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ABSTRACT

This paper presents a new definition of context for context-
aware computing based on a model that relies on dynamic
queries over structured objects. This new model enables
developers to flexibly specify the relationship between con-
text and context data for their context-aware applications.
We discuss a framework, HYCONSC, that implements this
model and describe how it can be used to build new con-
textual hypermedia systems. Our framework aids the de-
veloper in the iterative development of contextual queries
(via a dynamic query browser) and offers support for con-
text matching, a key feature of contextual hypermedia. We
have tested the framework with data and sensors taken from
the HyCon contextual hypermedia system and are now mi-
grating HyCon to this new framework.

Categories and Subject Descriptors

H.5.4 [Information Systems]: INFORMATION INTER-
FACES AND PRESENTATION-— Hypertext/Hypermedia

General Terms

Design, Experimentation, Standardization

Keywords

Structural computing, context-aware systems, search, tem-
plates, user interfaces

1. INTRODUCTION

Structural computing [24] has established itself as a gene-
ric approach to structuring information and services for a di-
verse range of application domains, including various hyper-
media domains (e.g., navigational, spatial, and taxonomic).
As an approach to software design and development, struc-
tural computing provides developers with techniques and
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technology to manage heterogeneous sets of relationships
between many diverse entities. Another area that handles
sometimes ephemeral relationships between many entities
is context-aware computing. Context-aware applications are
those which can adapt to a user’s current circumstances,
detecting input such as time, location, available resources,
social situation, etc. [36]. With a plethora of small sensors
available, acquiring data is not a challenge, but establish-
ing relationships between sensor input is, as is determining
what at a given time best represents a user’s context.

We present herein a structural computing approach to
contextual hypermedia exemplified in the HyCoNSC frame-
work. Our contributions include a general model for context-
aware hypermedia, a new definition of context based on dy-
namic queries, a general approach to comparing contexts,
and an implementation of a dynamic user interface for ex-
ploring and discovering information via context. Our model
of context as “dynamic queries over structured objects” of-
fers a lot of power to developers looking to create contextual
hypermedia systems or context-aware applications.

In particular, this model defines a user’s context as the
set of queries being used by a context-aware application to
retrieve relevant information. This approach enables both
developers and end-users to dynamically update what con-
stitutes “context” for a given situation by simply updating
the set of active queries. With respect to contextual hyper-
media, this allows users to fine tune at run-time the types of
objects that are being retrieved as “related” to their current
physical and digital contexts and provides them with more
power to find the information they need when they need it.

The paper is structured as follows: Section 2 describes re-
lated work within structural and context-aware computing.
We then discuss three different types of context that are
relevant to context-aware hypermedia applications in Sec-
tion 3.1. In Section 3.2 we describe our new framework for
contextual hypermedia systems, HYyCONSC, and present its
definition of context. Section 3.3 discusses our user interface
for creating contexts and how it can be used to find infor-
mation, sometimes serendipitously. In Section 3.4, we de-
scribe the framework’s support for context matching as well
as its ability to support “fuzzy” contextual search. We then
discuss the architectural configurations that our framework
supports in Section 4, describe systems related to HyCoNSC
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We now provide background on the topics of structural
and context-aware computing and discuss relevant related



work. A discussion of specific systems related to the Hy-
CONSC framework is deferred to Section 5.

2.1 Structural Computing

The field of structural computing evolved from work on
open hypermedia [25] in response to a 1997 paper by Niirn-
berg et al. entitled “As We Should Have Thought” [24].
Open hypermedia was, at that time, an area of research
that devised techniques and tools to supply navigational hy-
permedia services to an open set of applications. These
techniques allowed hypermedia concepts such as anchors
and links to appear in third party applications that did
not provide hypermedia support natively, and allowed users
to traverse links between these hypermedia-enabled applica-
tions. Nirnberg et al. noted that there were many differ-
ent types of hypermedia, and that open hypermedia sys-
tems supported only one of these domains—navigational
hypermedia—and could not be easily extended to the other
domains. They challenged the open hypermedia commu-
nity to generalize open hypermedia infrastructure to sup-
port the structures and services of other application do-
mains. This call led to work on component-based open hy-
permedia systems and structural computing environments,
producing systems such as Callimachus [33], Construct [37],
FOHM [22], IUHM [23] and Themis [2, 3, 18].

Relevant to our research here is the concept of structural
templates. Structural templates have appeared in various
forms in Callimachus, IUHM, FOHM, and Themis. The ba-
sic idea is to allow developers to assign names to particular
structures of information and then to instantiate and manip-
ulate instances of that information via those names. Here,
structure refers to the attributes of the information being
defined along with its internal and external relationships.
In Themis, structural templates could be created by com-
bining previously defined templates into a larger structure,
often creating hierarchies of structured information. Each
Themis template defined labels that could be used by clients
of a structure to store and retrieve information. Thus, a
template for a postal address could define the label “city”
that allowed that part of the address to be manipulated by
client code without needing to know exactly how or where
that information was stored in the template. This feature
enables structural abstraction (similar to object-oriented en-
capsulation) and allows developers to evolve the structure
of a template without impacting existing client code.

As we discuss in Section 3, we make use of structural tem-
plates in HYCoNSC as a foundational concept that allows
the creation of many types of information objects that can
participate in a variety of contexts. Indeed, templates un-
derly our very definition of context and provide the basis for
an efficient query system for finding objects contextually.

2.2 Context-aware Computing

Context-aware computing refers to software systems that
can adapt their behavior, interface and structures according
to a user’s context. Information about the context can be
made available to the system either explicitly by the user
(e.g., by entering a login name) or implicitly through associ-
ated sensory systems. Adding context-aware capabilities to
systems is desirable for several reasons: firstly, interaction
with applications can be greatly improved if an application
adapts to a user’s situation and only provides information
relevant to that situation. For example, filtering informa-

tion about a city based on a user’s location can make it
much easier for users to gain an overview, especially given
the limitations of browser user interfaces on small, mobile
devices [17]. Secondly, knowledge about the physical en-
vironment surrounding a user can be used to create new
powerful applications. Hypermedia, for instance, has tradi-
tionally been concerned with linking digital resources stored
on computers, but the ability to identify physical resources
through tagging or sensor input enables hypermedia systems
to support linking to locations and physical objects.

2.2.1 Previous Definitions of Context

The idea of utilizing location in computing systems was
advocated by Mark Weiser in his seminal 1991 paper on
ubiquitous computing [36]. Some of the early research on
location- and context-aware computing was performed on
the Olivetti Active Badge systems in 1992 [35]. The term
“context-aware computing” was however not defined until
1994, where Schilit et al. [30, 31] listed three important
aspects of context: where you are, who you are with, and
what resources are nearby. Schilit et al. defined context as a
location and its dynamic collection of nearby people, hosts,
and devices. A number of similar definitions exist that all
try to define context by enumerating examples of context
elements [6, 12, 29]. However, as discussed by Dey [13], these
types of definitions may be too specific and hard to apply
when trying to define general support for context-awareness:
e.g., how is it decided whether a type of information can be
regarded as context if it is not listed in the definition, and
how does a system handle new types of contexts if its design
is based on a fixed set of types?

Later, definitions of context became more general. Schmidt
et al. [32] use the following definition: “[{Context is defined
as] knowledge about the user’s and IT device’s state, includ-
ing surroundings, situation, and to a less extent location.”
Chen and Kotz [9] define context as “the set of environmen-
tal states and settings that either determines an application’s
behavior or in which an application event occurs and is in-
teresting to the user.” Similarly, Dey [13] provides the fol-
lowing definition: “Context is any information that can be
used to characterize the situation of an entity. An entity is
a person, place, or object that is considered relevant to the
interaction between a user and an application, including the
user and application themselves.”

These latter definitions are easier to apply than the former
since information can be categorized as context on a per
application basis, and they can be used as guidelines for
designing general support for context-awareness.

2.2.2 Previous Models of Context

The different notions of context have lead to a number
of varied approaches to modeling and handling context in
computer systems. Context defined as a fixed set of at-
tributes can be represented by a hard-coded, optimized con-
text model, whereas a more general definition will lead to
more generic and flexible models. Typically, data structures
include key/value pairs, tagged encodings, object-oriented
models, and logic-based models [9].

In hypermedia, however, the prevalent way to model con-
text has typically been as either composites serving as par-
titioning mechanisms on the global network or as key/value
pairs—associated with links, nodes and other hypermedia
objects—that describe parameters of the context the hyper-



media objects belong to. Context modeled as composites
is often a purely structural partitioning concept constrain-
ing browsing and linking to some kind of context given by
the user explicitly or implicitly. Key/value pairs associ-
ated with objects are typically used to describe in which
context objects are visible. Neptune's Contexts [11], In-
termedia’s Webs [38], and the Webvise Context compos-
ites [15] belong to the first category while FOHM’s con-
text objects [21] and Storyspace’s guard fields [4] belong to
the second. Key/value pairs have also been used to model
context in other context-aware systems e.g., Schilit’s and
Theimer’s located objects [31] and the context-aware Web
browser Mobisaic [34].

In our previous work with the context-aware HyCon frame-
work [5], we experimented with several ways to represent
context. HyCon provided an object-oriented data model
(shown in Figure 1) with context data that could be de-
scribed by subclassing an abstract data object. These spe-
cialized objects could then be associated with other data
objects via a dedicated context composite. In addition to
this approach, we also allowed key/value pairs to be asso-
ciated with data objects to support the simple context tag-
ging mechanism described above. During our evaluation of
the HyCon framework [16] we found that while the com-
posite mechanism was useful for modeling certain kinds of
physical contexts, especially containment—such as locations
where one location (a room) may be part of another location
(a building)—this mechanism was seldom used in practice.
The object-oriented approach, on the other hand, often re-
sulted in minor changes to the existing framework service,
so programmers preferred the simpler key/value pair model
when new applications were created or old classes changed.
This observation led us to evolve the HyCon data model
(Figure 1) into the HYCoNSC framework discussed below
in Section 3.2 (and shown in Figure 2).
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Figure 1: The original HyCon Data Model

3. CONTEXTS

In this section, we present our own notion of context and
describe how this definition can be used to model and utilize
context in applications.

3.1 Defining Context in Hypermedia

We view the definitions of context above (Section 2.2.1)
as a starting point for a common context definition for hy-
permedia. When Chen and Kotz [9] describe context as
“[a] set of environmental states and settings” and Dey [13]
uses the term “any relevant information” to define context,
it sets some requirements for the design of a hypermedia

framework. With context defined in general terms rather
than specific entities, our framework must be able to handle
a wide range of context data. Context must necessarily be
modeled and defined as specific entities at some point, but
this decision should be deferred to the design of concrete ap-
plications or perhaps even to run-time, where users should
be free to specify the nature and format of context objects.

In order to ease the categorization of context information
and to facilitate designing for context, we adopt the termi-
nology developed by Brynskov et al. [7] to help distinguish
the use of “context” as a concept at different levels of sys-
tem development. Context is classified into three domains:
physical, digital, and conceptual. These domains ease the
transition from traditional digital-only hypermedia models
to models that also encompass a notion of physical objects
and contexts:

Physical context includes the physical surroundings of an
entity. This includes physical location, physical ob-
jects, physical interaction, absolute time and space,
and other physical measurements. Computer systems
may be aware of the physical context by using sensors.

Digital context includes computer models, infrastructure,
protocols, devices, resources and services, logs, and
relative time and space. Specifically, traditional hy-
permedia structures such as links, collections, guided
tours, etc. correspond to objects that can be used to
represent relationships in the digital context.

Conceptual context describes user activity, intention, fo-
cus, and understanding of surroundings.

Most entities may have both a physical and a digital rep-
resentation, i.e., the physical phenomenon is modeled in
the computer system. Ideally, the relationship between the
physical entity and the digital model should correspond to
the user’s understanding of his or her current context (rep-
resented as the conceptual model or user model). The repre-
sentation of physical entities in the digital model should thus
reflect the conceptual context. As an example, consider a
user using a smart phone with a context-aware hypermedia
system. Picture the user located in front of a building, and
the system being aware of the user’s position through the
smart phone’s integrated GPS receiver. Based on this sensed
data from the physical context, the hypermedia system can
search its database (i.e., the digital context) for information
pertaining to this particular physical context. In our ex-
ample, the system finds a resource describing the building
and presents it to the user. Furthermore, since additional
resources annotate the displayed document, links to these
resources are presented in the interface allowing the user to
further explore the document’s digital context. In this ex-
ample, the user will have no problem coupling the physical
building with the document describing it in the hypermedia
system, and the conceptual context therefore corresponds to
the relationship between the physical and digital contexts.

The main motive for adopting these three domains is not
to enumerate a definitive list of parameters essential to the
understanding of context, but rather to partition the design
space. This allows developers to focus on the aspects they
wish to support in their context-driven applications.

Next, we discuss how structural templates in HyCoNSC
can handle the general requirements for modeling arbitrary



context information, and we demonstrate how the division
of context into three domains can be used to specify and
explore contexts with dynamic queries.

3.2 Modeling Context in HyConSC

We have created a framework, called HYCoONSC that al-
lows us to explore the ways in which our context domains can
be realized in the design of context-aware applications. This
framework is the result of evolving the data model of the Hy-
Con [5] contextual hypermedia system with the SmallSC [1]
lightweight structural computing framework. SmallSC has
been significantly enhanced while working on the research
presented in this paper, especially with respect to its abil-
ity to provide search functionality over the objects stored
in its repository. These features are discussed below within
the context of the HYCoNSC framework. HyCon is a con-
textual hypermedia system that specializes in the creation
of mobile hypermedia applications running on PDAs and
smart phones. It also integrates these applications with a
set of sensors deployed throughout a user’s environment.
HyCon’s original data model (see Figure 1) hard coded the
notion of context by having it as an explicit class with fixed
connections to other elements of the data model.

We have transformed this data model by removing virtu-
ally all of its “leaf” nodes and recreated them as templates
in the new HYCoNSC framework (see Figure 2). In addi-
tion, we have made concepts such as repositories, sensors,
and queries explicit members of the framework. HyCon had
analogs of these concepts, but they lived in separate services
that each shared the classes that were present in the original
data model. However, when a new concept had to be added
to the data model, HyCon developers experienced increasing
development costs, as it impacted the code of existing ser-
vices in sometimes unanticipated ways. The reformulation
of the original data model’s leaf classes as structural tem-
plates has mitigated this problem because all objects are
now instances of the same class (HyCONOBJECT from Fig-
ure 2) that can be treated uniformly by HyCoNSC’s repos-
itory. Furthermore, services now interact only with objects
of known templates and do not care if new templates are de-
fined, as these new types cannot alter the existing templates
and objects that they know about.

3.2.1 Templates in HyConSC

We now discuss the entire HYCONSC framework, starting
with how it makes use of the concept of structural tem-
plates and eventually demonstrating how it models contexts
as “dynamic queries over structured objects.”

The first step in defining a system’s context is to establish
a mechanism for specifying the types of objects that will
appear in them. As discussed in Section 2.1, the HyCoNSC
framework makes use of structural templates to define the
different types of objects that will be accessible in contexts.

A HYCONSC template is a named set of typed properties.
In the template, each property is assigned a name, a type,
and a default value. The types are drawn from an extensible
set of type definitions that all derive from the abstract type
HyCoNVALUE. The current set of supported types include
integers, floating point numbers, strings, dates, ids, and the
following collection types: lists, maps, and sets. The only
restriction on the use of collection classes is that a collection
class can only be populated with instances of the supported
types. This range of types provides HYCONSC with the

ability to model a wide variety of information objects.

All templates have three properties defined by default: a
name, a type and an id. The name property ensures that
all HyCoNSC objects have a human readable name, while
the type property ensures that objects can be retrieved via
their template’s name. Ids are implemented as UUIDs (uni-
versally unique identifiers) and form the basis for modeling
relationships between templates'. In particular, any prop-
erty with type HYCoNID has the ability to point at other
HyCoNSC objects at run-time.

Objects in HYCONSC are created by instantiating a tem-
plate. Instantiation creates a new object and populates it
with the set of properties defined by its template. Addi-
tional properties may be arbitrarily added to and removed
from an object at run-time; however, properties defined by
an object’s template may not be removed from the object.
This decision guarantees that an object of a particular tem-
plate always provides values for the properties defined in
that template while allowing for individual instances to be
tailored with additional properties as needed by their clients.

HyCoNSC templates and the objects instantiated from
them are stored in a repository. The repository maintains
a number of indexes to facilitate efficient retrieval. In par-
ticular, the repository indexes objects by their names, their
types, and by the properties they contain. The mechanism
that defines these indexes is part of a larger, generic query
system that makes it easy to add additional indexes to the
repository. For instance, it is possible to add indexes to the
repository that track the values of properties, such as a full
text search index on string-based properties.

In order to support the creation of context-aware appli-
cations, HYCoNSC also allows objects to be created from
the information delivered by a sensor attached to the Hy-
CoNSC framework (the framework’s API contains a sensor
manager that provides the hooks needed to attach sensors
to a HYCoNSC repository). Indeed, the mechanism for cre-
ating such objects is the same as described above: object in-
stantiation. We are able to accomplish this by simply adding
a template for each sensor that is attached to the repository.
The template for a sensor defines the properties described in
a sensor’s events. This allows the information contained in
a sensor event to be copied directly into the corresponding
HyCoNSC object instantiated from that sensor’s template.

Currently the HYCONSENSOR objects (see Figure 2) reg-
istered with the sensor manager determine when a sensor
event is stored in the repository. Some sensors generate so
many events (such as accelerometers or GPS receivers) that
it does not necessarily make sense to store all of them. In
the future, we may switch to a constraint-based mechanism
for determining whether a sensor event should be stored in
the repository; such a change would simplify HYCONSEN-
SOR objects as they would only need to deliver events to the
sensor manager and no longer worry about storage issues.

3.2.2 Context as Dynamic Queries over
Structured Objects

Having all objects in HYCoNSC associated with a tem-
plate provides a solid structural basis for defining HyConSC
contexts. In particular, we model contexts as queries that
reference the properties defined by the templates of a Hy-
CONSC repository. Thus, we can create a context that con-
tains all objects with a particular set of property names

'UUID: http://www.ietf.org/rfc/rfc4122.txt
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regardless of which templates defined those names. We can
also easily create contexts that track objects of a particular
type or that reference a specific physical location or time.
More formally, a context is a named set of query items that
is managed by the query mechanism of a HYCONSC repos-
itory. The query mechanism ensures that the result set of
a query stays current as HYCoNSC objects are created, up-
dated, or removed (including when this occurs in response
to the delivery of a new event by an attached sensor). The
primary benefit of this definition of context is its inherent
flexibility. A query can be created to act as the “context of
annotation objects”, another query can act as the “context
of documents about cathedrals”, and then a new query can
easily be created that combines the first two and adds addi-
tional query items to represent “the context of annotations
on documents about Notre Dame in Paris.” A user’s “cur-
rent context” then becomes the set of active queries stored
in the HYCoNSC query manager (as seen in Figure 2) for
the context-aware application that he/she is using.

Query items define three pieces of information: a property
name, a filter, and a target value. As a search is performed,
a query item is applied to a set of candidate HYyCoNSC ob-
jects. For a given object, the query item’s property name
is used to retrieve a property value from the object. This

value is compared to the item’s target value using the fil-
ter which indicates whether a “hit” has been achieved. If
so, the object is added to the query item’s result set and
the next candidate object is evaluated. (Note: candidate
objects for a search may potentially involve all of the ob-
jects in a repository. However, the indexes maintained by
the query manager are applied to the query to attempt to
narrow the list down to a relevant subset. Thus, if a query
contains a query item that looks for objects with a partic-
ular name, then the query manager’s name index is used
to ensure that the list of candidate objects contains only
those objects with that name.) A filter is an operation that
can be applied to properties of a particular type. For in-
stance, string-based properties have filters such as: STRING-
CONTAINS, STRINGIS, STRINGISNOT, and STRINGMATCHES.
The filter returns true to indicate that a “hit” has occurred
when the semantics of its operation indicate that the target
value matches an object’s property value.

A query can either be an ANDQUERY or an ORQUERY.
After a candidate set of objects has been applied to a query’s
items, the individual result sets of each item are combined
either by computing the intersection of all the sets in the
case of an ANDQUERY or by computing the union of all the
sets in the case of an ORQUERY.



3.2.3 Dynamic Queries and Sensor Input

The final result set of a query is only updated when the
repository indicates to the query manager that a change has
occurred that may impact a query’s results. For instance, if
a query references the property names of “city” and “state,”
then there is no reason to update that query when some
object’s “country” property is updated. Having the query
manager update queries in response to changes in the repos-
itory is one aspect of HyCoONSC’s dynamic queries.

The other dynamic aspect of HYCoNSC’s query mecha-
nism occurs when a query item’s target value references the
value of a sensor or environment variable. The values that
sensors generate and the application-specific environment
variables are available to query items via a special syntax
that causes the referenced value to be used as the target
value during query resolution time. The syntax for refer-
encing a sensor value is $sensor.<sensor-name>.<sensor-
value>$, e.g., $sensor.gps.x$ and the syntax for referenc-
ing an environment variable is $<namespace>.<variable>$,
e.g., $firefox.current-url§. When a query is being resolved,
a target value of this form is resolved by asking the sensor
or environment variable for its current value; this value is
then used when the query item’s filter is evaluating candi-
date objects. Furthermore, queries which have query items
that reference sensors and/or environment variables attach
listeners to the relevant event source to ensure that they
update whenever the sensor or variable is changed. This
mechanism is critical for specifying contexts that update as
a user moves through or manipulates his/her environment.
As the referenced sensors update their values, the query is
notified and it updates its result set accordingly.

We now present the user interface that we have developed
on top of this framework that allows developers to specify
contexts as queries and interact with their results.

3.3 Using Context to Explore Information

Figure 3 presents a query browser developed using the
HyCoNSC framework. This browser can be attached to
any HYCoNSC repository to interactively explore its con-
tents via the use of contextual queries. Indeed, this browser
can be used by developers to iteratively develop the queries
that they need to represent context in their context-aware
applications. Queries can be created, deleted, and selected
in the top left pane of the query browser. Creating or delet-
ing queries cause them to be added or removed from Hy-
CoNSC’s query manager. The details of the query are dis-
played in the query editor, located in the top right pane
of the query browser. This editor shows the name of the
query, its type (AND/OR), whether its enabled and/or dy-
namic, and its query items. All aspects of the query can
be edited in this window and its result set (displayed in the
lower left pane of the query browser) updates dynamically
in response to each edit.

Query items can be added and removed using the appro-
priate buttons, and pop-up menus are attached to each of
the three fields of a query item to make it easy to enter legal
values®. The pull-down menu of the name field contains all
of the different property names that have been defined by
the repository’s templates. The pull-down menu of the filter

20ur query mechanism supports sub-queries, in which query
A can be added to query B to influence the result set of
query B. However, the query browser currently does not
provide controls to manipulate a query’s sub-queries.

field contains all filters valid for the selected property name.
If a property name appears in more than one template with
different types, then the filter pull-down menu is populated
with all of the relevant filters, sorted by type. The target
value pull-down menu is populated with the available sen-
sor properties and environment variables as a convenience
(as shown in Figure 3), however the user is not restricted to
these values and may enter any desired value in this field.

If an object is selected in the results list, its associated in-
formation is displayed in the object inspector (see Figure 3),
located in the lower right pane of the query browser. The
object inspector displays all of an object’s properties and
their associated values, and allows a user to double click on
any property that displays another object’s id to traverse
to the referenced object. The object inspector provides a
“bread crumb” trail across the top of its display to allow a
user to keep track of how the currently displayed object was
reached. For example, in Figure 3, a user started by view-
ing an object called “Curriculum Vitae (May 2004).” From
here, the user then double clicked on an id leading to the
object named “balasuthas sundararajah.” Clicking on the
arrow buttons allows a user to easily traverse the current set
of bread crumbs.

Just below the object inspector pane is the digital context
pane. This pane shows all objects that point at the object
currently displayed in the object inspector. Double clicking
any of the objects shown in the digital context pane causes
the object inspector to traverse to the selected object. The
digital context pane allows a user to serendipitously discover
objects related to the currently displayed object, because as
the number of templates and objects contained in a reposi-
tory grows it will become increasingly difficult for a human
to keep track of all the possible ways in which objects in the
repository can interrelate. The rapid nature of the traver-
sals provided by the object inspector and the digital context
pane allows users to explore the information space around
an object in an engaging and direct manner.

In order to further support a user who unexpectedly dis-
covers an interesting object via traversal, we have imple-
mented a feature that can auto-generate a query based on
the currently selected object in the object inspector. This
query can then be edited to make it more general (typically
by removing or altering query items) and this provides the
user with a set of similar objects displayed in the search re-
sults pane. The user can then select one of these objects and
explore its digital context for additional interesting objects.
These features form an efficient loop that enables users to
explore large information spaces rapidly.

3.4 Context Matching

A key issue for contextual hypermedia systems is that of
context matching. A basic feature of these systems is that
a link is created with respect to a particular context. If a
user returns to that context (or a similar context) at a later
time, all links associated with that context should be made
available. The problem then becomes to determine when a
user’s current context matches, or is sufficiently similar to, a
context that has been stored in the contextual hypermedia
system. A simple approach to this problem is to require
that the current context match the stored context exactly,
i.e., they each have the same set of properties with the same
values. This approach however breaks down in the presence
of sensor data which often cannot be made to match ezactly.
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Figure 3: The HyConSC Query Browser.

For instance, a GPS sensor will produce slightly different x
and y coordinates each time a user visits a location that they
perceive as being “the same place,” such as “ in front of the
computer science department.” In such cases, it is better to
support “fuzzy” matches where a range is associated with a
particular value and where the value “matches” any value
that falls within the range.

Our framework supports several approaches to context
matching. The simplest method is to compare two queries
to see how much of an overlap exists between the proper-
ties, filters, and target values contained in their query items.
An exact match occurs when the two queries have identical
sets of query items producing a similarity value of 1.0. On
the opposite end of the scale, two queries with disjoint sets
of query items have a similarity value of 0.0. Otherwise, a
similarity value is computed using a simple algorithm with
the following steps:

1. Given queries A and B, where A.numberOfltems() >
B.numberOfItems()

2. Set total =0

3. Set items = A.numberOfltems()

4. For item A; in A, find all items in B that have the same
property name, Bo ...B;

5. If j > 0 then compute similarity measures between A; and
all items in Bg ...Bj as sp ...s;.

6. Associate the largest similarity value s with A; and remove
By from B. Add sg to total.

7. Once iteration is complete, return total

items

The similarity measure for query items is obtained with
the following simple algorithm:

. Given query items A and B

. If A.getName() # B.getName() then return 0

. If A.getFilter() # B.getFilter() then return 0.33
. If A.getValue() # B.getValue() then return 0.66

. return 1.0 // name, filter & value are all equal

Ol W N =

Given these algorithms, it is possible to retrieve all con-
texts that are similar to a given context. A contextual hy-
permedia system built on top of this framework can then de-
cide the threshold it will use to include objects of one context



in another based on their similarity. Given the somewhat
coarse nature of the algorithms above, we intend to pro-
vide applications with the ability to supply HYyCoNSC with
alternative similarity measures®. However, these default al-
gorithms provide contextual hypermedia developers with a
useful starting point for experimentation.

Another approach to context matching enabled by the
HyCoNSC framework is the ability to create a hierarchy of
contexts in which a child context of depth n differs from its
ancestor context n levels up by n query items. Thus, a given
context’s children all share the same query items with it save
one; while a given context’s grandchildren all share the same
query items with it save two, etc. If all contexts in such a
hierarchy are of type ANDQUERY, then child contexts are
more specific than their parents. A contextual hypermedia
system built on top of the framework can then experiment
with different algorithms for including objects in a context
by looking for new objects in that context’s parents (thus
expanding the number of objects related to the context)
or that context’s siblings (thus looking for objects that are
similar but prioritize different properties).

Finally, the HyCoNSC framework can expand the matches
made by a particular context by employing operators that
match values based on a given threshold or range, i.e., what
is commonly known as a “fuzzy” search. For instance, an ap-
proximates filter could be developed for integers that takes
a target value and a range and computes a “hit” whenever
a candidate property value falls within the range surround-
ing the target value. This would be useful, for example,
when comparing the x and y values of GPS sensor readings
where a developer might indicate that any point within five
meters of a given reading should be considered the “same”
location. In the current implementation of the framework,
“fuzzy” filters are treated the same as filters that perform
exact matches and are available to users from the operator
pull-down menu of query items in the query editor. In a
future version of the query browser, we intend to expose the
range parameter of “fuzzy” filters to allow users to dynam-
ically adjust the “fuzziness” of the item at run-time. This
will allow a user to e.g., manipulate a slider specifying the
fuzziness of a query item and watch as the query’s search
results dynamically update.

These mechanisms offer a powerful set of context match-
ing options when creating new contextual hypermedia sys-
tems with the HYCONSC framework.

4. ARCHITECTURE AND DEPLOYMENT

The HYCoONSC framework is intended to be used by other
developers to build context-aware applications, including
contextual hypermedia systems. The framework’s architec-
ture currently supports two deployment configurations. The
first configuration involves linking the framework directly
into a context-aware application as shown in Figure 4(a).
In this configuration, HYCONSC acts as the application’s
data model. The application’s services interact with the
framework to register templates, instantiate objects, track
queries, manage sensors, and access repositories. The ap-
plication’s user interface allows users to interact with the

3Indeed, one obvious point of improvement for the second
algorithm is to make use of a distance measure for comparing
the similarity of the target values of items A and B and using
that value to influence whether a value greater than 0.66 is
returned in the case where the two values are not equal.

application and adapts the display of the information stored
in HYCoONSC objects to best utilize the capabilities of the
device hosting the application.

The second configuration (shown in Figure 4(b)) reveals
the framework’s support for distribution. An instance of
the framework is wrapped by a server that exports an API
that allows templates, objects, repositories, queries, and sen-
sors to be manipulated remotely. This server then man-
ages connections to other instantiations of the framework
embedded in context-aware applications running on remote
devices. When the framework is employed in this fash-
ion, the context-aware application indicates what templates
it needs to do its job; its instance of the framework con-
tacts the server and downloads objects of the indicated tem-
plates forming a virtual repository on the local device*. At
application-specified intervals, changes to the virtual repos-
itory are synced with the repository being managed by the
server. We make use of an optimistic concurrency control
policy to manage updates to shared objects. In particular, if
the same object is modified by two different context-aware
applications, the last one to attempt to store that object
in the server’s repository will receive a notification that the
object was changed from under it. The notification includes
a copy of the changed object. It is then the responsibility of
the application to manage the conflict by editing (in some
fashion) that copy and submitting it back to the server. This
approach greatly simplifies the HYCONSC server application
as it never has to broadcast changes about the objects in the
repository to all connected clients.

The server does however broadcast sensor events for sen-
sors that are connected to it, but only for events for which
a client has registered interest. In the distributed config-
uration, sensors can be attached at multiple points in the
architecture; if a client’s performance depends on receiving
timely events from a particular type of sensor, that sensor
can and should be attached directly to the client. Other-
wise, sensors may be shared among multiple clients through
associating the sensors with the server. The server’s sensor
manager coordinates with the sensor managers running on
the connected clients to ensure that the clients are aware
of the server’s sensors. This allows queries on the clients
to reference sensor values held by the server, as the client’s
sensor manager will make it appear that the remote sensor
is in fact directly connected to the client.

The advantage of HYCoNSC’s approach to distribution
is that a full instance of the framework exists at each of
the nodes of a distributed application. This is useful when
a client application becomes temporarily disconnected from
the network as the user will experience almost no degra-
dation of service from the context-aware application. Sen-
sor information from remote sensors will be unavailable but
data stored in the virtual repository will not be lost. Indeed,
to further safeguard that information, the repository’s API
provides operations that allow it to be severed from its host
repository and become a “real” repository by saving a per-
sistent copy of its information on the client device. Later,
when a connection to the network has been established, the
real repository can be converted back to a virtual reposi-
tory by having it connect to the server’s repository, sending
information about changed objects back to the server, han-

4The client does not have to download all the objects asso-
ciated with its selected templates; it can use context defini-
tions to limit the number of objects retrieved.
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dling any conflicts that arise, and finally flushing its local
persistent copy of the repository.

We have constructed a proof-of-concept prototype that
uses the framework in a standalone application. This proto-
type implements the query browser discussed in Section 3.3
(and shown in Figure 3) and we have applied it to a data set
that was imported from the original HyCon system that con-
tained over 1200 objects. Three templates were defined to
specify the structures of the imported objects. We have used
these objects to test the query mechanism of the framework.
With respect to sensors, we have developed two emulators—
a GPS sensor and an RFID scanner—that were used to gen-
erate events that could be used to test the ability to reference
sensor values in HYCoONSC queries. We are currently in the
process of migrating the HyCon contextual hypermedia sys-
tem to the distributed form of the HyCoNSC framework and
will be evaluating how well the framework supports HyCon’s
existing range of services as well as support the addition of
new services with minimal impact on existing code.

5. RELATED SYSTEMS

While Section 2 positioned our work with respect to the
fields of structural computing and context-aware comput-
ing, this section describes systems that make use of query
mechanisms similar to the one implemented in HyCoNSC.

The FOHM hypermedia model [20, 21] is primarily based
on the traditional navigational model of open hypermedia
(OHP-Nav), but with a number of extensions that gener-
alizes it to other hypermedia domains such as spatial and
taxonomic hypermedia. FOHM generalizes the standard
OHP-Nav objects (Link, Endpoint, Anchor, and Node) into
a new set of elements (Association, Binding, Reference, and
Data objects) and allows each of these elements to be aug-
mented with a context object. As described in Section 2.2.2,
FOHM context objects are sets of key/value pairs that de-
scribe the context of their associated element. Furthermore,
both contexts and context-attributes may have associated
constraints that can be evaluated at run-time. The refer-

ence implementation of FOHM is the Auld Linky structure
server [19] which implements a pattern matching mechanism
on context objects. When a user queries the server for a set
of links, a context may be supplied along with the query and
the server will match that context against the contexts of the
elements. If the contexts do not match, the corresponding
substructure is pruned away. If no context is supplied, the
structure is assumed to match, which effectively means that
the systems will act as a normal (non-contextual) structure
server. While this makes the FOHM context mechanism
very powerful, it has some weaknesses, just as the original
HyCon key/value approach. First of all, the context at-
tributes are type-less, and the context objects are defined
in an ad-hoc fashion without the use of a schema. Further-
more, the constraints are expressed as Perl scripts that have
to be evaluated at run-time. These loosely defined structures
will make it difficult to design something like the HyCoNSC
query editor that relies on the presence of structured objects
(via the use of structural templates) for context data, and
introspection of data types to aid developers and users in
creating correct and meaningful queries.

The Context Information Service (CIS) [27] based on the
Stick-e note data model [6, 26] is a system that also em-
ploys a template mechanism to specify objects and their
relationships. CIS operates on a world that is composed
of artifacts. An artifact has a name, a type, and a set of
contextual states, known as trigger actions. Artifacts are
named instances of templates from an artifact catalog. The
contextual states which are specified in the templates are
similarly chosen from a state catalog. Each state specifies
the operations that are available for it (e.g., a location state
may have distance operations and so forth). To create (ge-
neric) links between artifacts, a relationship can be chosen
from a relationship catalog and anchored to an existing ar-
tifact or artifact state (e.g., a CLOSETO relationship called
“nearby printers” anchored to a person’s location state, with
a range of “ten meters” and “printer” template instances as
the candidate artifacts would result in nearby printers be-



ing presented to the user). When events are sent from CIS’s
associated sensors, the sensor data is matched against the
trigger conditions of all artifacts in the system’s world, and
triggered artifacts are presented to the user.

Our approach to templates is less operational than the
templates found in CIS. HYCoNSC templates are used only
to specify the typed attributes of a context object. In ad-
dition, the HYyCONSC framework defers the specification of
what represents context and context data as late as possi-
ble in the development of context-aware applications. CIS,
on the other hand, offers developers already implemented
templates that they can adapt to their needs before hav-
ing to resort to defining their own. We believe that both
approaches are valid and offer different benefits to develop-
ers: HYCoNSC offers flexibility while CIS offers immediate
functionality through software reuse.

The Gaia meta-operating system [28] and the Context
Toolkit [14] employ mechanisms similar to HYyCoNSC’s query
items but use them to allow applications to subscribe to
events about a user’s environment. Unlike the 3-ary query
items of HYCONSC, Gaia specifies context using 4-ary pred-
icates like CONTEXT (location, chris, entering, room 3231)
and CONTEXT (social relationship, venus, sister, serena).
This approach adds a subject dimension to the context speci-

fication which specifies the object the query should be matched

against. While this mechanism is similar to the HyCoNSC
approach, the focus is more on acquiring context informa-
tion, than on defining an application’s context.

6. CONCLUSION

The HYCoNSC framework makes use of dynamic queries
over structured objects as a model for providing significant
power and flexibility to the developers of context-aware ap-
plications. Structural templates provide a flexible and ex-
tensible foundation for specifying a wide range of informa-
tion objects. The use of dynamic queries to specify context
over those objects, as well as the ability to integrate sensor
data into those queries, again provides the flexibility needed
to apply context-aware techniques to a wide range of appli-
cation domains. In addition, HYCoNSC’s built-in support
for context matching and “fuzzy” queries makes it an ideal
platform for creating new contextual hypermedia systems.
Furthermore, the framework can be configured for use in
stand-alone applications as well as in distributed settings.
We have tested the framework and its user interface by ap-
plying it to a set of over 1200 objects taken from the existing
HyCon contextual hypermedia system, and we are continu-
ing our evaluations of the framework by migrating HyCon
to a HYCoNSC based server. We believe our work so far
has demonstrated the potential of our new model of “con-
text as query” and we will continue to evaluate this potential
via a new generation of powerful, context-aware hypermedia
services hosted on top of the HYyCoNSC framework.
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