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Abstract

The use of context as an input is one of the major charac-
teristics of Ubiquitous Computing systems. This paper |ooks
into the structural and the systematic features of context
in Ubiquitous Computing environments and their possible
influence on context computing and the design of context-
aware applications. This paper gives a definition regard-
ing an understanding of context and how it is derived at
a systematic level. Context interaction is investigated by a
consumer — producer schema that models the exchange of
context among artefacts. Validity, relevance, reliability and
context history are identified and discussed as relevant sys-
tematic attributes of context.

1. Introduction

Theuse of context asan input is one of the major charac-
teristics of Ubiquitous Computing systems. Context is used
in theses systems to make the application as unobtrusive as
possible for the user and to benefit from the added value
that can be provided by itsimplicit input. The main focus of
this paper is the structure and the inherent features of con-
text data.

1.1. Representation and Sharing of Context

Most of today’s application scenarios make use of con-
text data in a customized way. That is, the information re-
garding the interpretation of context datais hard coded into
the system logic. Thisis problematic as context-derivations
of this sort are not reusable by other applicationsin general.
An application reusing such a context would haveto be pro-
vided with knowledge on the basis of which the underlying
data was interpreted. Alternatively a more general encod-
ing could be used that is understandable by all applications
throughout an environment that are interested in some con-
text information.

When the information on how contexts are structured

is encapsulated within the application itself the context in-
formation is not easily accessible throughout the given en-
vironment. This fact conflicts with the idea of Ubiquitous
Computing environments in general. Such interaction en-
vironments can only exist if (context) information is eas-
ily exchangeable between applicationsthat do not necessar-
ily have any prior knowledge of each other. Therefore, it
is essential to agree on a common system for representa-
tion, communication and handling of context in an Ubiqui-
tous Computing environment.

This paper discusses the systematic features of context
in Ubiquitous Computing environments and their possible
influence on context computing and the design of context-
aware applications for Ubiquitous Computing settings. The
focus here lies with how the identified features can be used
in the representation and communication of contexts.

In the next section a definition of what will be referred
to as context in this paper will be given, as well as the mo-
tivation for how context is derived form sensor values and
other context information. It then briefly introduces a sim-
ple but powerful producer — consumer schemafor contexts
that can be used to model context interaction. The third sec-
tion is dedicated to the properties and features of context.

2. Context: Yet Another Definition

Context models such as TEA [1] form TecO and the con-
text toolkit [2] as introduced by Dey et a., focus on the
handling of the context ”content”, and do not cope with
the underlying structure of the context data itself. This is
a very good approach for the application layers of context
processing systems. These models describe mechanismsfor
the formation of context from raw data and its derivation
from other contexts. However, this is independent from the
need to provideastructured representation of contextsin or-
der to make them processable by a wide range of computa-
tional artefacts. Therefore, amulti-stage model for process-
ing, communicating and handling context data in Ubiqui-
tous Computing environments, which is independent of the
used methods of context generation and aggregation, isin-



troduced. Thismodel takesinto account important attributes
of context itself for being communicated and processed and
thus can provide easily usable context information to appli-
cations, the network and consequently to the user.

2.1. What is Context?

Within Ubiquitous Computing, the term context typi-
cally refersto "any information that can be used to charac-
terize the situation of entities’ [2]. Asin this paper we look
moreinto the processing oriented aspects of context we will
refer to thismore technical aspect of context as context data
to avoid a confusion with the more general and natural defi-
nition of context in Ubiquitous Computing. So context data
can be viewed as some kind of sensor value plus an addi-
tiona piece of meta-information that can be used for inter-
pretation of the given sensor value. The important step from
sensor data to context datais made by interpreting the sen-
sor readings.

Definition 1 Context datais a piece of information that is
composed of at least one piece of sensor data and one piece
of meta-information used to interpret the sensor reading.

Depending on the level of abstraction, this initial piece of
meta-information can even be the identity of the sensor
that is necessary to interpret a voltage level e.g. as tem-
perature. In the model introduced here we chose a more
natural approach: Sensor values in this model are already
merged with their measurement unit. This follows the com-
mon understanding of sensor readings and prevents unnec-
essary complication of the system. The processing of sen-
sor datais well understood from widespread measuring and
control technology applications. However, the handling of
meta-information and context data often is not. For thisrea-
sonit is necessary to agree on what is meta-information and
how it can be structured to be used to generate contexts.

Definition 2 Meta-information is information on the envi-
ronment that has been provided from outside the system it-
self. It can not be sensed in any way.

Examples for meta-information are the application domain
or information regarding the structure and purpose of a de-
vice that is provided by the programmer of an application;
e.g. theidentity of an artefact.

Context data is represented in a multi-stage model,
where on the first (lowest) stage we have pure sen-
sor data and raw meta-information. At this stage both
sensor data and meta-information exist completely un-
related. In the second stage sensor values and pieces of
meta-information are merged to a so called "first order con-
text” or basic context.

Definition 3 First order context is context data that is di-
rectly derived from raw sensor data and meta-information
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Figure 1. Multi-stage context model

in one step.

First order contexts are characterized by a comparatively
high reliability dueto the fact that the generating device has
gathered al the required information for the assembly of the
context data by itself. It is therefore able to provide a good
reliability measure for that piece of context data (a detailed
discussion on the reliability of context data can be found
in section 3.2). Within the higher stages of the model the
"higher order contexts’ that are compiled using sensor read-
ings, some meta-information and at least onefirst order con-
text, can be found. Higher order contexts as well can be de-
rived form combining and interpreting some first or higher
order contexts with additional sensor or meta-information
in arecursive process.

Definition 4 Higher order context is context datathat is de-
rived from at least one first order or higher order context
and raw sensor data and/or some meta-information.

Figure 1 shows a brief overview of the context data genera-
tion model.

In our model, every piece of context data has a type as-
signed. This type determines the identity of a piece of con-
text data and thereby induces a context class of the given

type.

Definition 5 A context class is induced by the type of a
given piece of context data. The context class has all fea-
tures and attributes of a piece of context data with no val-
ues assigned.

A context class is the prototype of a concrete instance of a
piece of context data.

Definition 6 A context instanceis a piece of context data of
a certain class with concrete values assigned to its features
and attributes.

In a context-aware environment two instances of a con-
text class should aways be distinguishable by the values of
some features or attributes. As context data normally is not
provided for exclusive use by one specific consumer there
isno need for multipleidentical instances of a piece of con-
text data at any time.



2.2. Producersand Consumers

Artefacts in Ubiquitous Computing environments inter-
act by communicating context data. An Artefact can either
provide a piece of context data or use context data pro-
vided by other artefacts. When context data is provided it
becomes an independent instance of the context class its
type induces.

Definition 7 An artefact providing a piece of context data
is called producer of the piece of context data.

When context datais used theinstanceis not necessarily de-
stroyed. Multiple artefacts can use the same context datain
parallel. With reference to the term ” context producer”, an
artefact using context dataiis called ” consumer”.

Definition 8 An artefact using a piece of context data is
called consumer of the piece of context data.

An artefact can be a context consumer as well as a producer
a the same time, e.g. when deriving a higher order con-
text form different input context data. Nevertheless, from
the viewpoint of a specific context instance an artefact al-
ways acts as consumer or producer. This is to prevent sin-
gle step recursionsthat lead to deadlocksin the context data
processing.
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Figure 2. Producer — consumer schema

ARTEFACT VIEW

Figure 2 shows the context data interchange form an
artefact centered point of view. The artefact acts as con-
sumer and/or producer of context data. Context instances
consumed are always distinguishable form the context in-
stances produced by an artefact. Thisis the basis for intro-
ducing context history in section 3.3.

Figure 3 illustrates the information exchange among
artefacts form a contexts viewpoint. Here a specific con-
text instance is produced by an artefact and consumed by
some others. The direct recursion in the production of con-
text data is prevented by this. The shortest possible cycle
consists of two artefacts that should continuously add to
the context history, altering the instance of the context data.
Still, this cannot completely prevent deadlocks in context
processing.
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Figure 3. Producer — consumer schema

3. Attributes of Context Data

Context data in Ubiquitous Computing environments
have some generic attributes that are independent from the
context data content but should still be reflected in the rep-
resentation of a given piece of context data. Knowledge of
these attributes provides added value, not only to the appli-
cation layer but, to all layers of a context-aware system. For
example, the AwareCon [3] network running on the Smart-
Its [4] [5] platform uses these attributes of context data to
adjust its behavior to the needs implied by the context data
communicated and the current situation.

Important generic context data attributes that are dis-
cussed in detail in thissection are: validity, acoarsegrain at-
tribute and relevance, reliability and context history as more
fine grained attributes. These attributes can be assigned to
two classes: relative and absolute attributes. The value of
absolute attributes can be provided by the producer of con-
text data directly, whereas the value of a relative attribute
has to be determined by the consumer on the basis of ob-
jective measures depending on the consumer’s application
and overall situation. Both absolute and relative attributes
are subject to the interpretation and assessment by the con-
sumer.

3.1. Relevance

The relevance of a piece of context data depends on its
age and the distance the context data was generated in [6]
[7]. The time that elapsed since the generation can signifi-
cantly reduce the relevance of a piece of context datafor a
consumer. Thisisdueto the fact that sensor readings change
over time and thereby continually invalidate context data
which a certain reading is a part of. Thus those pieces of
context data loose more and more of their relevance to ap-
plications over time.

The relative distance between the producer and the con-
sumer of some context data also influences the relevance of
a piece of context data. This can be illustrated by an ex-
ample: At TecO we have a board marker equipped with a
Smart-Its device. An application is running on that artefact
that provides context information like ”the board marker is



inuse”. Thiscontext data (actually the change of context be-
tween "in use” and "not in use”) is used to trigger a digital
camera to take a picture of the whiteboard the marker was
used on, when the writing stops. In this example the con-
text data obviously is only relevant to applications near the
whiteboard or respectively near the board marker since the
application operating the camerais not interested in mark-
ers used on whiteboardsin other rooms. Relevanceis arel-
ative attribute of context data. It has to be computed by the
consumer on the basis of objective values like elapsed time
and the locations of producer and consumer.

The age of context datais not to be mixed up withits his-
tory. Furthermore, the relevance of apiece of context datais
independent of itsreliability, for thereliability value of con-
text data does not change over time and distance.

3.2. Reliability

Reliability of context data is one of the major issues
when building context-aware applications, since the relia-
bility of the applications directly depends on the reliabil-
ity of the processed context data. For the use of context data
in an Ubiquitous Computing system it is preferable that the
context datais as reliable as possible, but still it is essential
for the components processing context data to have a mea-
sure of how reliable a certain piece of context datais. One
way to handle ambiguous context data is described by Dey
et al. in [8], where a mediation process is introduced that
makes use of user input to determine which context data
isreliable. This approach is only feasible in systems where
context datais mainly used on user-application level. When
context data is used on lower layers of a Ubiquitous Com-
puting system, explicit user input is no option due to two
facts: Firstly, context dependent environmentsin most cases
can not wait for user input. Secondly, user interfaces to al
context-aware applicationsin the environment would be re-
quired.

This implies the introduction of a reliability metric for
context data, that is able to provide the consumer of apiece
of context data with additional knowledge on how to assess
weight of the context data. The reliability of a piece of con-
text data depends on thereliability of the input datathat was
used. The process of deriving new context data can produce
only context datathat is at most as reliable as the most un-
reliable piece of datathat was used as aninput. At this stage
of research it is not yet clear to what extent statistical pro-
cedures like the ones used to decrease the measuring error
in robust sensor fusion [9] can be applied to context data as
well. Thusin most cases derived context datawill not be as
reliable as each of its pieces of source data.

Higher order contexts tend to be less reliable than first
order contexts, because the producer uses first order con-
texts to compile the higher order context and has to relay

on thereliability measure provided with the used input con-
texts to compute the reliability of the context data he pro-
duces.

For building reliable context-aware environments in
Ubiquitous Computing it is necessary to develop a met-
ric for measuring context data reliability in a way that
alows assigning a reliability value to every piece of con-
text data. Reliability is an absolute attribute of context
data, asit is provided by the producer and can be used di-
rectly by the consumer as a basis of the decision on how to
assess a piece of context data.

3.3. Context history

One of the outstanding characteristics of context is that
in most casesit is dynamic [10]. When we look at common
Ubiquitous Computing applications we find that some of
them react on static contexts but most use changes of con-
text to trigger events. The history of a context can be the
changes in this particular context until now or it can be a
sequence of contexts of the past that let to the actual con-
text. The history of a context can be viewed as arepresenta-
tion of its dynamic character. In[10] Saul Greenberg points
out that there are some factors connected to the highly dy-
namic character of context that complicate concluding from
contexts and in the consequence making decisions and trig-
gering eventson basis of contexts. These are the dynamicit-
self, the potentially unknown intention of the user, the unre-
liability of contexts and the fact that different sequences of
prior contexts can lead to the same context giving it adiffer-
ent meaning for the user or the consuming application. This
last point mentioned is the history of the context. Thus con-
text history is most relevant in designing context-aware ap-
plications for it can influence the meaning of a certain con-
text. Context history is an absolute attribute of context, for
it can only be provided by the producer of a context. Still
its content is interpreted by each consumer, not necessar-
ily leading to the same conclusions.

3.4. Validity

A piece of context data that is to be used to influence
the behavior of a Ubiquitous Computing system obviously
hasto bevalid. Validity of context datais abinary attribute.
It determines whether a given piece of context data can be
used in the processing of an application in a reasonable
manner or not. The value of this attribute can depend on
the relevance and reliability of the context data as well as
its history as described above. The application consuming
context data will have to decide on the validity of a piece
of context data by its own, depending on its requirements.
This makes the validity of context data a relative attribute
depending on the consuming application.



3.5. Using Context Attributesin Applications

Context attributes apply to every piece of context data
in a Ubiquitous Computing environment. They are inher-
ent features of context data that add to the information car-
ried as context itself. Most probably this list of relevant at-
tributes is not complete, but it comprises the most generic
ones that can add most value to a wide variety of context-
aware applications.

One of the projectsat TecO — AwareOffice[11] —focuses
on augmenting office environments with Ubiquitous Com-
puting technology. I n this research project we develop acol-
lection of applicationsthat can easily benefit form the infor-
mation provided by context attributes. E.g. the whiteboard
application that was briefly introduced in section 3.1, as-
sesses a relevance value to received board-marker-contexts
on basis of the spatial distance of the context producer —the
board marker — and the context consumer — the digital cam-
era. The elapsed time since the emission of the context data
is not that relevant to this application as it triggers on con-
text changes form "iswriting” to ”is not writing” interpret-
ing those as " stopped writing”. The relevance measure in
this case is more influenced by application specific factors:
the camera only triggers when a certain amount of writing
has occurred. Therefore, the relevance of the next triggering
context datais increased when the " iswriting” contextisre-
ceived over a certain period of time. It is also increased ev-
ery time a” stopped writing” context is registered that was
not relevant enough to trigger the camera. Thus the rele-
vance threshold for taking a new picture of the whiteboard
can be reached either when a certain amount is written in
one go or when enough small changes have been made.

The board marker is augmented with a Smart-Its Parti-
cle Computer that derives the markers current state form
3D acceleration values. The algorithm used is subject to er-
rors that are caused by misinterpreting certain movement
patterns when someone holds the marker in hand and plays
around or is gesticulating with it, like writing in the air
while talking. These interpretation errors of the algorithm
manifest as unreliability of the provided context. The algo-
rithm thereforeassignsareliability valueto every result rep-
resenting the likelihood of an interpretation error.

Context history is used in this setting on the part of the
camera application. As explained above the camerais trig-
gered on context changes form "is writing” to "is not writ-
ing”. The "writing”-context and "not writing”-context are
produced by the board marker and consumed by the cam-
era. The ”stopped writing”-context is an interna piece of
context data of the camera that it produces on basis of the
history of the "writing”-context. When detecting a change
of context data— in most cases by the change of values of
context instances of the same class — the use of context his-
tory isimplicit. The consumer hasto know about the history

of apiece of context datato determine whether achange oc-
curred between the reception of two instances.

4. Conclusion and Outlook

Utilizing the structure of context data can add to the
value of context information in Ubiquitous Computing en-
vironments. As has been shown there are attributes com-
mon to al context data that can provide this added value
when consequently exploited. To do so, it will be neces-
sary to put more research effort into understanding the at-
tributes introduced here and investigating additional ones.
The work on context relevance of A. Schmidt in [7] can be
astarting point. For assessing a reliability measure for con-
text data a sound metric has to be developed and applied
that takes into account the different modes of context data
fusion and their influence on the reliability of the resulting
context data. And a representation of context history hasto
be developed that accomplishes the same requirements as
the representation of context data by means of interoper-
ability.
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