

More and more people are equipped with more or less powerful mobile comput-
ers, ranging from cell phones to laptops. Over the last couple of years, research
on ad-hoc networks as a means to provide technical integration of these de-
vices has attracted a lot of attention. An ad-hoc network is a dynamic collection
of mobile devices that are connected without a fixed infrastructure. In single-
hop ad-hoc networks, all the devices are within radio range of each other and
can communicate directly. Usually, however, interesting resources and services
are spread across a wider range. What is needed then, are multi-hop ad-hoc
networks, where devices can communicate with one another by ”routing” infor-
mation through intermediate nodes. They now become themselves part of the
infrastructure. In particular, the nodes have to act as routers if needed.

So far, the technical side of ad-hoc networks has received much attention from
the research community. Users, however, are not interested in network technol-
ogy per se but in the services they may be able to requisition. For example, they
may wish to share the information available in a network. This integrated usage
of resources is quite common in fixed networks and even in infrastructure-based
wireless networks. There, a lot of concepts and mechanisms exist to support
integrated access to shared resources. Very little has been done, though, in the
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rather new research field of ad-hoc networks. Moreover, there is no straightfor-
ward adaptation of the existing solutions to networks that change their structure
dynamically and have no dedicated components for building an infrastructure.

It should be quite obvious, however, that support for information sharing
(or more generally for resource sharing) is needed, if these networks are to be
widely used. Therefore in this paper, we develop concepts to use the resources
of an ad-hoc net in an integrated, effective and efficient way. Resources are
shared by offering services that allow access to them. Our special interest lies
on services offering access to information. These services can be viewed as a
large, highly heterogeneous, distributed information system with autonomous
component systems. Our goal is to support the effective and efficient usage of
these resources. On the one hand, mechanisms to use the provided resources
effectively assure that the resources yield the desired results, i.e. that the services
we find and use do what we expect them to do. On the other hand, mechanisms to
use the resources efficiently help to gain the results in a resource-aware manner,
i.e. with as little resource consumption as possible. To fulfil these demands, we
outline mechanisms for service description, service discovery, service selection
and efficient query processing in this paper.

2 Scenario

In this section, we introduce a scenario. The purpose of this description is
twofold: First, the scenario provides a motivation for our work, explaining how
we envision ad-hoc networks to be used. Second, the scenario helps to identify
key issues that need to be solved in order to provide the desired functionality.

Our example user, Anna, is a computer science student. She is currently
preparing for her final exam on ”Information Systems”. This exam covers sev-
eral classes in the topic area like ”Transaction Management”, ”Implementation of
Database Systems”, ”Applications of Database Systems”, and so on. Right now,
she enjoys the nice summer weather on the patio of a coffee shop on the campus.
She has brought her PDA along so that she can continue working. Before leav-
ing home, she has downloaded the PowerPoint slides describing the two-phase
commit protocol onto her PDA. After working through a few slides, she comes
across an annotation mentioning a paper that explains a specific aspect in more
detail. Anna tells her PDA that it should try to locate the paper somewhere and
download it. Remember that Anna is not connected to a fixed network. However,
her PDA forms an ad-hoc network together with other nearby computers. Some
of these computers (or rather their users) will have similar interests as Anna’s
and might thus be able to provide the required information. Anna is lucky: her
PDA finds another computer that not only possesses the paper in question but
is also willing to allow Anna’s PDA to download it. Unfortunately, the paper
is in postscript format which her PDA is not able to display. Thus, the PDA
finds a conversion service that transforms the paper into a pdf-file which can
be viewed on her PDA. Over the next cup of coffee, Anna works through the
paper and then returns to the original slides. Even after going through all of



them, Anna is not sure that she has quite understood what 2PC is all about
and feels that an example would greatly help her understanding. She asks the
PDA to look for an example. It reports that the introductory course on database
management provides just that. The PDA also determines that while none of the
computers currently participating in the ad-hoc network has stored the example,
a computer that offers access to the fixed network has just joined. Anna’s PDA
uses this computer’s network connection to retrieve the example. By now, Anna
is comfortable enough on the topic to discuss it with other students preparing
for the same exam. Again, she uses her PDA to determine whether anybody is
interested in joining her for a group discussion. Some fellow students, Ben and
Carl, are found and a meeting is set up. At that meeting, Anna’s PDA and Ben’s
and Carl’s notebook computers form an ad-hoc network. This network is more
closely integrated than the one described above. Here, the relevant information
on all the participating machines is displayed on each one of the computers.
Thus, Anna has transparent access to all the information available not only on
her own PDA, but also on Ben’s or Carl’s notebook. For instance, while Anna
has stored the slides of Chapter 7 of the transaction management course, Ben
has stored Chapters 3 through 5 and Carl has stored Chapter 8 and 11. All six
chapters are now visible on Anna’s PDA and she can access any of the slides
without having to know where they are stored. Should they need access to any
slides that are not available locally, they can still use the search functionality
described above and retrieve them from another computer in the ad-hoc network.

Let us now take a look at the requirements that need to be met in order to
offer the desired functionality. Obviously, we need a possibility to spontaneously
network any computers without having to rely on a fixed infrastructure. Thus,
the technical basis of the system should be formed by an ad-hoc network. How-
ever, this technical basis alone is not sufficient to efficiently use the network.
Additional functionality is needed that allows finding and using resources in the
network. In particular, concepts are needed to address the following topics:
– Service description. Services need to be described so that they can be

found automatically. In order to achieve this, a merely syntactic description
of the service interface is not sufficient.

– Representation of the user context. The current context of the user,
e.g. her location, the computer she is using and the state it is in, her interests
and so on, plays an important role in determining which services are suitable
to address her needs.

– Service discovery. In ad-hoc networks, the set of services that is available
at any given time cannot be predetermined to be static, as the participating
computers change frequently. Thus, a mechanism is needed that helps users
to find the services they need.

– Efficient usage of services. Depending on the current structure of the
network and the state of the computers that form it, strategies for efficient
usage of services need to be developed.

– Integration of services. Often, one service alone will not be able to answer
a user request. What is needed is rather a combination of different services
that together offer the required functionality.



– Motivation to offer services. The network needs to offer some kind of
incentive to participating computers to offer services. An appropriate means
has to be devised.

In the following section, we will first briefly introduce the technical basis of
our approach and we will then give an overview of our approach to addressing
two of these problems, namely service description and service discovery. Due to
space limitations, only a very brief look will be taken at the other issues.

3 Approach

The basic building blocks of our solution are services. A wide range of different
services will be offered and used by the participants in our ad-hoc network.
Services are described by service descriptions based on the developing standards
in this area. These descriptions are used for a service discovery mechanism.
Since ad-hoc networks do not possess any infrastructure components of their
own, service discovery needs to be organized in a distributed fashion by the
participating nodes. Once services have been discovered they should be used
efficiently and effectively in a resource-aware manner.

3.1 Technical Basis

Figure 1 uses the sample scenario to show the basis of our system. Technically, the
system is based on an ad-hoc network of different devices with widely differing
capabilities (different sizes in the picture) in different states (different brightness
in the picture). Computers may be active (light gray), dozing (medium gray) or
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Fig. 1. Typical ad-hoc net.



turned off (dark gray). Devices can communicate directly with devices within
their broadcast range (circles around nodes). Some devices like D1 can be con-
nected to a fixed network and can mediate access to it to other devices in the
ad-hoc network. If a device wishes to communicate with another device outside
its broadcast range, the message has to be routed through devices between these
two. The majority of the research efforts on ad-hoc networks up to now has thus
been concentrated on developing appropriate routing protocols that can deal
with the high dynamics of ad-hoc networks.

For our work, we are not interested in all the devices in this ad-hoc network.
Rather, on a conceptual level, we assume a subnet consisting of devices with
shared interests. While other devices might be used for routing purposes, we are
only looking at those devices that offer services in our application domain. The
figure shows a number of these devices offering different kinds of services.

3.2 Services and their Description

In our opinion, the two major prerequisites to facilitate efficient usage of an ad-
hoc network is a powerful service description mechanism and an efficient service
discovery and usage protocol. As a first step towards service description, consider
our classification of services depicted in Figure 2.

There, two subclasses of services are identified: DocumentConsumingServices
are services that need a document as their input and produce something else from
it, e.g., a printing service that delivers a printout of a document in a specific for-
mat. DocumentProducingServices on the other hand, deliver documents as their
output. Some services will consume a document and deliver another document.
An example of this class of services is a transformation service that might require
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Fig. 2. Services can be subdivided in services consuming and/or producing documents.



a postscript document as input and produce a pdf-document as its output. To
summarize, services process and/or deliver documents. Thus, the second central
concept of our model besides services are documents. Our view on documents
is depicted in more detail in Figure 3. Documents contain information. In our
model, information is described by keywords forming ontological relationships.
This means that we do not aim at describing the information contained in a
document as an unstructured set of keywords, but rather as a subgraph of the
underlying ontology.

In our scenario, we are particularly interested in a specific subclass of docu-
ments, learning documents. These documents can be subclassified into the official
material of a course, external information sources and personal documents like
notes, solutions to exercises, summaries that a student has written, and so on.
A specific focus of our work will be on describing and finding services related
to learning documents. A metadata collection based on the LOM standard [23]
that provides a useful description of learning documents has been developed in
the context of another project [32], and existing learning materials are already
described using these metadata.
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Fig. 3. A document (for example a file) always contains a piece of abstract information
described by keywords in an ontological network. Learning documents can be subdi-
vided according to their document type: official, external or personal.

Consider a PowerPoint file containing an example for the usage of the re-
lational selection operator. If this file is stored on a computer in the ad-hoc
network, the computer could offer a service to deliver this document. In this
case, the service would be described by metadata for a DocumentProducingSer-
vice, which consists of three parts: (1) The data about the semantical content of
the offered document in the information part (mainly keywords from an ontol-



ogy describing the selection operator and relations to other contents for example
to other algebraic operators), (2) technical data about that document (as size
and format) in the document part and (3) the characteristics of the service itself
(like QoS, costs, etc.) in the service part.

Another service offering transformation from PowerPoint to pdf format would
not be associated with a concrete document but with two document templates
describing the input and output documents of the service. These templates are
fully described by the document part of the metadata, as the service is indepen-
dent from the document’s semantical content. Besides the supported formats
(here just PowerPoint), the template for the consumed document could for ex-
ample also contain a size restriction.

More generally, services are characterized by what they do, how they do it
and how they can be accessed [14]. What a service does, can be described by
the input it requires, the output it produces, and the semantic relationship be-
tween the two. Therefore, our service description can be embedded into existing
standardization efforts, more specific, into DAML-Services [13].

3.3 Service Discovery

In order for users to access services, they need to be able to find them. A precise
service description is a necessary first step into this direction. However, service
descriptions need to be accessible and comparable. Existing service discovery
mechanisms rely mostly on a dedicated directory server to handle service re-
quests by users. This approach is not feasible in an ad-hoc network. Thus, new
mechanisms need to be developed that allow service discovery without dedicated
infrastructure components. Service discovery by flooding as it is used by some
peer-to-peer networks is not feasible either, since the enormous message overhead
is not acceptable in a wireless network with limited transmission capabilities.
Thus, we are developing a combination of content based routing [7, 9] and the
cluster head proposal [10] to deal with this issue. In our approach, devices offer-
ing thematically coherent services are conceptually connected to service rings.
Each ring has one or more device serving as service access point, which offers
the collection of the ring’s services as a whole. It is possible to build a hierarchy
of rings by building rings out of such access points. Indeed, there is one ring –
the so-called world ring – that offers all possible services. Each device aims at
getting connected to an access point of this ring. Figure 4 depicts an example
net. The ring on the left is formed by devices that offer a DocumentProduc-
ingService, more precisely a LearningService for documents related to the first
three parts of a database course. The service access point of this ring advertises
all the services offered within the ring. On the right, we have a ring specializing
in printing services. Both rings are connected via the world ring, which offers
all the services available in the net (that is the first three parts of the database
course as well as several printing services). We use rings mainly because routing
of queries to devices that offer appropriate services is very easy, we can detect
message loss and always have a way back for the query answers. Moreover, rings
are completely decentralized in contrast to tree or star structures.
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Fig. 4. Services are connected by rings. On the left, we have a ring offering LearningSer-
vices for lectures on ”databases (DB)”. It it accessible via its access point (marked with
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3.4 Service Usage

Frequently, it will be necessary to use combinations of services instead of a single
service. Possible combinations of services are service aggregation, pipelining and
concatenation. With concatenation, one service delivers the input for another
one. The user will be interested in the effects of both, the first and the second
service. An example of a service concatenation would be a bibliographic search
followed by a search for downloadable versions of the documents. Here the user
will typically wish to see both the result of the bibliographic search and the
list of electronically available documents. In contrast, with service pipelining,
the first service also delivers the input for the second one, however, only the
effect of the second service is of direct interest to the user. An example is the
transformation of a postscript file provided by Service A into a pdf-file by Service
B. An example of a service aggregation is the seamless integration of documents
available through different services on the user’s desktop.

Service delivery and service combination may depend on the current user’s
context. The user context is characterized by the user’s current location, his level
of knowledge, the device he is using and the current state of the device, e.g. with
respect to battery power. Consider as an example two users trying to access a
paper on a specific topic. One of the users is equipped with a laptop, the other
one with a cell phone. While the first user will be able to directly download the
document offered by, let’s say, Service A, the second user will need an additional
service that transforms the document into speech and then delivers it to his cell
phone. The W3C draft on CC/PP (Composite Capability/Preference Profile) [6]
forms a good basis for such a description, which we intend to use.

Mobile computers in ad-hoc networks operate on limited resources. In par-
ticular, their power supply is limited. Thus, a participant in such a network has
an inherent motivation not to overuse his computer, yet alone to have somebody
else use it. Thus, in order to encourage cooperation and sharing of resources,



there needs to be an external motivation. Usually, this external motivation is
realized by some kind of virtual currency. Whenever a computer performs a ser-
vice, like delivering information, doing a computation or routing a message, it
gets paid in this virtual currency and can then in turn use it to acquire the
services of other devices. This looks almost like a market economy. However, in
ad-hoc networks, which will be formed of devices of very different capabilities, a
more sophisticated model is needed to ensure that less powerful devices, which
can only perform fewer tasks, are able to participate in the network.

4 Related Work

The work on mobile ad-hoc networks evolves mainly in the context of the IETF
Working Group MANET [24]. For the last few years, the vast majority of pro-
posals have dealt with routing issues in ad-hoc networks. Many of them tried to
transform classical routing algorithms known from infrastructure-based networks
[10, 25, 28]. Especially the cluster-based routing presented in [10] is a very inter-
esting idea, where devices are grouped to clusters and all communications be-
tween clusters are routed through dedicated cluster heads only. Other approaches
deal with geographical routing mechanisms [17] and content-based routing [7, 9].

Many commercial and academic organizations have made proposals for ser-
vice description. Sun’s Jini Network Technology [19] is a JAVA based technology
to offer general services in networks so that the dynamically changing partici-
pants of the net can use them. Each service is represented by an object interface,
which leads to a rather inflexible description. Another approach is JXTA Search
[20], a peer-to-peer application basing on the JXTA project. In JXTA Search,
each (information) service is described by a query space, an XML based template
for valid queries similar to namespaces, which are made publicly available by a
special registration message. Due to the peer-to-peer basis, JXTA Search does
not need any central server and might therefore be a suitable platform for our
project. Today, one of the most popular description languages is the Web Service
Description Language (WSDL) [34], which many commercial organizations use
to offer their services. In the context of ad hoc networks, it suffers from the fact
that a central server is necessary to find suitable services and only simple pat-
tern matching queries are possible. The Bluetooth Service Discovery Protocol [3]
and the Universal Plug-and-Play (UPnP) Protocol [30] have similar problems.
Furthermore, they can only manage small home networks with few devices. In
[18], Hodes et al. present a far more universal approach with their Service De-
scription Language (SDL). Especially user and location dependent services can
be described with that. To search such services, the authors present in [11] the
Secure Service Discovery Service (SDS), which at present, though, is not capa-
ble to support all this functionality. Semantically richer descriptions are being
developed within the research field of ontologies, especially within the Seman-
tic Web [31]. One of the more important efforts centers on the DARPA Agent
Markup Language (DAML) [12], which uses XML and RDF to describe entities
and the relations between them, thus enabling the user to develop ontologies



and annotate information such as service descriptions with them. Up to now,
more than 150 ontologies for different topics have been created. A very interest-
ing one among these is DAML Services [13], a DAML based ontology for web
services. We hope to adopt some ideas out of this project. While the description
languages of the Semantic Web are very powerful, no tools have been developed
for them yet. The few groups (see e.g. [26]) working on the problem, concentrate
on infrastructure-based networks. We thus expect a solution, which will not be
applicable to ad-hoc networks directly. Another area using (service) descriptions
is the research of multi-agent systems. Today, FIPA [15] is the most commonly
used standard. Current projects aim at porting it to mobile environments [22]
and to ad-hoc networks [5].

Integrating services is also a research topic. In the Icrafter Project [29], an in-
teresting first approach for ad-hoc networks is given: People in a conference room
can access simple infrastructure services with their mobile devices spontaneously.
Tasks that should be processed together such as presenting a slide show on a
beamer and turning off the lights are combined to one integrated service. From
an information system’s point of view, the attempt to offer integrated access
to distributed services is an old topic. A large number of approaches deal with
schema integration (see [2, 21] for an overview). More recently, mediator-based
architectures have been investigated extensively [4, 8, 33, 35]). In the context of
ad-hoc networks, we know of only two projects addressing information systems
related issues. The one described in [16] attempts to find transaction models
for ad-hoc networks. [27] contains a first proposal on integrated access to het-
erogeneous information sources in ad-hoc networks relying on an agent-based
approach to address the issues.

To motivate the users of an ad-hoc net to collaborate, [1] proposes to in-
troduce virtual coins (nuglets), of which each participant of the net possesses
a certain amount. Every net service costs money, which is distributed among
the nodes doing the work. Particularly in ad-hoc networks, the approach suffers
from different problems: What is a reasonable price for a service and how can it
be estimated before enlisting it? How can less powerful devices such as mobile
phones use services although they are not able to offer these services by them-
selves? And how can the security of such a virtual currency be guaranteed in an
infrastructure less environment?

To summarize, while much work has been done on routing in ad-hoc networks,
we are not aware of any work that deals with sharing services in these networks.
Approaches for service description, discovery and usage that have been developed
in the context of fixed or structure-based wireless networks do not work well in
ad-hoc networks. However, we hope being able to adapt some of the key ideas
developed elsewhere to the ad-hoc context.

5 Summary and Future Work

In this paper, we propose concepts to support e-learning in ad-hoc networks. The
emphasis of our work is on defining appropriate service descriptions, providing



decentralized yet efficient mechanisms for service discovery and developing con-
cepts for the seamless integration of services. Our next step will be to further
refine the concepts and to evaluate them with a prototypical implementation.
This prototype will support students preparing for the exam on ”Information
Systems”. Students will be enabled to form ad-hoc nets to access material and
to form discussion groups. The system will be tested in ”real-life” situations.
While we use e-learning as the motivating scenario for our work, we believe that
the issues identified in this paper need to be addressed by any system aiming at
offering access to services in an ad-hoc network. We are thus confident that the
solutions we develop will be applicable to a large number of applications.
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