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Abstract. Advances in the areas of mobile computing and web services
lead to new scenarios of use and innovative applications. Our approach
involves mobile devices that act not only as requestors of data, but as
data providers as well, providing access to their data through web ser-
vices. Context plays an important role in such a scenario, when used
to improve existing service discovery mechanisms, by finding the most
appropriate service conforming to the search criteria. In this paper we
propose a context-aware service directory and we investigate the process
of service discovery with respect to contextual information. We adopt
the MOEM model for representing contextual information within the
service directory and we try to improve the performance of searching.
Furthermore, we deal with issues related to the temporal dimension of
context, namely prediction of service availability. We also present some
preliminary experimental results concerning the search costs.
Keywords: Service directory, service discovery, context-aware comput-
ing, mobile computing, web services

1 Introduction & Motivation

Nowadays mobile computing comes into the everyday life more and more. Mo-
bile devices, like 3G cellular phones, personal digital assistants (PDAs), digital
cameras, laptops, keep getting widely accepted and their usage has become a
commodity. As a result, a number of possible scenarios of use are presented every
day. In contrast to desktop applications, mobile applications are characterized
by dynamic changes of the actors’ environment and the restrictions imposed by
the size and capabilities of the actual devices [1]. Device and user context can
provide valuable information that assists applications to adapt to the needs of
specific situations, reducing the waste of resources and offering perspectives for
the design of novel context-aware applications [2].

Mobile and pervasive systems make extensive use of heterogeneous data re-
siding on diverse devices. This results in a dynamic system, which comprises
numerous mobile information resources, e.g. databases, file repositories, media,
etc. Accessing mobile data through web services offers two major advantages:
it hides the heterogeneous nature of data scattered around the world, and it



provides a globally accepted, well-defined interface for data access. In such a
dynamically evolving environment, service discovery plays a critical role in the
system functionality.

The majority of web service architectures use service directories, i.e. registries
of service descriptions, which facilitate service discovery based on parameters.
However, when the entities involved (providers and requestors) are static, there
exist alternative means of communication, such as direct connection or through
an FTP server or even a Web site. In the case of more dynamic architectures,
the role of a service directory is crucial, since it is responsible for enabling the
discovery of available services by taking into account several parameters such as:
location of the service, hosting device capabilities, type of the returned results.

Obviously a context-aware service directory would facilitate service discovery
and increase its precision. So far, discovery mechanisms focus either on exact
matching based on some service attribute or on semantic service discovery (more
ambitious approaches). We argue that using the context of devices and services
will make the existing methods more efficient. Thus, we argue in favor of a service
directory that can answer queries like the following ones:

— ”"Which services (or devices) are available in location L at time T?”
”Which services return results that the requestor device can represent?”
— ”"Which services were available at timestamp T?”

— ”"Which services are published by user U and by his device D?”

The innovative part of our work is embedding contextual information within
a service directory, thus creating a context-based index for efficient retrieval of
services. The contribution of our work is the enhancement of service discovery
by taking into account the available contextual information.

The rest of the paper is organized as follows. In section 2, we present our
approach for a context-aware service directory and we describe the process of
searching in detail. In section 3, we examine the temporal domain by predicting
service availability. In section 4, some preliminary experimental results are pre-
sented. Section 5 is about the related work, and finally section 6 concludes the

paper.

2 Context-Awareness in the Service Directory

Recent surveys on context-aware computing, such as [1], recognize that:

— Only a few types of context (usually location) are actually used by applica-
tions, either because it is hard to collect and represent more complex types
of context or because it is considered useless.

— Context histories are rarely used.

— Applications should tend to minimize user distraction [2] by avoiding to
prompt the user to provide contextual information explicitly.

Regarding these points, our approach provides a context representation model
capable of handling any type of contextual information, as long as this can be



described in terms of key-value pairs. Keys are called dimensions and they can
take one or more discrete values, or they can range over a specific domain. We
also explore context histories and we describe a couple of interesting use cases.
Moreover, our approach deals with any number of context types, as we will show
in the following sections. At the same time, we try to respect the user’s reluctance
of providing information to the system.

We argue that context plays an important role in service discovery, as an
additional set of criteria that enables locating the most suitable service, after
having found the appropriate service category semantically [6]. Defining a global
context model that applies to all services is both complicated and imposes several
useless dimensions. Therefore we define context per service category.

In the following subsections, we will focus on a service category that includes
file-sharing services, in order to demonstrate the feasibility of our approach. It is
needless to say that the results of our study can be applied in any service category
that is included within the service directory. The only obstacle is discovering the
most interesting context dimensions for each service category.

2.1 Data Model

In order to introduce a context-aware service directory, we adopt a representation
model that is capable of holding information presenting different facets under
different contexts. We exploit this property and we represent service categories
as multidimensional entities. Context is used to differentiate services that belong
to the same service category.

Intuitively, the service directory is represented by a Multidimensional OEM
graph [3], modelling services as atomic nodes (i.e. leaves of the graph). In fact
every service category is represented by an (degenerate) (see 2.4) MOEM graph,
which stores services in its leaves and uses multidimensional entities to differ-
entiate these services based on the contextual information under which they
hold.
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Fig.1. An MOEM graph representing (part of) a service directory.
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We will show the usage of an MOEM graph as a service directory through
an example. Figure 1 shows (part of) a service directory that represents file-
sharing services. The graph comprises two kinds of nodes: rectangular nodes,
called multidimensional nodes, represent multidimensional entities that present
different facets under different contexts, whereas circular nodes, representing
entities, are called atomic or context nodes, depending on whether they are
leaves of the graph or not. Atomic nodes are able to hold some kind of data and
in our approach they represent web services. There are also two kinds of edges:
context and entity edges. Context edges are represented by thick lines and they
define the contexts (represented by labels called explicit contexts) under which
the services hold. Entity edges are plain edges that represent relations between
entities.

In figure 1, the file-sharing service category is further analyzed in four sub-
categories, namely document retrieval, image retrieval, audio retrieval and video-
sharing services. The actual services that belong to each of these (semantic) cat-
egories are distinguished by means of context. For example, services represented
by nodes &6, &7 and &8 return documents, but they belong to different users.
In a similar way, two image retrieval services are registered in the directory: ser-
vice &9, which is located in cell A, and service &10, located in cell B (assuming
a cell-based space model). We also notice that different dimensions of context
can apply to the same services. This is the case with services &12, &13 and
&15, which belong to different users and return different types of files (dimen-
sion: rt - return type). Service &12 returns MP3 files and service &15 returns
files in WMA format, whereas service &13 returns both types of files. Finally,
differentiating video-sharing services &16 and &17 is accomplished through the
dimension PMO (Primary Mobile Object) [6] that defines the type of the device
providing the service. Service &16 resides on a PDA, whereas service &17 on a
laptop.

2.2 Searching for Services

Having explained the role of the MOEM graph as a model for representing a
service directory, it is important to elucidate the service discovery mechanism.
We introduce a breadth first search algorithm to traverse the graph and to spot
the services that match the search criteria. This algorithm takes as input the
identifier of the root and a context specifier, which is a syntactical construct
representing the context under which the search is performed.

Intuitively, we note that a path starting from the root must exist for every
service that is supposed to belong to the result set of the search. This path
should only consist of context edges with explicit contexts consistent with the
context specifier representing the search criteria.

The algorithm starts its execution from the root of the graph, and examines
all edges that depart from the root. For each of these edges, its explicit context is
compared to the context specifier, which determines the context under which the
search is performed, and if their intersection [3] is equal to the empty context
[-1 [3], then the subgraph pointed by this edge is ignored. Alternatively, the



node (pointed by the edge) is kept for further processing. When the algorithm
finds an atomic node, this node represents a service that is in accordance with
the search criteria, and it will be included in the search results. The algorithm
ensures that only the atomic nodes, which should be returned, will be examined.

SEARCH ALGORITHM

INPUT: nRoot // the identifier of the root
strContext // context specifier describing the context
OUTPUT: SelNodes // list with the ids of the selected services
SEARCH ALGORITHM:
STEP1: Mark node (&nRoot), and add it to queue
STEP2: While the queue is not empty...
STEP2(A) : Get the next node (&n) from the queue
STEP2(B): If (&n) is an atomic node, add it to SelNodes,
and go to STEP2
STEP2(C): Get all edges that start from (&n) and put
them in a list
STEP2(D) : While the list is not empty...
STEP2(D) (i) : Take the next edge from the list
STEP2(D) (ii): If the intersection of the explicit context of
the edge and strContext, is different than the empty set, and
if the node (&p) pointed by the edge is not marked, then add
(&p) to the queue and mark (&p)
STEP2(D) (iii): Remove the edge from the list
STEP2(D) (iv): Go to STEP 2(D)
STEP2(E): Go to STEP 2
STEP3: Return SelNodes

For example, consider the query: ”"Find all services provided by user B”,
which is issued at the service directory depicted in figure 2(a). The context spec-
ifier representing the query is: fuser=BJ. It is easy to understand that applying
the search algorithm on the graph, returns service &12. Note that the subgraph
with node &5 as its root, is completely excluded from the search, since it holds
under the context [user=A], thus not conforming to [user=BJ.

2.3 Improving Search

We argue that the same graph can be represented by numerous equivalent graphs,
by simply changing the hierarchy of the dimensions that define context. We will
show that the time required to perform a search depends on the morphology of
the graph that represents the service directory.

Assume that context is defined for document retrieval services by means of
the following dimensions: PMO, user, and rt - Return Type. We summarize the
contextual information in a table, called State Table.



PMO |User|Return Type|Service

PDA | A pdf &10
Laptop| A pdf,ps &11 State Table
Laptop| B ps &12

We will construct an MOEM graph that represents the information held in
the state table, with the help of a construction algorithm. Let us choose the
dimensions with respect to their order on the state table, i.e. at first dimension
PMO, then User, and finally rt (return type). Consider the root (&1) of the
graph depicted in figure 2(a). In order to apply the algorithm on the state table,
we start with service &10, and we create and then draw the path under which
the service holds, namely: PDA — A — pdf — &10. Similarly, for service &11
we create two paths: Laptop — A — pdf — €11, and Laptop — A — ps — &11.
At last, the path that is produced for service &12 is: Laptop — B — ps — &12.
The graph that is constructed by these paths is depicted in fig. 2(a).

CONSTRUCTION ALGORITHM

INPUT: State Table (ST)
OUTPUT: MOEM graph (G) representing the service directory
CONSTRUCTION ALGORITHM:
(foreach service in ST) begin // i.e. each line of the state table
- create all possible paths to the service
- draw the produced paths on G (if a subpath of a path
already exists, extend it to point to the specific service)
end

Let us now try to construct an equivalent graph. This graph is depicted in
fig. 2(b), which is constructed by selecting the dimensions with a different order.
At first, we choose dimension rt, then User, and finally PMO. Applying the
construction algorithm, results in the following paths: pdf — A — PDA — €10
(for service &10), pdf — A — Laptop — &11 and ps — A — Laptop — &11
(for service &11), and ps — B — Laptop — €12 (for service &12).
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Fig. 2. Two equivalent graphs holding contextual information.



Regarding search performance, we claim that search is faster when the queries
concern dimensions that are closer to the root. In many cases we can optimize
service search by restructuring the directory. Performance is improved due to a
reduction of the number of nodes and edges examined by the algorithm.

For example, consider the query: “find all services that return documents of
type pdf”, which is issued against each of the graphs depicted in fig. 2(a) and
fig. 2(b). When the search algorithm is applied to the graph in fig. 2(a), the
following nodes will be examined: &1, &2, &3, &4, &5, &6, &10, &11, as well as
all the edges of the graph, and it will finally retrieve nodes &10 and &11. The
same algorithm applied on the graph in fig. 2(b) would examine the nodes: &1,
&2, &4, &10, &11, as well as five (5) from the total nine (9) edges, and would
retrieve nodes &10 and &11, too. Obviously, when the query is issued against the
graph in fig. 2(b), the performance of the search is improved, and the difference
is significant even in the case of graphs of relatively small size.

2.4 Complexity Analysis

This section examines the space requirements and time complexity that charac-
terize the service directory. Our aim is twofold: first, to identify the search cost,
and second, to determine the space cost induced by this structure.

We can make some interesting observations based on the description of the
graph. First, the MOEM graph is actually a degenerate MOEM graph, since
it is mainly constructed by successive context edges that point either to mul-
tidimensional nodes or to atomic nodes representing the actual services. There
are practically no entity edges (except from those defining service categories)
and the only context nodes that exist in the structure are those that represent
the available services in the directory. Moreover, the morphology of the graph
is similar to a tree, with the only difference that there can exist leaves, which
belong to different subtrees (i.e. service nodes pointed by more than one edge,
like service &11 in fig. 2(b)). Based on these observations, we find that the graph
presents several similarities with multiple way (m-way) search trees. This point
will be clarified by the analysis that follows.

Consider a service directory that contains n services, and k dimensions (defin-
ing the context). Assume that each dimension can take up to m distinct values.
Further on, let us assume a ’complete’ graph, i.e. m edges starting from every
node, which is the worst-case scenario both in terms of space and time complex-
ity. If we think of the graph as a tree, then its height is:

h=k+1

since k is the number of dimensions and each level corresponds to context edges
describing one dimension. The fan-out of the tree is equal to the number of val-
ues m that a dimension can take, so:

fo=m
which is the number of edges starting from a node. The number of nodes for a
complete tree of height h and fan-out m is:

Np(h) =1+ m+m? + .. +mF =0(m")



The mean value of the number of node accesses for a successful search (for ex-
actly one service, i.e. node) is:
E=m/2xk+1=0(mk)
since m/2 is the mean value of outcoming edge comparisons in each node in order
to find the edge that matches the search criteria, and the search is performed in
k levels. When searching for all services that hold under a specific context:
E=m/2xk+n; =0(mk+n;)
with n; < n representing the number of services under this context. Generally:
Yni=n,i=1.mF
and if a uniform distribution is presumed, then:
n; =n/m"

3 Temporal Aspects of Context and its Applications

This section deals with issues that arise when the temporal domain is examined.
So far, we have avoided explicit references to the temporal dimension within the
service directory, for this dimension distinguishes itself from the usual dimensions
of context. This is, mainly, due to the fact that the frequency of modifications
concerning time is expected to be enormous compared to other dimensions, since
the latter are usually not affected by frequent changes. In addition to that, when
temporal information is taken into account, some interesting applications and
some new scenarios of use come up, that highlight its distinguishing nature.

The basic motivation of this part of our work is to predict the availability
of services, in terms of time and geographical space, i.e. when and where a
service is expected to be available in the future. In many cases this could be
achieved using the current state or a sequence of states of the device hosting the
service. By analyzing the past behavior of a user, we claim that it is possible to
discover interesting patterns, thus allowing the prediction of future appearances
of devices, and therefore the prediction of service availability.

We try to exploit the fact that service availability is directly dependent on
regular habits of users offering services. For example, consider the case of a user
that provides access to his services only when he is at work, from Monday to
Friday during working hours. A request, for such a service, issued at night would
normally get no results, whereas in our case the requestor would be informed
that the service will probably be available the next morning. We are in favor of
a system that returns approximate results, rather than no results at all.

In [4], the authors show that MOEM is capable of representing temporal
changes in semistructured databases. We take advantage of this property of
MOEM to maintain time-dependent information about services and their avail-
ability. We will explain the usage of such a graph in our case with the help of
an example.

Figure 3(a) shows the initial state of the MOEM graph that keeps infor-
mation about the PMOs, within the boundaries of a single cell, and about the
services they publish. At timestamp t=start, only one PMO, named A, is regis-
tered and it publishes two services: Servl and Serv2. At timestamp t=10, a new
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Fig. 3. The service directory describing the devices and the services published, at
various time instances.

PMO named B, which provides no services, enters the cell and is registered in the
system (fig. 3(b)). A new multidimensional node with id &0 is created, which
groups together nodes &2 and &6 that represent the registered PMOs in the cell
before and after t=10 respectively. Notice that the new PMO is accessible from
the root, only for timestamps before t=10. Then, at t=20, PMO A publishes a
new service: Serv3(fig. 3(c)). A new multidimensional node with id &7 replaces
node &2, and points to node &2 that represents the services published before
=20, and to node &8 that encapsulates all published services after t=20. Finally,
fig. 3(d) shows a snapshot of the current state of the directory, containing both
PMOs and all the services they publish.

ALGORITHM: DISCOVERING THE ONLINE TIME INTERVALS

STEP1: Find all context edges with explicit context [PMO=X], since
they point to the PMO in question
STEP2: For each of these edges...
STEP2(A): Find all starting nodes (father nodes)
STEP2(B): Find all context edges pointing to these nodes
STEP2(C) : Extract the time intervals from these edges
STEP3: Accumulate all intervals, apply pattern-matching techniques

In order to predict the future behavior of services, we need to accumulate the
time intervals they were available, and try to apply pattern-matching techniques
on them. We present a simple, case-specific algorithm for extracting the time
intervals from the directory. The algorithm takes as input a specific PMO and
finds all the related time intervals. The algorithm results in a time interval (or
a union of time intervals), which is kept for every service, showing the expected
time of availability for each service.



4 Experimental Results

We have performed a series of experiments concerning service lookup with re-
spect to contextual information. Given a graph (of varying size) representing the
service directory, we measured the time required to find all services that hold
under the specified context. All experiments are performed in main memory.

Figure 4(a) shows the results when context is defined by k=3 dimensions,
with each dimension ranging over m=4 discrete values. Figure 4(b) depicts the
results produced from a directory that contains n=250 services that hold under
k=3 dimensions of context. The number of values m (i.e. the fan-out of the graph)
that each dimension can take is shown on the X-axis.
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Fig. 4. Time required for service retrieval for:(a)k=3, m=4, and for various numbers
(n) of services, (b)k=3, n=250, and for various numbers of values for dimensions (m).

The charts show the linear relationship between the required search time and
(a) the number of services n, (b) the number of values per dimension m. Notice
that this is in accordance with our complexity analysis (see 2.4), which shows
that the search time exhibits a linear relationship with m, k, and n, when we
search for all services holding under a specified context.

5 Related Work

Some protocols support exclusively directory-less operation, based on multicas-
ting (like UPnP [14,19] and HP Cooltown [16]), in which all the participants
can advertise or request service from each other in an ad-hoc manner. Others
use service repositories (Jini lookup tables, SLP Directory Agents or Saluta-
tion SLMs [14,15,17,18]). Service discovery is usually based on service types
and attributes not taking context into account, except Cooltown. However,
Cooltown’s [16] concept of context is rather informal with descriptions that can
be unstructured web pages.

The UDDI specification [20] provides a model used to describe services and
facilitate service and business discovery. The discovery mechanism adopted is still
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at an immature level, and service classification is based on tModels, which present
certain limitations. The ebXML approach [21] shares some common features
with UDDI, but goes a step further by trying to introduce an infrastructure
for business-to-business communication. The data model treats all entities as
objects, thus providing a generic model. Nevertheless, discovery mechanisms are
rather limited and categorization is achieved through the use of Slots, a similar
concept to tModels. Like UDDI, the ebXML specification does not address issues
like mobility of services, semantic discovery and context-awareness.

The most popular model for representing raw contextual data are key-value
pairs [8] and arbitrary annotations (tags) [9]. Object-oriented approaches [10, 13]
model real world entities as objects with types, names, capabilities and properties
to allow computer systems to share and use the user’s perceptions of the real
world (location, time, environmental condition). This approach is quite powerful,
but involves an important overhead for constructing the objects. Finally, logic-
based models [11] keep context data as facts in rule-based systems. Nearly all
of these approaches use their own ad-hoc data structures to model contextual
data. This results in many islands of contextual information that work well as
stand-alone entities, but hinder communication and exchange of information.

The data formats used to model contextual information should be indepen-
dent of any requirements concerning hardware, programming language or oper-
ating system [7]. Our approach for storing contextual information is based on
the use of the MOEM model, which is a generic model that fulfills such require-
ments. Furthermore, in our case, exchanging information regarding context (just
like in the case of stick-e notes [12]) is supported with the use of MXML [5], a
markup language that incorporates the notion of context in XML.

6 Conclusions & Future Work

In this paper, we presented a context-aware service directory, we explained the
process of searching for services based on contextual information, and we pre-
sented some preliminary experimental results. We also discussed about predic-
tion of service availability. The innovative part of our work is creating a context-
based index for efficient service retrieval and our contribution is the enhancement
of service discovery by taking into account the available contextual information.

Our future work will focus on the synchronization and communication of dis-
tributed context-aware service directories, and we will try to define formally the
notion of context regarding services. We also intend to exploit context-awareness
in order to improve existing service discovery mechanisms.
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