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Preface

Context-awareness is one of the drivers of the ubiquitous computing paradigm.
Well-designed context modeling and context retrieval approaches are key pre-
requisites in any context-aware system. Location is one of the primary aspects
of all major context models — together with time, identity and activity. From
the technical side, sensing, fusing and distributing location and other context
information is as important as providing context-awareness to applications and
services in pervasive systems.

The material summarized in this volume was selected for the 1st International
Workshop on Location- and Context-Awareness (LoCA 2005) held in coopera-
tion with the 3rd International Conference on Pervasive Computing 2005. The
workshop was organized by the Institute of Communications and Navigation of
the German Aerospace Center (DLR) in Oberpfaffenhofen, and the Mobile and
Distributed Systems Group of the University of Munich.

During the workshop, novel positioning algorithms and location sensing tech-
niques were discussed, comprising not only enhancements of singular systems,
like positioning in GSM or WLAN, but also hybrid technologies, such as the
integration of global satellite systems with inertial positioning. Furthermore, im-
provements in sensor technology, as well as the integration and fusion of sensors,
were addressed both on a theoretical and on an implementation level.

Personal and confidential data, such as location data of users, have pro-
found implications for personal information privacy. Thus privacy protection,
privacy-oriented location-aware systems, and how privacy affects the feasibility
and usefulness of systems were also addressed in the workshop.

A total of 84 papers from 26 countries were submitted to LoCA 2005, from
which 26 full and 7 short papers were selected for publication in the proceed-
ings. The overall quality of the submissions was impressive, demonstrating the
importance of this field. The Program Committee did an excellent job — all
papers were reviewed by at least 3 referees, which left each member with up to
18 papers to be reviewed within a very tight schedule.

May 2005 Thomas Strang
Claudia Linnhoff-Popien
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Location Awareness:
Potential Benefits and Risks

Vidal Ashkenazi

Nottingham Scientific Ltd, United Kingdom
vidal .ashkenazi@nsl.eu.com

Abstract. The development of the European Satellite Navigation Sys-
tem, Galileo, the modernisation of GPS, and the recent advances in High
Sensitivity GNSS technology have opened up new horizons, leading to
new location and context based applications. Nevertheless, these satellite
based technologies may not always deliver the necessary navigation and
positioning information in a number of difficult environments, as well
as when there is accidental or intentional interference with the satellite
signals.

Underground car parks and railway tunnels are two examples of dif-
ficult environments, where the reception of satellite signals is affected.
Similarly, the malicious jamming of satellite signals near landing sites at
airports, or the intentional or unintentional uploading of incorrect orbit
predictions will render the satellite derived navigation and positioning in-
formation unusable. The risk of such interference may be low, but difficult
environments are always present in a number of safety-critical transport
applications, as well as in a variety of commercial location-based-services,
involving the continuous tracking of goods or individuals.

This is when there is a requirement to combine satellite derived nav-
igation and positioning data with other positioning technologies, such
as inertial navigation, cellular telephone networks, such as GSM/GPRS,
and Wireless Local Area Networks (WLAN). Clearly, the specific combi-
nation of a hybrid system will depend on the required accuracy, integrity
and extent of geographical coverage of the corresponding application.

The wide variety of tracking applications, involving persons, vehi-
cles, devices or merchandise, for safety, convenience, security, marketing
and other purposes, presents multiple challenges, not only with respect
to technology development and service provision, but also in terms of
what is legally and ethically acceptable. Many of the proposed com-
mercial applications would create few problems regarding general public
acceptance. These include the tracking of motor vehicles for congestion
monitoring, taxation and insurance purposes, and the tracking of vul-
nerable individuals, such as the very young or individuals suffering from
a debilitating infirmity such as Alzheimer.

Some of these technologies could also be exploited not only by govern-
ments for national and internal security purposes, but also by criminals.
Clearly, there is a fine boundary between what is ethically acceptable
and what is not. Therefore, there is a need for raising public awareness
of these issues and starting a debate involving the public at large as well
the relevant government, legal and political institutions.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, p. 1, 2005.
(© Springer-Verlag Berlin Heidelberg 2005



Context Modelling and Management in
Ambient-Aware Pervasive Environments
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Patrick Robertson?, and Miltiades Anagnostou1

!'School of Electrical and Computer Engineering, National Technical University of Athens,
9 Heroon Polytechneiou Street, 157 73, Athens, Greece
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Abstract. Services in pervasive computing systems must evolve so that they
become minimally intrusive and exhibit inherent proactiveness and dynamic
adaptability to the current conditions, user preferences and environment. Con-
text awareness has the potential to greatly reduce the human attention and inter-
action bottlenecks, to give the user the impression that services fade into the
background, and to support intelligent personalization and adaptability features.
To establish this functionality, an infrastructure is required to collect, manage,
maintain, synchronize, infer and disseminate context information towards ap-
plications and users. This paper presents a context model and ambient context
management system that have been integrated into a pervasive service platform.
This research is being carried out in the DAIDALOS IST Integrated Project for
pervasive environments. The final goal is to integrate the platform developed
with a heterogeneous all-IP network, in order to provide intelligent pervasive
services to mobile and non-mobile users based on a robust context-aware envi-
ronment.

1 Introduction

Pervasive computing is about the creation of environments saturated with computing
and communication capabilities, yet having those devices integrated into the envi-
ronment such that they disappear [1]. In such a pervasive computing world [2], ser-
vice provisioning systems will be able to proactively address user needs, negotiate for
services, act on the user’s behalf, and deliver services anywhere and anytime across a
multitude of networks. As traditional systems evolve into pervasive, an important
aspect that needs to be pursued is context-awareness, in order for pervasive services
to seamlessly integrate and cooperate in support of user requirements, desires and
objectives. Context awareness in services is actually about closely and properly link-
ing services, so that their user is relieved from submitting information that already
exists in other parts of the global system. In this manner services are expected to act

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 2 —[[3, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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in a collaborative mode, which finally increases the user friendliness. Yet, context
awareness cannot be achieved without an adequate methodology and a suitable infra-
structure. In this framework, the European IST project DAIDALOS' works on the
adoption of an end-to-end approach for service provisioning, from users to service
providers and to the global Internet. DAIDALOS aims to design and develop the
necessary infrastructure and components that support the composition and deploy-
ment of pervasive services. The middleware software system currently being devel-
oped provides, amongst others, the efficient collection and distribution of context
information. Eventually, DAIDALOS will offer a uniform way and the underlying
means that will enable users to discover and compose services, tailored to their re-
quirements and context, while also preserving their privacy.

Quite a few articles in the research literature on context awareness have outlined
the benefits of using context and have proposed various, albeit similar to each other,
context definitions. Most popular is the definition of Dey [3]: “Context is any infor-
mation that can be used to characterise the situation of an entity.” Evidently, context
comprises a vast amount of different data sources and data types. Thus, collection,
consistency, and distribution of context data is challenging for the development of
context aware systems. This paper presents how the DAIDALOS middleware ad-
dresses these challenges in pervasive computing environments. The rest of the paper
is structured as follows. Section 2 gives a short overview of context-aware approaches
known from research literature and outlines their advantages and shortcomings. Sub-
sequently, in Section 3 the DAIDALOS context data model is described and Section 4
proposes a context management infrastructure. Sections 5 and 6 present how DAI-
DALOS captures context information and ensures the consistency of the data. Finally,
Section 7 concludes the paper and gives an outlook towards future work.

2 Context-Aware Systems Overview

In this section, a short overview of the most important context-aware systems is pro-
vided, while the wide variety of fields where context can be exploited is identified.
Early work in context awareness includes the Active Badge System developed at
Olivetti Research Lab to redirect phone calls based on people’s locations [4]. Subse-
quently, the ParcTab system developed at the Xerox Palo Alto Research Center in the
mid 90’s could be considered as an evolution of the active badge that relied on PDAs
to support a variety of context-aware office applications [5]. A few years later, Cy-
berdesk [6] built an architecture to automatically integrate web-based services based
on virtual context, or context derived from the electronic world. The virtual context
was the personal information the user was interacting with on-screen including email
addresses, mailing addresses, dates, names, URLSs, etc. While Cyberdesk could handle

! This work has been partially supported by the Integrated Project DAIDALOS (“Designing
Advanced network Interfaces for the Delivery and Administration of Location independent,
Optimised personal Services”), which is financed by the European Commission under the Sixth
Framework Programme. However, this paper expresses the authors’ personal views, which are
not necessarily those of the DAIDALOS consortium.
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limited types of context, it provided many of the mechanisms that are necessary to
build generic context-aware architectures. The Cyberguide application [7] enhanced
the prevailing services of a guidebook by adding location awareness and a simple
form of orientation information. The context aware tour guide, implemented in two
versions for indoor and outdoor usage, could give more precise information, depend-
ing on the user’s location. In general, tour guidance is a popular context-aware appli-
cation, which has been explored by several research and development groups.

The Ektara architecture [8] is a distributed computing architecture for building con-
text-aware ubiquitous and wearable computing applications (UWC). Ektara reviewed
a wide range of context-aware wearable and ubiquitous computing systems, identified
their critical features and finally, proposed a common functional architecture for the
development of real-world applications in this domain. At the same time, Mediacup
[9] and TEA [10] projects tried to explore the possibility of hiding context sensors in
everyday objects. The Mediacup project studied capture and communication of con-
text in human environments, based on a coffee cup with infrared communication and
multiple sensors. Using the Mediacup various new applications were developed ex-
ploiting the context information collected. The TEA project investigated “Technolo-
gies for Enabling Awareness” and their applications in mobile telephony, building a
mobile phone artefact.

Other interesting examples of context management are provided by Owl context
service, Kimura System and Solar. Owl [11] is a context-aware system, which aimed
to gather, maintain and supply context information to clients, while protecting peo-
ple’s privacy through the use of a role-based access control mechanism. It also tack-
led various advanced issues, such as historical context, access rights, quality, extensi-
bility and scalability [12]. Kimura System [13], on the other hand, tried to integrate
both physical and virtual context information to enrich activities of knowledge work-
ers. Finally, Solar [14] is a middleware system designed in Dartmouth College that
consists of various information sources, i.e., sensors, gathering physical or virtual
context information, together with filters, transformers and aggregators modifying
context to offer the application usable context information.

A quite promising approach to context-awareness was introduced by the Context
Toolkit [3] that isolated the application from context sensing. The proposed architec-
ture was based on abstract components named context widgets, interpreters and ag-
gregators that interact, in order to gather context data and disseminate it to the appli-
cations. On the other hand, the Aura Project [15] at Carnegie Mellon University
(CMU) investigated how applications could proactively adapt to the environment in
which they operated. A set of basic “contextual services” was developed within Aura,
in order to provide adaptive applications with environmental information. While the
Context Toolkit focused on developing an object oriented framework and allowed use
of multiple wire protocols, Aura focused on developing a standard interface for ac-
cessing services and forced all services and clients to use the same wire protocol. This
sacrificed flexibility, but increased interoperability.

HotTown [16] is another project that developed an open and scalable service archi-
tecture for context-aware personal communication. Users and other entities were
represented by mobile agents that carried a context knowledge representation reflect-
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ing the capabilities of the entity and associated objects and relations between them. In
HotTown, entities could exchange context knowledge, merge it with existing knowl-
edge, and interpret context knowledge in the end devices. The Cooltown project by
HP labs attempted to solve the problems of representing, combining and exploiting
context information, and by introducing a uniform Web presence model for people,
places and things [17]. Rather than focusing on creating the best solution for a par-
ticular application, Cooltown concentrated on building general-purpose mechanisms
common to providing Web presence for people, places, and things. The Cooltown
architecture was deployed for real use within a lab.

Other current research activities include the CoBrA, SOCAM, CASS and
CORTEX projects. CoBrA (Context Broker Architecture) [18] is an agent based ar-
chitecture supporting context-aware computing in intelligent spaces populated with
intelligent systems that provide pervasive computing services to users. CoBrA has
adopted an OWL-based ontology approach and it offers a context inference engine
that uses rule-based ontology reasoning. The SOCAM (Service-oriented Context-
Aware Middleware) project [19] is another architecture for the rapid prototyping and
provision of context-aware mobile services. It is based on a central server that re-
trieves context data from distributed context providers, processes it and offers it to its
clients. Third party mobile services are located on top of the architecture and use the
different levels of available context information to adapt their behavior accordingly.
SOCAM also uses ontologies to model and manage the context data and has imple-
mented a context reasoning engine. Another scalable server-based middleware for
context-aware mobile applications on hand-held and other small mobile computers is
designed within the CASS (Context-awareness sub-structure) project [20]. CASS
enables developers to overcome the memory and processor constraints of small mo-
bile computer platforms while supporting a large number of low-level sensor and
other context inputs. It supports high-level context data abstraction and separation of
context-based inferences and behaviours from application code, thus opening the way
for context-aware applications configurable by users. The CORTEX project has built
context-aware middleware based on the Sentient Object Model [21]. It is suitable for
the development of context-aware applications in ad-hoc mobile environments and
allows developers to fuse data from disparate sensors, represent application context,
and reason efficiently about context, without the need to write complex code. It pro-
vides an event-based communication mechanism designed for ad-hoc wireless envi-
ronments, which supports loose coupling between sensors, actuators and application
components.

Finally, one of the most recent projects that focused on context-awareness is the
IST CONTEXT project [22]. Its main objective is the specification and design of
models and solutions for an efficient provisioning of context-based services making
use of active networks on top of fixed and mobile infrastructure. CONTEXT has
proved that active networks are also powerful in context-aware systems for tackling
the issues of context distribution and heterogeneity. Furthermore, via the CONTEXT
platform it has been demonstrated that gathering and disseminating context using
active networks is efficient with regards to traffic and delay parameters.
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3 A Context Model for Pervasive Systems

An efficient context model is a key factor in designing context-aware services. Rele-
vant research efforts have indicated that generic uniform context models are more
useful in pervasive computing environments, in which the range and heterogeneity of
services is unique. In [23] a survey of the most important context modelling ap-
proaches for pervasive computing is provided. These approaches have been evaluated
against the requirements of pervasive services and the relative results are presented in
the following table [23].

Table 1. Evaluation of the existing context modelling schemes against the pervasive computing
requirements

Pervasive applicability
Computing distributed partial rlchnf: ss & - incomplete- level of  to existing
Context Req/ments " S quality of ~ ness and - .
. composition validation . . L formality environ-
Modelling information  ambiguity
ments
Approach
Key-Value Models - - -- -- - - +
Mark-up Scheme Models + ++ - - + ++
Graphical Models -- - + - + +
Object Oriented Models ++ + + + + +
Logic Based Models ++ - - - ++ - -
Ontology Based Models ++ ++ + + ++ +

In DAIDALOS, we developed a context model adequate for the pervasive service
platform designed, which demonstrates features of both the graphical and the object
oriented models, while it can be extended to incorporate a context ontology. The
DAIDALOS Context Model (DCM) addresses, to some degree, all the pervasive
computing requirements in Table 1.

A simplified class diagram of the DCM is depicted in Figure 1. This approach is based
on the object-oriented programming principles. The DCM is built upon the notion of an
Entity, which corresponds to an object of the physical or conceptual world. Each Entity
instance is associated with a specific EntityType, e.g., person, service, place, terminal,
preferences, etc, modelled by the homonymous class. Entities may demonstrate various
properties, e.g., “height”, “colour”, “address”, “location”, etc, which are represented by
Attributes. Each Attribute is related to exactly one Entity, and belongs to a specific
AttributeType. An Entity may be linked to other Entities via DirectedAssociations
(DirAs), such as “owns”, “uses”, “located in”, “student of”, etc, or UndirectedAssoca-
tions (UndirAs), such as “friends”, “team-mates”, etc. The DirAs are relationships
among entities with different source and target roles. Each DirA originates at a single
entity, called the parent entity, and points to one or more entities, called child entities.
The UndirAs do not specify an owner entity, but form generic associations among peer
entities. All Entities, Attributes and Associations are marked with a timestamp indicating
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their most recent update time. The Attributes and Associations also have an activation
status boolean parameter, which indicates whether or not these instances are currently
activated. In the set of Attributes of the same type that belong to a specific Entity, only
one may be activated at a given time. All Entities, Attributes and Associations implement
an XML interface, which enables them to be (de)serialised for the purpose of remote
communication.

Abstractd ssociation Undirectedfssocistion UndirfzsacistionType

is ChildEntity in Dirfssoc
1.7

Directedfssociztion Eritity Atribute

iz ParentEntity in Dirdssoc 1 o=

DirfzzocistionType EntityType Bttribute Type

Fig. 1. The DAIDALOS Context Model

The advantages of the DCM are outlined in the following. First, it is sufficiently
generic and extendable in order to capture arbitrary types of context information.
Second, via the timestamp property, it addresses the temporal aspects of context, a
quite critical feature in pervasive computing systems as context information may
change constantly and unpredictably. Third, it supports activation/deactivation func-
tionality to indicate the current context value or user selection. Fourth, it addresses the
fact that context information is usually highly interrelated, introducing various types
of associations between entities. Fifth, it could be seen as a distributed model, where
each entity contains its own information and the type of relationship with other enti-
ties. Sixth, it is flexible and scalable, as the addition/deletion of an entity does not
require the modification of the content or status of the existing entities.

Future plans involve the extension of the DCM in order to support multiple repre-
sentations of the same context in different forms and different levels of abstraction,
and should be able to capture the relationships that exist between the alternative rep-
resentations. New classes will be added, derived from the Attribute base class, which
will be used to add logic to the context data. These classes will serve as “context data
translators”, e.g., a class TemperatureAttribute will provide methods for accessing
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temperature information encoded either in Celsius or Fahrenheit degrees. Further-
more, in future versions the DCM will be extended to express the fact that context
may be imperfect, i.e., outdated, inaccurate, or even unknown. To this effect, context
quality parameters will be included and stochastic modelling principles will be used.

4 A Context Awareness Enabling Architecture

The Context Management Subsystem (CMS) establishes the context-awareness re-
lated functionality in the DAIDALOS pervasive services platform thoroughly de-
scribed in [24]. It provides context consumers with a uniform way to access context
information, thus hiding the complexity of context management. Furthermore, it of-
fers streamlined mechanisms for large-scale distribution and synchronization of per-
sonal repositories across multiple administrative domains. The set of the software
components that constitute the CMS and offer the above functionality are depicted in
Figure 2 and are briefly described in the following paragraphs.

Raw
Context
Data

Processed
Context

Fig. 2. The Context Management Subsystem architecture

The Context Broker (CoB) answers context requests and serves as the access point
to the context data. A context consumer requests context from the broker that handles
the subsequent negotiation. This negotiation is based on the requestor’s context re-
quirements (e.g., type, accuracy, cost, time of update, priorities), the context owner’s
authorization settings (e.g., access rights for privacy) and the available context and its
quality parameters. Based on this information, it decides on the most appropriate
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context source among multiple sources and providers. It may retrieve the context
information from the local Context Store, from the inference engine, from peer CoBs
or from another appropriate context provider. CoBs are also responsible for maintain-
ing the consistency of replicated context entities, an issue further examined in a sub-
sequent section. Finally, upon addition, update or removal of context data, the CoB
triggers the pertinent subscribed context events using the designed notification
mechanisms.

The Inference Engine (IE) infers additional and not directly observable context in-
formation. It enhances the intelligence of the system as it produces useful information
and extracts patterns that have high added value for both consumers and providers. A
chain of components is set up to allow the enrichment of context, by combining, con-
verting, or refining context. The functionality of the IE is very important for pervasive
services provision, as it greatly contributes to the minimisation of user interaction
with the pervasive computing system. A typical example of inference is that of esti-
mating the activity of a person given some lower level sensor data.

The Context Store retrieves context from the Sensor Manager (raw data) and the
Inference Engine (context data inferred), processes this data, stores it to the appropri-
ate repositories and updates the context databases. Context retrieval implies pulling
data or receiving pushed data and converting the data in the context system’s uniform
format. The Context Store provides context to the CoB on demand.

The Sensor Manager keeps track of the sensors which are associated with or at-
tached to the local host, configures them according to the device’s requirements, and
updates new sample data in the context system. Since the functionality of the Sensor
Manager is quite important for the support of context-awareness in pervasive envi-
ronments, this entity will be studied in more detail in the following section.

Two main interfaces are offered to actors or other entities outside the CMS by the
CoB: the User Context Management Interface and the Enabling Services Interface.
The User Context Management Interface allows a context consumer (user, service,
content and context provider) to configure any data previously defined. The Enabling
Services Interface is offered to the rest of the components in the pervasive system
architecture in order to support and control access to the context data maintained by
the platform. The designed CMS interacts and cooperates with peer systems in foreign
domains via service level agreements and federation mechanisms negotiating the
provision/acquisition of additional context information.

Both the presented DCM and a simplified version of the described CMS architec-
ture have already been evaluated in a prototype implementation of the DAIDALOS
pervasive service platform. This prototype was built on an OSGi Service Platform
[25]. The OSGi™ specifications define a standardized, component oriented, comput-
ing environment for networked services. For remote communication SOAP [26] was
used, while the discovery of services and components was based on the SLP protocol
[27].

5 Sensor Management Supporting Context-Aware Services

Primarily, dynamic information is collected by sensors that monitor the state of re-
sources or the environment at regular intervals. In general, sensors are either attached
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to a device (e.g., a mobile terminal’s CPU load sensor), or are at least associated with
a device (e.g., a location or temperature sensor). Since devices may have different
configuration requirements with respect to sensors, each CMS has a Sensor Manager
(SM). The SM keeps track of the sensors which are associated with or attached to the
local host, configures them according to the device’s requirements, and updates new
sample data in the CMS. Consequently, when a new sensor is activated it must first
register with a SM. On receiving a registration request, the SM adds the sensor’s
identification to the set of active sensors. Subsequently, it retrieves a suitable sensor
configuration from the CMS and forwards it to the sensor. A sensor configuration
comprises the required sample rate, the accepted sample types (given that the sensor
samples different types of data), or some thresholds. Generally, the SM requires that
sensors send sample data at regular intervals, allowing the SM to keep track of the
sensor state. When the SM does not receive sample data within a certain time frame, it
considers the sensor to be inactive and updates its state in the CMS database accord-
ingly. In that sense, the SM is also a data source and can be considered to be a virtual
sensor. On receiving sample data updates the SM inspects the sample source and its
type and stores it in the CMS database. To this end, each sensor has a corresponding
entity data object in the CMS database. Moreover, the SM fires an event and dis-
patches it to the Inference Engine to inform it about the update. On receiving the
event the Inference Engine must decide whether other entity objects must be updated
as a consequence.

In general, a sensor (e.g., temperature or GPS sensor) is attached and thus associ-
ated with a single device. Obviously, there is also a strong semantic and functional
association between the device and the sensor. That is, the sample data is used pre-
dominantly by the local CMS and rarely retrieved by remote ones. Yet there is an-
other kind of sensor which is characterised by its association with multiple devices. A
location sensor located in the supporting environment which samples location infor-
mation of mobile devices based on signal strength measurement or on the cell of ori-
gin is associated with multiple devices. Such a sensor is also registered with multiple
SMs and has thus multiple configurations. To this end, this sensor implements han-
dlers which keep track of the state information of individual SMs. When a device
location should be determined with the help of a sensor which serves multiple de-
vices, the SM must look-up a suitable location sensor. Sensor look-up is supported by
the DAIDALOS service discovery mechanism. Once a suitable sensor reference has
been determined, the SM registers with it. Based on the two sensor concepts, the SM
gains the flexibility required for capturing the different data types from various in-
formation sources.

6 Consistency of Context Data

The research activity in the field of context awareness is very intense, while various
context-aware application paradigms have been introduced to the wide market. The
supply and demand for context-aware services are now considerable and are estimated
to increase significantly in the years to come. Due to the existence of geographically
wide business domains and the extended inter-domain activities, context management
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systems are expected to collect, store, process, and disseminate context information
from data generated at geographically dispersed sites. In such large-scale distributed
systems the cost of remote communication is sufficiently high to discourage the sys-
tem relying on a context entity hosted at just a single store. Thus, the maintenance of
multiple context entity replicas across several administrative domains may improve
the system performance with regards to the context retrieval delay. Nevertheless, the
existence of entity replicas requires the adoption of appropriate synchronisation
mechanisms to ensure data consistency. To enforce concurrency control, update
transactions must be processed on all entity replicas upon the update of any single
replica.

The problem of strong [28] or weak [29] replica consistency maintenance has been
studied in various domains since the introduction of digital information. The algo-
rithms and protocols designed to solve this problem may be classified in two main
categories: the pessimistic and optimistic ones [30]. Pessimistic strategies prevent
inconsistencies between replicas by restraining the availability of the replicated sys-
tem, making worst-case assumptions about the state of the remaining replicas. If some
replica operation may lead to any inconsistency, that operation is prevented. Thus,
pessimistic strategies provide strong consistency guarantees, while the replicated
system’s availability is reduced, as any failure of some replica broker or node freezes
the distributed (un)locking algorithms [31]. On the other hand, optimistic strategies do
not limit availability. All requests are served as long as the replica broker is accessi-
ble, as the requestor does not have to wait for all replicas to be locked before perform-
ing the update operation. However, this results in weaker consistency guarantees, and
in order to restore replica consistency, replica brokers must detect and resolve con-
flicts [32].

The DAIDALOS CMS prototype deals with update control of context information
replicas across multiple remote repositories. The mechanism used to synchronise
context information in the distributed CMS databases (DBs) is based upon the em-
ployment of “locks”, and bears close resemblance to the “single writer multiple read-
ers” token protocol [33], a quite popular pessimistic strategy. In the designed scheme,
a single master copy of each context entity exists, while every CMS has to store a list
of references to the entity replicas of all the master entity copies it maintains. Each
time a request for a non-locally available context entity is performed, the local CMS
contacts the affiliated site holding the master entity, which then stores the requestor
CMS’s address and delivers a replicated copy. Following the GSM principles [34],
the home location (HL) concept has been used to signify the CMS of the master en-
tity. The HL address (i.e., the CMS URL) has been encapsulated in the context infor-
mation identifier. Thus, the HL of the master copy is obtained by interrogating the
context identifier. Each context entity has a single associated token or lock, which
allows only the replica holding it to update the entity’s master copy, while CoB’s of
several CMSs can simultaneously access a particular entity master copy (get/read
operation) without any restriction. If many CoBs are interested in updating a specific
context entity, they have to wait until the entity lock is released. This locking mecha-
nism is essential in distributed context management systems, as it ensures the concur-
rent synchronisation of context updates originating from various and heterogeneous
sources such as sensors, network, users and applications. The lock management cur-
rent implementation is quite simple, and the update mechanism addresses all replicas
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irrespective of the context properties and context consumers/sources profiles. We are
currently working on exploiting consistency control and replica dissemination algo-
rithms originating in the distributed DB domain, but considering the specific nature of
context information.

Maintaining entity replicas in distributed context aware systems involves tradeoffs
between storage, processing, communication, and outdated information costs, and it
should consider the anticipated rate of incoming context update & retrieval requests.
Designing competent schemes for consistent replication of context entities distributed
throughout the network becomes imperative, considering the dynamic nature and other
inherent features of context. For instance, the location information of people travelling
on high speed trains is so frequently updated, that the cost of constantly updating the
relative entity replicas is prohibitively high. To reduce the respective overall context
update & retrieval cost, efficient algorithms should be employed in distributed context
management systems, before they are introduced in the wide market.
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Fig. 3. Context update actions

In our framework, two optimisation problems can be distinguished, that aim to
minimise the distributed context management costs (Figure 3). The first one deals
with the decision making in the entity-replica-holding CMS, where the context update
request is originated. If an update request of context entity i is triggered in the ;"
CMS domain (CSR;) that holds a replica of i, the problem is reduced to deciding
whether or not it is more efficient to propagate the updated value of i to the master
copy (CSM,), given the estimated retrieval and update requests per time unit, the
communication cost, the outdated information cost, and the current and former values
of context information (Master Copy Selective Update Problem). Given the same
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parameters, the second problem is reduced to the minimisation of cost during the
dissemination of updated context information by the master-copy-holding CMS
(CSM;), to the CMSs maintaining the entity replicas (CSRy) (Replica’s Selective Up-
date Problem). In future versions of the CMS prototype, we plan to study, design,
evaluate and enhance algorithms that solve the combination of the aforementioned
problems (End-to-End Selective Update Problem). To this respect, epidemic propaga-
tion [35], lazy update techniques [36], gossip algorithms [37], and antientropy
schemes [38] will be considered.

7 Conclusions and Future Work

In this paper a context management architecture has been presented, adequate for
large scale ambient systems that have a strong relation to heterogeneous and distrib-
uted networks. Since the system is embedded in a larger framework comprising ser-
vice discovery and composition, configurable networks, distributed event handling
and sensor networks, we have aligned the architecture to provide accessible interfaces
to both the context consuming services and the context providers. An object oriented
context model has been developed, which addresses the main requirements for con-
text representation, distribution and validation, as well as requirements for the provi-
sion of pervasive services and applications. The architecture supports context refine-
ment, uniform access to context data by context consumers, finely grained privacy
restrictions on context access, as well as federation of context repositories.

Future plans mainly focus on two research areas. The first will address the context
model itself and the inclusion of suitable context ontologies. On the one hand we will
need to provide the flexibility to include any kind of domain specific ontologies on
behalf of the system operator and/or end-users. On the other hand the scenarios we
intend to demonstrate at a project wide level need the support of suitable ontologies
which have to be selected and possibly modified. We also plan to extend the model to
support multiple representations of essentially the same context information and to
treat different levels of abstraction. This is an essential element to support features
such as inference. Finally, the model needs to be enhanced so as to represent uncer-
tain, partial or outdated context information, also an important precondition for infer-
ence. Our second field will be that of enhancing the interrelation and functions of the
context management systems, such as improved and cost aware context synchronisa-
tion, issues on the performance of large scale context deployment serving potentially
millions of active entities and countless sensors. This task aims to provide a solid base
on which future operators can build robust and scalable context systems. As indicated
above, the topic of context inference will be addressed allowing existing and future
inference algorithms to be employed uniformly.
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Abstract. Service-centric systems are highly dynamic and often complex sys-
tems, with different services running on a distributed network. For the design of
context-aware service-centric systems, paradigms have to be developed that
deal with the distributed and dynamic nature of these systems, and with the un-
reliability and unavailability problems of providing information on their con-
text. This paper presents a context architecture for the development of context-
aware service-centric systems that provides the context information and deals
with these challenges.

1 Introduction

Building software from services is emerging as the new software paradigm [1], [2],
[3]. These service-centric systems consist of multiple services, possibly from different
service providers. Service-centric systems are highly dynamic systems, as service dis-
covery and binding happen at runtime. To exploit the full potential of software ser-
vices, we need to be able to rapidly develop flexible, dependable service-centric sys-
tems that can adapt dynamically to their context [4]. The context of a software system
is any environment information that influences the functional and non-functional be-
havior of the system.

A service provider deploys services, describes their functionality and Quality of
Service (QoS), and publishes the description to enable its discovery. When develop-
ing service-centric systems, a choice has to be made to determine which services to
integrate in the system. Often different service providers offer services that all provide
the required functionality, but have different QoS characteristics. A choice for a cer-
tain service will therefore not only depend on the functional requirements for that ser-
vice, but also on the QoS requirements. Furthermore, service-centric systems live in a
dynamic environment, with different services of the same system distributed over a
network. Changes in the system’s context (like a change in bandwidth) will often oc-
cur. To keep fulfilling the system’s requirements, a changing context causes the need
for finding new services — optimal for the new context — resulting in a reconfiguration
of the system. Thus, service-centric systems need to be context-aware.

The development of context-aware software systems is not a new research area [5],
[6]. However, creating context-aware service-centric systems provides some new
challenges:
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Distribution: the services of which the service-centric system is composed are highly
distributed. Each service may have a different context, and the context of the entire
system is highly distributed. It is not possible to locate the sensors that monitor the
system context at one central location; the sensors may have to be placed all around
the world (or even further away, when considering space systems). This is the case for
all context-aware distributed systems, of which service-centric systems are a specific

type.

Dynamism: Service-centric systems are highly dynamic, frequently unbinding ser-
vices and binding with new services, provided by different providers and with differ-
ent contexts. Services built after deployment of the system are just as easily incorpo-
rated in the system, making it impossible to have sensors in place to measure the
context of every possible service the system may bind.

To cope with the distribution and dynamism problems, in a service-oriented world
a system’s context information will often be entirely or partly provided by other ser-
vices.

Reliability: How can we know if the context information provided by the services is
always reliable? Simply trusting a service to always provide correct context informa-
tion may not be safe. Reliability of context information is a much bigger issue for ser-
vice-centric systems than for systems that have all their parts combined and tested by
one and the same party.

Availability: Since a service-centric system is dependent on other services to provide
context information, the availability of the context information cannot be controlled
by the system, as would be the case if the context information provision is part of the
system itself. Relying on a service to always send the context information in time will
cause major problems when the service fails.

A developer of a context-aware service-centric system will have to deal with these
extra challenges.

A software architecture provides a global perspective on the software system in
question. Architecture-based design of software systems provides major benefits [7],
as it shifts the focus away from implementation details towards a more abstract level.
Most research on context-aware systems, however, focuses on ad-hoc solutions at the
implementation level, as designers lack abstractions to reason about context-aware
systems [6], [8]. This hinders the reuse of design paradigms and ideas. The part of the
software architecture that obtains context information and presents it to the applica-
tion is the context architecture. It should relieve the application developer of the prob-
lem of retrieving context information [9].

In this paper we present a context architecture for service-centric systems. This ar-
chitecture explicitly deals with distribution, dynamism, reliability and availability of
context information, which are typical for service-centric systems.

The remainder of the paper is organized as follows: in the next section we present
related work. The elements of the context architecture are discussed in Section 3, and
further research and a summary of the paper is given in the last section.
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2 Related Work

Examples of application-specific context-aware systems are the Active Badge project
[10], which provides a phone redirection service based on the location of a person in
an office, the Cyberguide [11], which is a context-aware tour guide to visitors, and the
Context Awareness Subsystem (CAS) [12], where the mobile phone is used to gather
data about the context.

The Context Toolkit [6] consists of domain-independent, reusable context widgets,
interpreters, aggregators, and context-aware services. In [13] an architecture is dis-
cussed that uses probes, gauges and gauge consumers. The probes are deployed in the
‘target’ system, they measure and report data to the gauges. Gauges interpret the data
and translate the data into a higher level syntax. The gauge consumer uses the data
from the gauges to update models, alert the system, etc. One of the biggest disadvan-
tages about this system is the lack of control on the measurements of the probes; no
information is kept about the time of measurement, the error probability, etc.

The Service-oriented Context-Aware Middleware (SOCAM) [14] architecture fo-
cuses on providing context to different services. A service can send a request for spe-
cific context information to the service locating service, and the service locating ser-
vice matches the provided context information with the needed context information.
Then a reference to the context provider is returned to the requesting service.

None of the above approaches provide support for the unreliability and unavailabil-
ity of context information of service-centric systems.

3 Context Architecture

In this section we present the context architecture for service-centric systems. The ar-
chitecture provides separation of concerns while developing context-aware service-
centric systems. Fig. 1 shows the complete context architecture for service-centric
systems. The architecture contains collectors for measuring the context, a context
source for the storage of the context information, a context engine for the analysis of
the context information, and an actor for enacting changes in the application system.

3.1 Collectors

Collectors are responsible for retrieving data about the context of the system. They
can be located anywhere, and in the case of service-centric systems will be highly dis-
tributed. Collectors can be intrinsic, extrinsic, or foreign.

Intrinsic collectors determine the local context of a software system, by measuring
information available inside the system itself (e.g. memory consumption). Extrinsic
collectors measure the context outside the system. Foreign collectors do not belong to
the system itself, but to a different context-aware system or to external services pro-
viding context information. The context information gathered by foreign collectors is
available through external context information sources (CISs), which are described
further on.
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Two types of collectors exist: simple and intelligent collectors. Simple collectors
do not perform any processing on the data, and immediately send the data to the con-
text source. Using simple collectors results in a higher bandwidth and memory usage,
because the data is not filtered. Furthermore, all the interpretation needs to be per-
formed by the context engine, placing a larger burden upon that part of the system.

Collectors

Context Source

External Context
Context Data Source 3 :
/ Information Source

Local Context
Information Source

vy ¢

Context Engine

Context Context Context
Estimator »| Selector »-| Evaluator
ol Estimation ~

Estimation Selaction 5’0!?1'3?“,

Intelligence AT AL
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& [ ] +

? w »{ Actor

| Software System

Fig. 1. The context architecture for service-centric systems consists of collectors, a context
source, a context engine, and an actor

Intelligent collectors do analyse the context data they measure. Due to this filter-
ing intelligent collectors produce less data; this is useful in systems with limited
bandwidth or memory. Furthermore, the context engine has less processing to per-
form. A disadvantage of intelligent collectors is that (valuable) information may be
lost.

When the collector sends the context data to the context source, the collector pro-
vides additional information. This additional information consists of the identity of
the collector and the time the measurement took place, and may be extended with
domain-specific information.
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3.2 Context Source

The context source stores the context data from the collectors. The context engine
analyzes the data from the context source, and in certain situations adds data to the
context source. The context source with all its components is shown in Fig. 2.

Collectors

Context Source

Internal External
Y

Context Data Source /f Context Information Source

‘ e

Context Information Source /

y 3

Y Y
Context Engine

Fig. 2. The context source, with internally a context data source and a context information
source, and a subscription to an external context information source

The context source exists of an internal and an external part. The internal part on
its turn consists of a context data source (CDS) and a context information source
(CIS). The external part consists of one or more external CISs, which belong to the in-
ternal parts of context architectures of different systems. The context information
stored in these external CISs is retrievable through a subscription.

The CDS is a database that contains the measurements of the collectors. This in-
formation is accessible by the context engine. The context engine analyses the data
from the CDS, and the results of the analysis are stored in the CIS. The CDS is only
locally available and cannot be imported from other systems, nor can it be exported to
other systems. This is because the data in the CDS of other systems is analyzed by
their context engines, and placed in their CIS. If every system would analyse the same
context data, a lot of redundant data transport and processing would be the result,
causing unnecessary system load. Therefore, the data in the CDS is only locally avail-
able, and the information placed in the CIS is publicly available.

The CIS is used to make context information publicly available and to store con-
text information imported from other systems. This way the context data from foreign
collectors can be used. Access to certain information on an external CIS is imple-
mented through a subscription policy. Whenever the CIS is updated, it broadcasts the
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new information to all its subscribers. This way the system can use the context infor-
mation measured by other systems or special context information services. This re-
lieves the burden of having to place and move many collectors to deal with the disper-
sal and dynamism of service-centric systems.

A problem with storing context data is to determine when to remove data. To im-
plement garbage collection different policies can be used:

1. FIFO: the oldest data is removed first.

2. Longest unused: the data that has not been used for the longest period is re-
moved first.

3. Least referenced: the data that has been referenced least (maybe in a certain pe-
riod of time) is removed first.

Each data element stored in the CDS or in the CIS is called a context element.
Context elements have the following properties:

— Collector ID: The ID of the collector responsible for fetching the data this element
contains. This information is used to discover which collector is responsible for
measuring the data and what its type is (i.e. simple or intelligent).

— Related Context Elements: Description of the context elements containing the same
type of context information. If the data represented in one context element contains
errors or is too old, another context element with possibly better data can be found.
Related collectors can be defined in multiple ways, two of which are:

e Reference; the collected data elements have a reference to other data elements
providing the same data. This can be, for example, a linked list or a web where
each data elements points to all other date elements providing the same data.

e Record with multiple collectors; records that contain a collection of data ele-
ments representing the same information.

— Update: This flag indicates that the item has been updated. This way the context
engine can determine if it will be useful to read the context element. After a read
from the context engine the flag set to false.

— Error probability: This field indicates the probability that the measured data is
faulty. When a selector in the context engine finds an error or determines that the
measurement was wrong, it increases the probability that the element contains er-
rors. If a selector deems a specific element to be correct, it decreases the error
probability. Depending on the intensity of errors or the error probability can be in-
creased or decreased in bigger steps.

3.3 Context Engine

The context engine is responsible for analyzing the context data stored in the CDS.
After analysis the resulting information on the context is stored in the CIS and used to
adapt the application system to its current context.

Context Estimator
In the CDSs the measurements of the context collectors are saved. The context esti-
mators use these measurements to estimate the context situation. This means that an
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estimator translates the measurement data from the collectors into more useful infor-
mation. For example, an estimator translates (e.g. by using fuzzy logic) the light in-
tensity measured in lux to values like “day”, “sunny”, “cloudy”, “night”, “clear night”
etc. Other techniques for translating the data are decision trees, neural networks, and
ontologies. The knowledge that a context estimator uses for translation is represented
by the Estimation Intelligence (see Fig. 3). The estimator can also pass through the
data from the context source without translation.

The estimator collects data from the CDS by requesting for a specific type of con-

text information. Multiple ways of requesting the data are:

Context Source

A JP
v Context Engine
Context Context Context
Estimator » Selector »-| Evaluator
L Estimation Context
Estimation Selection Vari ’
Intelligence P ariants
Criteria Intelligence
Y
Actor

Fig. 3. The data from the context source is processed by the context estimator, the context se-
lector, and the context evaluator, before it is sent to the actor

® Request by collector: The estimator request data from a specific collector. The
CDS returns the context elements provided by the requested collector.

e Request by context type: The estimator requests a specific type of context on a cer-
tain moment (in the past or the present). It receives all the context elements for the
specific context type.

The estimator can request multiple types of context elements, and aggregating
these elements results in a more abstract representation of the context. By aggregating
for example the time of day, the processor load of the system, and the number of
processes running, the conclusion can be reached that it is night and that the system
has enough processing power left for a full system scan or backup.

The abstracted context information is saved in the CIS, as back-up and to provide
this information to other context-aware systems.

Context Selector

The purpose of the context selector is to make sure that only the right context infor-
mation is used by the context evaluator. To make sure that the context evaluator re-
ceives the right information, the selector determines which context estimator performs
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the best estimation for a specific context type. When the evaluator requests the best
estimator for a specific type of context; the selector looks up the possible estimators
and passes through the best context estimation to the evaluator.

The alternatives for determining the best estimator are:

e Error probability: estimators can output the error probability of the context ele-
ments they use; the best choice is the estimator with the lowest error probability.

e Combine context estimations: Another method is to combine context estimations.
One way to combine context estimations is to compare the different estimations
and choose the one that occurs most (i.e. count how many estimators produce the
same value). Another way is to determine the current context from different types
of estimators.

The strategy for the selection of the best estimator is stored in the Estimation Se-
lection Criteria. The above alternatives can be used to create a list of preferred estima-
tors, reducing the number of estimators used.

When the selector notices errors coming from a certain context element, it will
provide feedback to the context source, which adjusts the error probability of the con-
text element (and its representative context estimators) accordingly.

Context Evaluator

After the selector has provided the context evaluator with the best context estimation,
the evaluator will use the information to determine the best configuration of the appli-
cation system. When the context has changed, the evaluator decides to either keep the
system running as it is or to reconfigure the system. If the latter is the case, then it is
also the evaluator’s task to decide what to change. This decision is based on the cur-
rent context and on the current configuration.

The first necessity for making such a choice is the knowledge of which choices are
available. Therefore the evaluator needs to know all the possible variations of the sys-
tem, and have a mapping with how suitable they are for the given context situation. A
first mapping will have to be made during development, but it can evolve dynamically
during operation. Due to the fact that this lies beyond the scope of this research we
will not go into more detail on the methods for doing so.

After the evaluator chooses the best new configuration for the new context, it
makes sure that the changes are enacted by invoking the actor.

3.4 Actor

The actor is responsible for enacting changes in the running application system. The
actor performs as the link between the implementation of the context architecture, the
application system, and possibly the user. As most users will first want to control the
changes in the system, it is possible to let the context evaluator propose changes,
which the user can then overrule if desired. After a while the involvement of the user
can be decreased until finally the context-aware system is completely self-adaptive.

It is also possible to combine multiple implementations of the context architecture
at the actor, see Fig. 4. The actor uses a weight factor to decide which of the proposi-
tions for change will be invoked and which will be ignored.
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Fig. 4. The actor uses the input of one or more implementations of the context architecture and
possibly the user to enact changes in the application system

4 Conclusion and Further Research

The context architecture proposed in this paper is tailored to deal with the characteris-
tics of service-centric systems. Context information coming from context providing
services or context architectures of other systems can easily be integrated, solving the
distribution and dynamism problems of service-centric systems. Unreliable context
information can be detected and ignored by using the error probability and related
context element properties of the context elements, and by combining context estima-
tions. Possible unavailability of context information will not cause system crashes, as
the context information is stored as back-up and related context elements providing
the same type of context information are listed.

As the architecture is very general, it can be developed separately from the soft-
ware system, enabling separation of concerns. The few points where direct interven-
tion with the software system is needed are the collectors monitoring the internal con-
text of the application system, and the actor, which is responsible for reconfiguration.

The next challenge is to further define the context evaluator, i.e. the mapping be-
tween the context information and the possible configurations of the application sys-
tem. Currently, this mapping is always application-specific, defined by the systems
developer.

The actor allows the connection of multiple context architectures to the software
system. Another interesting research topic is the policy for conflicting advices from
the different evaluators.
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Abstract. Context-aware systems are systems that use context information to
adapt their behavior or to customize the content they provide. Prior work in the
area of context-aware systems focused on applications where context sources,
Context-Aware Services (CASs), and users are in each other’s spatial proxim-
ity. In such systems no scalability problem exists. However, other relevant CASs
are subject to strong scalability problems due to the number of users, the geo-
graphical distribution of the context sources, the users, and the CAS as well as
the number of organizations that participate in the provision of the context-aware
system.

In this paper, we classify CASs according to their scalability needs and review
context provision and service provision infrastructures with regard to their scal-
ability. For building large-scale context-aware systems it is not sufficient to Zuse
large-scale service provision and context provision infrastructures. Additionally
an integration layer is needed that makes the heterogeneous access interfaces of
the context provision infrastructures transparent for the CASs. We outline our
proposal for such an integration layer and describe how it can be combined with
an infrastructure that allows handhelds themselves to gather context information
in their immediate vicinity via wireless technologies.

1 Introduction

Context-aware systems are systems that use context information to adapt their behavior
or to customize the content they provide. In these systems three main types of entities
can be distinguished: Context Sources (CS), Context-Aware Services (CASs) and users.

Early research in ubiquitous computing focused on applications where all entities
involved in a user session are located in each other’s spatial proximity like figure [[(a)
illustrates. In such a setting there is no scalability problem. [1]] coined the term local-
ized scalability” for this principle. Localized scalability is reached ”by severely reduc-
ing interactions between distant entities” [L] or by locally restricting the distribution of
information [2].

However, there are applications where the context sources, the CASs and the users
are not colocated. Thus, interactions between distant entities are needed. In these situa-
tions the question arises how global scalability in context-aware systems can be reached.
The key to this lies in replicating and distributing CASs as well as context information.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 26-39 2005.
© Springer-Verlag Berlin Heidelberg 2005
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The paper is structured as follows: In section 2| we argue under which conditions a
need for global scalability exists and give examples for applications. Section 3] reviews
approaches for context provision as well as for service provision. In sectiondlwe discuss
how the existing approaches can be combined and show which components are still
missing in order to build large-scale context-aware systems. We describe our proposals
for these components in section[d.I]and[£.2] In section[3we outline directions for future
research.

2 From Local Towards Global Scalability

In this section we will define classes of CASs with different scalability needs and will
provide examples for these classes. To be able to discuss the scalability of the different
application classes we first need to define what scalability is. According to [3] scale
consists of a numerical, a geographical, and an administrative dimension. The numeri-
cal dimension refers to the number of users, deployed objects like e.g. context sources
and services in a system. The geographical dimension means the distance between the
farthest nodes, while the administrative dimension consists of the number of organiza-
tions that execute control over parts of the system. A large administrative dimension
in general leads to heterogeneity. The various organizations are likely to use different
hardware, software, protocols, and information models. In such an environment service
interoperability becomes a problem. The interoperability problem is classically divided
into a signature level, a protocol level, and a semantic level [4]. The syntax of the in-
terface of a service is described on the signature level. It includes in general the name
of any operation and the type and sequence of any parameter of the interface. On the
protocol level the relative order in which methods of a service are called is specified.
The problem of divergent understanding and interpretation is dealt with on the semantic
level. [3]] defines a system to be scalable if users, objects and services can be added, if
it can be scattered over a larger area, and if the chain of value creation can be divided
among more organizations without the system “suffering a noticeable loss of perfor-
mance or increase in administrative complexity.”

Locally scalable CASs (figure [1(a)): Most CASs that were built so far colocated the
CAS, the context sources, and the users (see e.g. [3]] for a survey). Typical examples
are shopping and conference assistants. In these systems scalability is not an issue. All
ways between the entities are short. The number of context sources and users is low.
Moreover, the physical context sources were known when the CAS was developed.
Thus, the CASs as well as the context sources were designed to interoperate.

CASs with heightened scalability needs (figure[T(b)-(d)): Recently, some CASs have
been built where only two of the three types of entities are colocated and the third is far
away. For example, many health surveillance applications [6] assume that sensors are
attached to the body of persons with health problems. The gathered data is transmitted
via the mobile Internet to a central database where it is analyzed by a physician or by a
data-mining process that alerts a doctor if something is wrong (see figure [I(b)). Other
applications colocate the user and the CAS (figure[Ilc)), but receive context information
from distant locations. An example are on-board navigation systems in cars that receive
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Fig. 1. Depending on the application context-aware services, context sources and users may be
colocated or far apart

information about traffic jams via radio technologies. Surveillance of remote areas with
the help of sensor networks is an application where in general the context sources and
the CAS are colocated. When something interesting happens the user that is far away is
informed (figure[1ld)). These types of CASs cause moderate scalability problems.

CASs with potentially global scalability needs (figure [1l(e)): The largest scalability
problems arise when the context sources, the CASs, and the users are far apart from
each other. Examples are context-based push information services, contextualized yel-
low pages services, and server-based navigation applications. A context-based push
information services for example is a friend-finder (cp. [7]). A friend-finder constantly
tracks all members of a community within a large area. Whenever two members with
similar interests enter each others vicinity, they are informed if their current activity
does not forbid this (if e.g. one must not be disturbed because he is in a meeting). An-
other example is an application that reminds people to buy e.g. milk when they are
near a supermarket. Contextualized yellow pages services (cp. [[7]) help people to find
nearby sights, restaurant, gas stations etc.. Scalability problems arise especially if dy-
namic properties of target objects (target context) and of objects between the user’s
current position and the target’s position (transition context) are included into the rec-
ommendations given to the user. For example, a tour guide might incorporate the current
waiting times at major sights into the proposed tour or a restaurant finder might suggest
only places that can be reached within 15 minutes and still have seats available. To de-
termine which restaurants are reachable within a certain time, the CAS finds out which
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bus stops are near the user and when the next bus will arrive including all known current
delays. If the user is within a car, the current traffic situation is taken into account. A
server-based navigation system keeps all maps on the server and calculates routes based
on the user’s position, the point he wants to reach and dynamic information like traffic
jams, weather condition, and road works.

The scalability problem of these applications is mainly caused by three properties of
the overall system: 1. The CAS can be invoked from within a very large area. 2. Many
persons might want to use the CAS. Thus, it must be ready to cope with a high workload.
Moreover, the context of a plethora of entities must be accessible for the CAS. 3. The
context sources will have different access interfaces in different regions and will be
operated by different organizations. For example, a navigation system that uses traffic
information for its recommendations will have to address that this information will be in
a different language and format in Germany and France. Standards can partly solve this
problem. However, many competing standards exist. For example, a traffic information
system in the USA will express distances in miles and feet, while in Europe kilometers
are used. For all these problems solutions must be found to allow for scalable context-
aware services.

After having outlined for which classes of CASs global scalability is needed, we
will review approaches for context provision and CAS provision with regard to their
suitability for building globally scalable context-aware systems.

3 Approaches for Context Provision and CAS Provision

In order to build globally scalable context-aware systems the context provision process
as well as the provision of the CAS must be scalable. We will address both subsystems
in turn.

3.1 Scalable Context Provision

Scalability research in ubiquitous computing so far has mainly focused on the question
how the context provision process can be made scalable. Figure Rl classifies the context
provision approaches.

Context Provision approaches can be divided intoinfrastructureless andinfrastructure-
based approaches. If no infrastructure is employed, the CAS retrieves information from
the context sources directly via wireless links or a multi-hop routing scheme is used.
Multi-hoping is used in Wireless Sensor Networks (WSN) [8] where context sources
collaborate and in Data Diffusion Systems [9}/10] where context sinks interact to dis-
tribute information. These technologies are only suitable if the distance between the
context source and the context sink is not too large (limited geographical scalability).

Early infrastructure-based systems directly linked CASs with sensors that were at-
tached to a Local-Area Network (tight coupling). To loosen the coupling two main
approaches can be distinguished. Service-centric approaches provide a homogeneous
interface for context retrieval from sensors. The Context Toolkit [11]] (CTK) was the
first representative of this school of thought. It encapsulates sensors in so called wid-
gets that provide a unified interface to the CAS. The heterogeneity is diminished, but
application-specific code still needs to interact directly with context sources, i.e. sen-
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Fig. 2. Classification of context provision approaches

sors plus widgets. Other representatives are Solar [[12] and iQueue [[13}14]. Data-centric
systems introduced a data repository (e.g. a tuple-space) between the context sources
and the CASs (e.g. [2]). The context sources provide context information to the data
repository. CASs can query the repository via a query language. In these systems the
CASs only need to comply to the service interface of the data repository and the used
information model of the context sources.

Many proposals were made how geographically scalable context provision infras-
tructure can be built using the loose coupling paradigm, e.g. ConFab [7.[15], Solar
[12]], GLobal Smart Space (GLOSS) [16]], Strathclyde Context Infrastructure (SCI)
L7, [18L[19], IrisNet [20L21], and iQueue [[13}[14]. All these approaches connect the sen-
sors to a local server that either acts as a data repository (ConFab, GLOSS, IrisNet), as
an execution environment (Solar, iQueue), or as both (SCI). Some systems assign sen-
sors to local servers merely based on geographical proximity (Solar, GLOSS, IrisNet,
iQueue). Others make the data repositories a representative of entities in an environ-
ment (like people, places, and things) (ConFab, SCI). Data repositories are in general
based on tuple-space technology (ConFab, GLOSS, SCI), but also XML-databases are
employed (IrisNet). The large-scale context provision infrastructures must be able to
answer queries that require data from many local servers. Thus, the local servers need
to be confederated in some way. Many systems use Peer-to-Peer routing technology
for this purpose (Solar, GLOSS, SCI). Others use XML hyperlinks between the data
repositories (ConFab) or employ the Domain Name System (IrisNet). The information
models that the approaches specify to express queries are very heterogeneous, though
most of them are XML-based. Some describe context sources and chains of operators
for the generation of context information. Others define functions that calculate the re-
quested context information based on context data that is described in an attribute-based
manner.

3.2 Scalable CAS Provision

Scalable context provision infrastructures are a very important building block for scal-
able context-aware systems. However, even if perfectly scalable context provision were
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given, there would still be some challenges left to allow for completely scalable context-
aware systems:

1. Numerical dimension: Large-scale CASs may have millions of users that collec-
tively cause a workload that is much too high for a single server. Thus, replicating
and distributing the CAS must be considered.

2. Geographical dimension: Large-scale CASs may have users that are spread over a
very large area. In this case also relevant context sources will be strongly distributed.
Since many interactions especially between the CAS and the context sources, but
also between the user and the CAS will be needed, there is a potential that the long
ways will lead to large response times of CASs. A solution is to distribute replicas
of the CAS to servers that are close to the user and to the context sources.

3. administrative dimension: The large-scale context provision infrastructures pos-
sess heterogeneous access interfaces. Especially interoperability on the semantic
level is a problem. Either a CAS must be able to deal with all of them or an infras-
tructure must be in place that makes the heterogeneity transparent for the CAS.

Little work has been done on the question how scalable CASs can be built. The
only works we are aware of are [6], [22], and [23]. These works suggest to expose
context sources and context repositories to the system as grid services. A grid service
is a Web Service that conforms to a set of conventions [24]. By using grid technology
interoperability on the signature level is reached and the scalability properties of grids
can be reused. Besides grids other technologies for scalable service provision exist.
They are classified in figure 3l

Numerically scalable solutions

— ~

Geographically unscalable solutions Geographically scalable solutions
Computing

Server Farms Grids P2P CDNs

Clusters

Fig. 3. Classification of CAS provision approaches

If too many requests need to be answered by a web-based application, one of the
most often used approaches is to employ a server farm. The application is replicated
and installed on many servers that are interconnected by a common high-speed Local-
Area Network (LAN). The workload is evenly distributed among the servers by an
intelligent switch. Computing clusters are similar to server farms. Computing problems
that are too large for a single server are divided into many parts that are solved in
parallel by many CPUs. Since the execution of one session of a CAS in general does
not overcharge a single server, server farms are more suitable for CASs than computing
clusters. Server farms address the numerical dimension, but the geographical dimension
of the scalability remains unsolved.
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Infrastructures that solve the numerical and geographical scalability problem are
grids [23]], peer-to-peer (P2P) networks [26]], and Content Delivery Networks (CDNs)
[27]. All these technologies are able to coordinate globally distributed servers. All three
infrastructures have their specific strengths. Grids excel at monitoring resources and
balancing load. P2P networks perform content-based routing in a very scalable manner
and CDNss are especially good at assigning client requests to nearby servers. The three
technologies are converging. Grids will use P2P routing. Recent proposals for P2P net-
works allow for routing to nearby servers and CDNs use the Apache Tomcat container
like the Globus Toolkit [28] (the most widely used toolkit for grid technology) as an
execution environment for applications.

To build globally scalable context-aware systems the best choice is to use one of
these three numerically and geographically scalable infrastructures to dynamically dis-
tribute replicas of CASs and to combine it especially with large-scale context provi-
sion infrastructures. However, coupling the CAS provision infrastructures with the var-
ious context provision systems poses some challenges like we will discuss in the next
section.

4 Components for Scalable Context-Aware Systems

In order to build globally scalable context-aware systems it is necessary to dynami-
cally replicate and distribute CASs on the servers of one of the three numerically and
geographically scalable service provision infrastructures that were outlined in the last
section. This infrastructure forms the upper layer in figure[dl In this way the numerical
and geographical scalability of the CAS is assured.

The replicas of the CASs that are placed on the geographically distributed servers re-
trieve context information from regional Context Information Services (CIS) (see lower
layer in figure ). A CIS is an abstraction. It is any service that provides context infor-
mation. In most cases it will be a large-scale context provision infrastructure, but it can
also be a single sensor or a user’s handheld that provides context information. By com-
bining a large-scale service provision infrastructure with large-scale context provision
infrastructures numerical and geographical scalability is reached.

However, the administrative dimension is still a problem: The CISs in the various
regions may possess different access interfaces, even if they provide the same type of
context information. Figure [l illustrates this with diversely shaped symbols. Since the
developer of a CAS does not know at design time on which servers his CAS will be
deployed and which CISs will be used, he cannot anticipate what the access interface
of needed CISs will be like. This is a major problem. The replicas of a CAS need an
execution environment that is the same on every server. This means that also the access
to context information must be identical on every server. Thus, the CAS distribution in-
frastructure needs to provide an integration layer that binds to the heterogeneous access
interfaces of CISs, maps the retrieved information to a standard information model,
and provides it to the CASs in a unified way. Such an integration layer is our CoCo
infrastructure. It will be outlined in section {1}

The CoCo infrastructure resides on each server and binds to local or regional CISs.
In general this CISs are large-scale context provision infrastructure. However, for some
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Global Service
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Globally distributed

SErvers

?} Large-scale context
~" provision infrastructores

Bt Heterogeneous
0O access interfaces

Regional Context
Information Services

Fig. 4. Combining a scalable service provision infrastructure with large-scale context provision
infrastructures provides numerical and geographical scalability. However, the administrative di-
mension of the scalability problem is yet to be solved

applications it might also be useful that the user’s handheld itself looks for context in-
formation in its immediate vicinity via wireless technologies and passes the context
information to the CoCo infrastructure when it invokes the CAS via e.g. UMTS or
GPRS. For example, somebody might be looking for restaurants that can be reached
within 15 minutes with public transportation means and that are not overly crowded.
The information which bus stations are near the user is probably most efficiently re-
trieved via wireless multi-hoping methods. To find out which candidate restaurants still
have free seats available, however, is an information that is generated too far away from
the user to be accessible wirelessly. For the wireless gathering of context information
in the user’s immediate vicinity we developed an infrastructure that will be described
in section

4.1  Context Composition Infrastructure

The Context Composition (CoCo) infrastructure [29]] is a set of collaborating compo-
nents that generate requested context information. It solves the following problems: It
binds to regional CISs and can translate the provided context information into the stan-
dard information model. Moreover, it is able to execute workflows that are needed to
generate higher-level context information from low-level context information. These
workflows and needed pieces of context information are specified in a CoCo document
using the CoCo-language which is based on XML. It can be represented as a graph.
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Figure |3 shows an example for the generation of context information that a restaurant
finder might need. CoCo documents are mainly composed of factory nodes that spec-
ify which pieces of context information are needed and operator nodes that describe
how context information needs to be adapted, selected, aggregated, or processed in any
other way. A directed edge between two nodes stands for a context information flow. In
the example the user is looking for nearby restaurants or beer gardens (if the weather is
fine) that match his preferences he specified in a profile. He invokes the CAS and passes
his phone number. The CAS dynamically adds this phone number to the CoCo docu-
ment that describes the general context information needs of the restaurant finder. This
document is given to the CoCo infrastructure. Based on the phone number the user’s
profile and his current location can be found out. Not until the user’s position has been
retrieved, the temperature and the likelihood that it will rain can be requested because
these pieces of context information are dependent on the location. Since the CAS is
not interested in the temperature and the likelihood of rain directly, an operator node
is invoked that uses the former information to determine whether the weather can be
considered as good. The retrieved user preferences, the user’s location and the decision
if the weather is good are given back to the CAS.

input

UserPhoneNumber

UserPref etUserLocation
getUserPrefere

factory node

getLikelihoodOfRain getTemperature
<factory node @ry @

isWeatherGoo

operator node

output

@erenee WeatherGood  UserLocation
o i

Fig. 5. Example of a CoCo-Graph

The infrastructure that executes the CoCo-Graph consists mainly of a CoCo-Graph
Controller, a Context Retriever, the CoCo Processor and two caches like depicted in
figure

The CoCo-Graph Controller receives the CoCo document from the CAS and exe-
cutes the specified steps. Thus, the CoCo-Graph Controller is the component that is in
charge of flow control. Whenever it parses a factory node, it sends the corresponding
information to the Context Retriever that responds with the respective context informa-
tion. Operator nodes result in a call to the CoCo Processor. When the output node is
reached, the results of the execution of the CoCo document are returned to the CAS.
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Fig. 6. CoCo Infrastructure

The Context Retriever discovers CISs, selects the most appropriate one and returns
the retrieved context information to the CoCo-Graph Controller. Both, the descriptions
of discovered CISs and the context information, are cached for later reuse.

The CoCo Processor executes explicit operations that are needed to derive a specific
piece of context information from one or many other pieces of context information.
For example, the CoCo Processor would process the operator node “isWeatherGood”
to decide if the weather is good or bad, based on the retrieved temperature and the
likelihood of rain. The CoCo-Graph Controller also delegates implicit instructions to
the processor. These are conversion operations between different scales, i.e. formats,
of the same context information item. In our scenario, the CoCo Infrastructure locates
the user and passes his position to the factory node needed to retrieve the temperature
at the user‘s position. The position might be expressed in WGS84-coordinates, while
there might be only CISs available that accept coordinates exclusively in UTM-format.
At this point, the CoCo-Graph Controller invokes the CoCo Processor to try to convert
the information. For its task the CoCo Processor needs semantic information about the
information model and requires conversion operations between the various scales of
the same types of context information. This knowledge and functionality is stored in
the Information Model Library.

The CoCo infrastructure was conceived as an integration layer between large-scale
context provision infrastructures and execution environments for CASs. In the next sec-
tion we will describe how the CoCo infrastructure can be combined with wireless con-
text provision methods.



36 T. Buchholz and C. Linnhoff-Popien

4.2 Context Diffusion Infrastructure

‘We assume that when a user subscribes to a CAS, he downloads a thin client to his hand-
held. This thin client uses a Context Diffusion Infrastructure that is already installed on
the handheld to gather context information. The main principle of Context Diffusion
is that static server nodes announce information via local wireless radio technologies
like Bluetooth or IEEE 802.11. Mobile nodes listen to this information and cooperate
to disseminate the information by word of mouth.

The core of our Context Diffusion Infrastructure is our data diffusion protocol [30].
It is executed whenever two nodes come into radio range. These can either be two
mobile nodes or an immobile and a mobile node. The protocol works as follows:

1. First, profiles are transmitted between the peers. The profiles specify in which types
of context information the profile owner is interested.

2. The peer’s profile is used to search through the handheld’s cache of formerly ob-
tained pieces of context information.

3. All cached pieces of context information that might be of interest for the exchange
partner according to his profile are transmitted and are then stored on the receiver’s
side.

Since each handheld frequently executes a cache invalidation scheme that deletes
all pieces of context information that have become outdated or invalid because the user
has moved out of the region where the specific piece of context information could be
useful, only valid information that refers to the current region is exchanged.

The Context Diffusion Infrastructure offers an API for thin clients to add entries
to the profile. Depending on the application’s collection strategy, it can either add its
profile during its installation phase or when it is invoked. In the former case, the hand-
held scans continuously its environment for available context information, in the latter
case, context information collection is initiated on demand. The infrastructure allows
for push notification and for a request mode. Push notification means that the thin client
is informed everytime an interesting piece of context information is received. Alterna-
tively, the thin client can search the cache for relevant entries using the request mode.
Our favorite configuration is that the thin client initiates the context retrieval when it is
invoked. After a fixed amount of time it searches through the cache for relevant context
information, invokes the backend of the CAS via GPRS or UMTS and transfers the
context information to it.

Whenever the backend of a CAS is invoked by a client, it analyzes the request to
see whether context information was passed. If this is the case, the provided context
information is given to the CoCo infrastructure. The CoCo infrastructure receives the
information, transforms it into the standard information model if needed, and writes it
into the context information cache. The CAS operates in the normal way and requests
context information from the CoCo infrastructure with a CoCo document. Since the
Context Retriever within the CoCo infrastructure always starts looking in the cache
whether needed context information is already stored, the context information provided
by the client is very naturally introduced into the standard process of CoCo. The func-
tionality that is in place to check whether cached context information is usable for a
certain problem is reused to validate context information that was passed by the client.
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Additionally, the information that was gathered by one client is potentially reusable
for others. By writing the context information that was gathered by the client into the
CoCo cache instead of directly using it, it becomes transparent for the CAS in which
way context information was retrieved.

5 Conclusion and Future Work

In this article we have shown that some Context-Aware Services (CASs) need to be
globally scalable. We have outlined approaches for context provision and CAS provi-
sion and evaluated them with regard to their scalability. Good candidates as a suitable
CAS provision infrastructure are grids, P2P networks, and CDNs. These systems need
to be coupled with large-scale context provision infrastructures. To provide a homoge-
neous access interface to context information for replicas of CASs the CAS provision
infrastructures need to provide an integration layer that makes the heterogeneity of the
access interfaces of the context information services transparent for the CASs. The
CoCo infrastructure is such an integration layer. It can be combined with an infrastruc-
ture that allows to gather context information in the immediate vicinity of a user. These
approaches allow to build globally scalable context-aware services.

Currently, we are working on the development of efficient, but easily applicable
heuristics for the distribution of CASs in CDNs. We are developing a simulation that
allows to evaluate the resource consumption and improvements of user-perceived la-
tencies that are incurred by the various heuristics. Furthermore, we are refining our
infrastructures. Especially, the development of a generic model for context information
remains one of the hard research questions.
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Abstract. Navigation for and tracking of humans within a building usu-
ally implies significant infrastructure investment and devices are usually
too high in weight and volume to be integrated into garments.

We propose a system that relies on existing infrastructure (so requires
little infrastructure investment) and is based on a sensor that is low
cost, low weight, low volume and can be manufactured to have similar
characteristics to everyday clothing (flexible, range of colours).

This proposed solution is based on solar modules. This paper inves-
tigates their theoretical and practical characteristics in a simplified sce-
nario. Two models based on theory and on experimental results (empir-
ical model) are developed and validated.

First distance estimations indicate that an empirical model for a par-
ticular scenario achieves an accuracy of 18cm with a confidence of 83%.

1 Introduction

Solar cells and modules are usually applied to the conversion of radiant to elec-
trical energy. However, as we show in this paper, such energy flows may also be
considered as data flows, thus extending solar module functionality to a form
of receiver. Data can be transmitted for reception by solar modules via IR [I]
as well as via fluorescent tubing [2]. In the concept proposed here, the solar
modules are used only to track the intensity of indoor radiation (e.g. lights) as a
form of context information. By using existing lights infrastructure, investment
is minimised. Taking the taxonomy of position estimation approaches of Fox [3],
we therefore have a local (e.g. single building) and passive (not transmissive) ap-
proach. Conceptually, the solar cells are “outward looking” and measure multiple
beacons in the environment.

To the authors’ knowledge, such a use of solar modules as a component of a
location tracking system has not been previously investigated. Optical location
investigations have previously considered various technologies including infra
red [4,[5], laser [6L[7] and video [8,Q,10,11]. Further location technologies [12],
include inertial [13], ultrasound [14], RF [15] and magnetic [16]. It has also been
shown that such technologies can be used in tandem [I7,[I8]. A solar powered
location system is the MIT Locust [19].

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 40-51] 2005.
(© Springer-Verlag Berlin Heidelberg 2005
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Fig. 1. LuxTrace concept: Wearable location tracking by solar cells

In this paper, a scenario of an office worker walking in a corridor is considered
with solar modules integrated into the shoulder area of their clothing. Such
modules can have similar characteristics to textiles e.g low cost (2%), low weight
(20g), low volume (2cm?®) and with a range of colours. A potential concept is
shown in Figure [[lin which the flexible solar module system on the shoulder (1)
transmits one or more RF pulses only when there is sufficient energy to do so
i.e. beneath a light source. This data is collected and processed by the belt worn
computer (3) [20]. The environment is assumed to be static [3] as the lights in
the corridor are always on during office hours. Whilst it is necessary to process
the data from the solar modules, their relatively low bit rate is well adapted
to on body processing such as with a body worn computer. Sensors other than
solar cells may also be necessary for satisfactory location tracking.

This paper is structured as follows. The investigation of the office worker
scenario firstly considers radiant energy received by a solar module from a the-
oretical perspective. A single fluorescent light tube is modelled from which the
radiant energy in a number of interconnected corridors is extrapolated. This
model is then validated using a solar module mounted on a wheeled vehicle. The
same vehicle is then used to collect training data from which a second model
is developed that is specific to similar corridors. The second model is then val-
idated using further data. In the discussion the LuxTrace concept is analysed.

2 Simulation

2.1 Irradiance Modelling

Typical office buildings have windows, varying room architecture, colouring and
various ambient light sources, which influence the light intensity and frequency
components. These parameters may provide information for location estimation,
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when included in a radiant energy map and used as reference during indoor
navigation. In this first approach, we rely on information extracted from artificial
light sources only. More precisely, we consider in this analysis a hallway scenario
equipped with regular fluorescent light tubes installed in the ceiling at 2.5 meters
from the floor.

Theoretical Model. The source of radiant energy (emitter) creates a field
of radiant flux. Many emitters can be modelled as a point source at sufficient
distance. The total received flux per area is called Irradiance (W/m?). For the
following model, a fluorescent light tube will be approximated as a bounded
concatenation of point sources.

As the distance between fluorescent light tube and photovoltaic solar cell
(receiver) changes, so does the light intensity received at the cell (irradiance).
Irradiance Irpg at a distance r from a point source emitting radiant energy with
intensity Iy is related by the inverse square law [21]:

* I
Irps = CT—QO with ¢ = const. and Iy = const. (1)

For positioning in three-dimensional space the coordinate system x, y, z shown
in Figure [ will be used, with its origin at the centre of the tube 0(xo, yo, 20)-

z

0(xy, ¥o. z(ﬁ light tube
L ' ‘

-V / y A

X

Zg
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sensor: S (xg, yg., zg)

Fig. 2. Schematic for the theoretical model

In the particular case, where a receiver is positioned on a plane with zg =
const. near to the light tube, the irradiance is at maximum, if xg = x¢ and
ys = yo- This can be described as the total planar irradiance Irpg. In the
general case, for the irradiance at the solar cell sensor Ispg an arbitrary angle
¢ must be considered, with —90° < ¢ < 90° between the point source emitter
and the receiving sensor, related by the cosine law: Isps(p) = Irps * cos(y).

The distance r can be decomposed in the coordinate system by the three
coordinates positioning the solar cell S(zg,ys, zs) (Figure ) depending on the
position along the light tube (y-coordinate):
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r(y) = Vs? + (ys — y)? + 25 (2)

The cell irradiance from a point source Igps can be directly related to the
coordinate system, by inserting equation 2 into equation [}

cxIg*zg
52 + (ys — y)? + 25)3/?

Isps(y) = ( (3)

This relation can be used to simulate the irradiance from a solar cell move-
ment in any direction under light sources at arbitrary heights. The total irra-
diance Ig for a fluorescent light tube is found by integrating over the chain of
point sources (equation M) in y-direction:

YL YL

_ _ cx Iy * zg
IS - / ISPS dy - / (fL’Sz + (ys _ y)2 + 25')3/2 dy (4)

—yL —YL
The distance to the light source, e.g. z-component zg of S is assumed as
being constant. From the perspective in x-direction, the model assumes the light
tube as a point source. Hence, xg is constant. The total length of the light tube
is denoted by I. Hence, the integration limits are described by y;, = 1/2. Ig is
derived in units of W/m.

Practical Data Acquisition. The change in irradiance when varying the dis-
tance of a photovoltaic solar cell to the light emitter can be monitored by current
or voltage variation. Whilst current is directly proportional to irradiance, voltage
is less affected. It varies with the log of intensity:

V x in(Is)

For convenience of signal acquisition, solar cell voltage across a 10k{?2 resis-
tance was tracked. This resistance is sufficient in our case to ensure that voltage
was almost directly proportional to current (and irradiance) [22].

The log correction made does not change the general shape of the waveforms.
The resulting simulation graphs are depicted in Figure Bl For the simulation,
c=1and Iy = 5W/m? is used. These values are fitted with real measurements
to reflect size and type of the solar cells in the model. Since for this simula-
tion example the y-component of the movement is Ay = 0, the light tubes are
approximated as point sources.

Detection of Light Emitter. Figure [B] shows the expected waveform for a
straight trajectory equidistant to the walls down a corridor. The light tubes are
oriented at right angles to the trajectory and regularly distributed (see Figure
). Assuming a typical office building height of about 2.5 meters, the distance
zg from an adult shoulder to the ceiling mounted light sources will be about one
meter or less. The regular distance d, between the light tubes is greater than 2.5
meters. Using the theoretical model for the case of d;, = 2.5m and zg = 0.8m
there is a difference of 20% in the log irradiance from the minimum to maximum
value. Such a difference is sufficient to detect when the solar module is beneath
the tube.
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Fig. 3. Log corrected irradiance from three point sources at different ceiling heights

2.2 Environment Effects and Theoretical Model Limitations

The theoretical model does not consider indirect light, such as reflections at walls
and cupboards. Fortunately indirect light generally has an order of magnitude
less intensity than direct light, so this component of radiant energy has not been
included in the theoretical model.

The case of occluded direct light is familiar because it creates distinct shadows
hindering radiant energy reaching a sensor. For the intended application using
overhead light sources, the possible obstruction area is limited to objects in direct
connection with the light source, e.g. the box frame supporting the fluorescent
light tube or objects in the line of sight above the solar cell. As this model

does not cover human aspects in detail, the head as a possible obstacle is not
considered.

2.3 Theory Based Distance Model

In a second modelling step, a 3-dimensional environment for configurable light
distributions has been built for the majority of the corridors of our offices. With
this approach it is possible to simulate various building scenarios. It is used here
exclusively for a section of the corridor scenario.

For the following analysis a distribution of fluorescent light tubes according to
the simulated irradiance map in Figure d has been chosen. This situation reflects
part of a hallway from an existing office building. The scene consists of one long
walkway leading to offices and a connecting passage. The section has 3 identical
light tubes, equidistant with both walls, oriented in a perpendicular direction to
the main corridor access. The distance between the lights is d;, = 3.7m. There
are no windows or other significant sources of artificial light in the the scenario.
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Irradiance [W/m?]

Fig. 4. Example of a simulated irradiance distribution as 3D plot for the scenario

3 Experiments

The initial goal of the experiments was to verify the waveforms calculated in the
simulation. At the same time, measurement data were acquired for creating and
validating a trained model. This section details the measurement system used
and the data sets acquired. Experiments were carried out within the corridor in
which radiant energy had been simulated.

3.1 Sensing System

A measurement system based on a trolley (see Figure []) was built that allows
acquisition of the voltage from solar cells. The same set up was used for all
experiments. The solar module was positioned in a horizontal plane on top of
the trolley. Furthermore, a relatively constant distance zg between cell and flu-
orescent light tubes could be maintained, varying by a few millimetres due to
ground roughness under the wheels of the trolley for example.

The photovoltaic solar module used for the experiments is an amorphous
silicon thin film deposited on glas. The voltage of the solar cells was acquired
at 1kHz and 12 bit resolution using a standard data acquisition system.

To associate the acquired waveforms with actual distance down the corri-
dor, two approaches have been used: By using markers on a precisely measured
straight trajectory, the waveforms have been tagged. This measurement is con-

! Manufacturer: RWE SCHOTT Solar, model: ASI 3 Oi 04/057/050.
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sidered as being relatively precise but limited in resolution, since data could only
be collected practically every 50cm. Therefore a second distance measurement
method based on a bicycle dynamo and bicycle wheel appropriate was used. A
peak detection of the acquired voltage waveform from the dynamo generator was
used to determine the system speed. The accuracy of the wheel measured dis-
tance compared with the actual distance was always over 98%. Since this result
indicates satisfactory accuracy, the second method was used to acquire ground
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truth for subsequent experiments.
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3.2 Description of Experiments

The experiments were performed pushing the trolley at constant walking speed
(0.55ms™1). A straight trajectory was taken below the middle of the light tubes
as shown in Figure [6l The distance between the horizontal solar cell and the
fluorescent light tubes was zg = 73c¢m, the distance between the light tubes was
dL =3.Tm.

Irradiance at the solar module was measured over trajectories with distances
in the range of 2m to 10m. Each time the solar module passed under a tube, a
waveform peak was measured. A total of 14 such peaks were recorded.

4 Results

4.1 Theoretical Model Validation

The theoretical model used varied over the range of 0.4V to 3.3V whilst the
average of the measured values was in the range 0.1 to 2.7V. The error for
ten peak waveforms (see Figure [T]) was less than 0.3V with a confidence level
of 81%. Part of the error can be attributed to the theoretical model being for
a bare fluorescent light tube rather than the measured data which was for an
installed light tube including a reflective housing.

4.2 Distance Estimation

Distance information can be extracted from the amplitude of the waveform by
using a mapping between voltage and known distance from training data. To
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Fig. 7. Cumulated error of the simulation model compared to the average measured
voltage
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Fig. 8. Cumulated error of estimated distance by the empirical model

build the model, training data sets were segmented into single peak waveforms
and scaled to the known light to light distance of d; = 3.7m. This empirical
model was used in a simple mapping function which relates observed voltages
from the solar cell and the average distance under the light source.

Since the minimum and maximum amplitude of the test data varied in the
range of £10%, the empirical model did not provide information if the amplitude
was greater or less than the average curve. To improve the estimation, the last
available averaged speed information obtained with the same model was used
in these periods, without information from mapping, to support the distance
estimation. The average distance estimation error obtained with this method is
less than 18cm with a confidence of 83% over a distance of 7.4m (see Figure []).

5 Discussion

The assessment of whether solar modules could contribute to a location tracking
system can be based on relatively standardised topics. A location system assess-
ment taxonomy proposed by Hightower [23] includes scalability, cost, recognition
and limitations.

Scalability of the solar module system will depend on a number of factors
including amount of area with no distinct light source and superposition of ra-
diant energy from different sources. Another aspect that we consider as part of
scalability is the number of sensors. Given the relatively low cost of the solar
cells, it can be anticipated that a number of sensors could be used for each user.
It would then be possible with non co-planar solar modules positioned on the
user to support trilateration.
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The cost of the solar module system is a function of installation and mainte-
nance. Indoors, lights and on body computers (e.g. mobile phone) are generally
available; therefore the incremental hardware will only be the sensor node(s).
Installation software costs might include a location tracking program and a sim-
plified map of the building including light source locations. Incremental mainte-
nance costs of the system would be zero assuming that lighting infrastructure is
not changed and bulb replacement service(s) exist.

Recognition of the user context may be enhanced both by collecting further
data from the solar modules (e.g. light sources can be distinguished by frequency
and spectra) as well as including complementary sensors. A simple example of
a complementary sensor is an accelerometer or pedometer that would provide
information about user movement when he or she is not under sufficient incident
radiant energy.

Limitations of using solar modules for optical measurements compared with
using a charge coupled device (CCD) camera are much lower pixel rates. These
rates may be partly mitigated by the use of lateral effect photo-diodes [24[25].
Another mitigating factor with solar modules is their lower response times com-
pared with CCDs. Sensor response time can be important in virtual reality
applications for avoiding user nausea [26]. Further limitations are mentioned
in [22].

6 Conclusion and Future Work

In this paper, the LuxTrace concept of using solar cells as sensors has been
presented and one kind of solar cell characterised. For a scenario representative
of an office worker walking down a corridor, distance moved has been determined
within 18cm with a confidence level of 83%. The results provide evidence that
distance travelled and therefore instantaneous speed of a moving object can be
estimated satisfactorily using only the output of solar cells and a model based
on theory or acquired waveforms (empirical model). Indirectly these results also
support the case that a garment integrated location tracking system will be
achievable.

Based on these encouraging results, we intend to investigate a number of fur-
ther avenues. Both models are rudimentary and could be improved or replaced by
models based on probabilistic algorithms for example. Also, as solar modules are
low cost, a number of them could be used simultaneously in future experiments
to allow the estimation of orientation for example. Experiments with alternative
(flexible) solar cells, such as manufactured by VHF technologies [27], integrated
into clothing would enable location systems embedded into garments as well
as allow the influence of gait to be investigated. Finally, whilst the physical
limits of what can be achieved with solar modules are an intrinsically valuable
result, solar modules could also be combined with further (location tracking)
technologies.
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Abstract. This paper discusses a three step procedure to perform high
definition positioning by the use of low cost Bluetooth devices. The three steps
are: Sampling, Deployment, and Real Time Positioning. A genetic algorithm is
discussed for deployment optimization and a neural network for real time
positioning. A case study, along with experiments and results, are finally
discussed dealing with a castle in Sicily where many trials were carried out to
the end of arranging a positioning system for context aware service provision to
Vis1tors.

1 Introduction

Many pervasive computing applications rely on real time location to start and manage
interaction with people in a detected area. Time and space information are therefore
basic elements in arranging mobile context aware services which take into account
context factors such as who, why, where, when. Dealing with wide areas, multiple
interaction devices, such as remote multi-displays, could be available in one service
hall. In such cases a pervasive system can start interaction with who explicitly
addresses a selected device by means of some manual action on a touch screen or a
mouse, or by means of some voice sound. Nevertheless, there are some kinds of
application, as for instance advertising messages, which require interaction to start
autonomously. People who are around should be attracted by some customized
message exactly arranged on his personal profile and current position in a display
neighborhood.

We may feel some worry in looking at a pervasive system as a big brother;
however there is some convenience for us in customized services and furthermore,
such an interaction modality could be the one preferred by people, because it does not
require any manual action to be performed. Once preserved the not invasive
requirement of pervasive applications, it is undoubted that system proactive behavior
could be a general suitable approach to mobile human computer interaction.

Besides the problem of selecting the nearest interaction device, position aware
services may need to rely on position data which must be more accurate than simple
location. There are several pervasive applications indeed, which require a maximum
error in position coordinates to be kept very low, less than one meter for instance.
This is the case of a security system, which is arranged to protect an area around a

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 52-{62] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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precious artifact. There are also some cases which require additional position data,
like the human body compass angle. People who are looking at an object, as for
instance visitors who are looking at an artifact, or factory operators who are checking
some manufacturing process could be provided with context aware information which
take into account who is looking at what.

The above two basic positioning elements are to be used in conjunction with a
higher level point of view to allow a system to arrange those services someone may
expect in a given reality [1], [2], [3].

2 Why Bluetooth

We used Bluetooth (IEEE802.15.1) in our positioning experiments because of two
main reasons. One is that Bluetooth technology is widely implemented in
cellular/smart phones, thus being something quite chip and wearable, and therefore
very easy to own. The other reason is that the Bluetooth (BT) technology embedded
in cellular phones, allows distances to be estimated by link quality values within a BT
covered area which we can suppose to be a 30~40 m. circle approximately. We have
also to mention some problems encountered in using cellular embedded Bluetooth
devices which mostly deal with BT service implementation by different brand
factories. In many cases we had to deal with compatibility problems or service
restrictions.

However, given the Bluetooth amazing commercial success, we can hope in near
future to deal with standardized Bluetooth services.

Actually, WiFi (IEEE802.11x) can also be used for positioning, as well as any
other RF communication technology which provides link quality values.
Nevertheless, most of positioning problems which come from link quality measure
unreliability, can be discussed with similar considerations for a class of technologies.
Therefore, apart some different featuring specifications, discussions on Bluetooth can
be considered as representative of a group of communication technologies which are
capable of providing positioning information.

Fig. 1. An Iso-LQ curve
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An actual problem of positioning by RF communication technologies comes from
estimating distances on link quality measurements, which are affected by a high
degree of uncertainty. Measured RF link quality equal values actually draw a region
which is very unlikely to be a circle because of obstacles and noises. Therefore,
position estimation by triangulation, even performed on more than three reference
nodes, cannot be accurate. An irregular-shaped region around a RF terminal (Fig. 1) is
a more realistic case to be tackled by means of methods which are capable of dealing
with uncertainty and site depending solutions.

Distance estimation between a mobile device and a number of reference devices
whose location is known is a research topic of several approaches [4]. Some
contributions can be found in literature with the end of arranging solutions to be free
from site noises.

Among these, ActiveBats [5] and Cricket [6] are based on ultrasound time-of-flight
lateration, with an accuracy of few cm or less. The time-of-flight method estimates
distance between a moving object and a fixed point by measuring the time a signal
takes to travel from the object and the fixed point at a known speed. This method
could be a good one because time of flight and distance have a reliable relationship.
The actual problem is in clock accuracy requirement. A 1 ps error in timing leads to a
300 m error in distance estimation.

The Ascension Technology MotionStar system [7] is based on magnetic sensors
moving in a magnetic field around their source. This system provides a very high
accuracy but needs very expensive hardware.

RX power level positioning method is quite similar to TOA positioning. Both
methods locate mobile devices on the intersection of three (or more) circles. The
circles radius is evaluated on the measured strength of received signals, thus assuming
a direct relationship between signal strength and distance which unfortunately, as said
above, can be affected by obstacles and noises.

The Angle Of Arrival (AOA) method processes the direction of a received signal.
Position is estimated by triangulation when two reference devices at least measure the
signal angle of arrival from a mobile device [8]. This method obviously requires some
expensive hardware to evaluate angles of arrival.

The Cell Identity (CI) method looks at the network as divided into cells, each cell
being the radio coverage area of a single reference device. A mobile device connected
to a given reference device is assumed to be inside its cell. Cells overlapping and
connectivity-induced geometric constraints can improve accuracy [8]. One more time,
as mentioned above, radio coverage cannot be assumed to be a circle and therefore
accuracy cannot be high.

3 Bluetooth Positioning

Hallberg et al. [9] developed two different methods based on BT Received Signal
Strength Indicator (RSSI) values: the direct method, which requires a BT device to be
programmed, and the indirect method, without any programming being needed. The
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first one gives a good accuracy by programmable hardware. The second one is
cheaper, but its accuracy is very poor, with a worst-case error of 10 meters.

SpotOn [10] and MSR RADAR [11] are based on RF signal power level
measurement. They process the RSSI (Received Signal Strength Information) value to
give an accuracy of 3-4 meters or more.

The BT Local Positioning Application (BLPA) [12] uses RSSI values to feed an
extended Kalman filter for distance estimation. A good accuracy is achieved only by
theoretical RSSI values, while unreliability of actual values gives unreliable distance
estimation. The BT Indoor Positioning System (BIPS) [13] is designed for tracking
mobile devices in motion inside a building. The BIPS main task is real-time tracking
of visitors in a building. This led researchers to deal mainly with timing and device
discovering, thus achieving an accuracy of 10 meters.

Finally, Michael Spratt [14] proposed the Positioning by Diffusion method based
on information transferred across short-range wireless links. Distance estimation is
achieved by geometric or numeric calculations.

4 Three Step BT Positioning

BT devices measure RX power level by using both RSSI and Link Quality (LQ)
parameters. These are implemented in the BT module and can be read through HCI
(Host Controller Interface) commands [15]. LQ is a quite reliable parameter for
distance estimation, differently RSSI only allows to know whether a device is in a
given base station power range or not [16]. The use of LQ is recommended by the BT
standard specifications, so it is available on most commercial devices. LQ represents
the quality of a link in a range from 0 to 255, and a correlation can be assumed
between distances and LQ values. We know LQ values are not reliable in measuring
distances. Therefore, we need to avoid geometrical concerns and let a BT positioning
system to take advantage from LQ values to be processed according to their site
depending specificity. Here we discuss a three step procedure which turned out to be
capable of providing high definition positioning by the use of low cost BT devices.
The three steps are: site LQ sampling, BT base station deployment, and finally, real
time positioning.

4.1 Positioning Step 1: Site Sampling

The end of this step is to collected a first sample of LQ measures to allow us to attach
a set of LQ ranges to each cell. A range is a set of three values: the lowest, the highest
and the mean value of all LQ values measured in a cell from a given BT base station
in one point.

The site we investigated is the Manfredi’s Castle in Mussomeli - Italy (Fig. 2a),
whose map is sketched in Fig. 2b. We split the tourist area in a number of cells, which
are rooms, roads, and areas around artifacts. There are two cell types: cells that
represent rooms, parts of large rooms, or parts of roads; and cells which represent
sub-areas around columns, portals, or other artifacts. We assumed an irregular
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Fig. 2a. Manfredi’s Castle in Mussomeli (Italy)
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Fig. 3. Cells layout

quadrilateral shape for the first kind of cell, a width (typically a diagonal), and a
maximum error of 1 meter. Differently, we assumed a circular shape for the second
type, a diameter of 2 meters, and a maximum error of 0.5 meters.

Fig. 3 sketches the cells layout. Blue points are centers of circular cells; red points
are places where Bluetooth base stations (BT-BS) are allowed to be put.

The analysis of this first set of measures suggested us some considerations. One is
that is very hard to find any correlation between obstacles and link quality. Some
walls turned out to stop BT coverage; other walls seemed to be glass or air. Only very
deep walls or floors turned out to completely stop BT coverage. For instance, BT-
BS’s which were placed in lower floor areas, did not read any LQ value from mobile
terminals (BT-MT) moving on higher floor areas, and vice-versa.

Mainly due to the end of dealing with indoor and outdoor areas separately, we
decided to split the site area in two sub-areas (green dotted line in Fig. 3). The results
of these measurements are in a matrix whose generic (i,j) element contains a LQ
values range measured from the BT-BS at the i" position to the BT-MT moving
within the j cell. A range can also be read as an estimation of the maximum
theoretical accuracy in a cell (8 LQ units in a 2 m. cell cannot give an accuracy
greater than 2/8 m.). A generic (i,j) range set to [0,0] tells us that the BT-BS placed at
the i™ position cannot detect any BT-MT in the j" cell. Table 1 shows part of the
output file, where rows are for Ng possible stations, and columns are for N, areas.
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Table 1. LQ Ranges

1 2 Na-1 Na
1 0,0 160,165 161,185 163,175
2 0,0 180,188 195,230 201,255
Ns-1 210,212 190,205 0,0 145,156
Ns 240,250 181,185 0,0 0,0

4.2 Positioning Step 2: BT Base Station Deployment

Several BT positioning experiments were carried out according to different
positioning methods, namely triangulation [16], fuzzy logic [17] and neural network.
A common result of these experiments is that positioning accuracy can be heavily
affected by erroneous arrangements of the available base stations. Actually, we are
unlikely to be allowed to put a base station in the middle of a room, for instance, and
further constraints may come when dealing with a heritage site; base stations should
be invisible and only selected places are available. Therefore, a relevant step in
arranging a BT positioning system should be to optimize BT-BS deployment in a
subset of places which are the only ones permitted by site specific constraints. The
problem can be enounced in the following terms: given the total number of places
where a base station can be put, select a minimal subset which allows the system to
evaluate the position of a BT mobile terminal in any part of the site, with the highest
accuracy degree.

Many optimization methods can be used to this end; we used a genetic algorithm
because of its easy scalability. Each possible deployment is represented by an
individual chromosome of a population. A chromosome has as many genes as places
where BT-BS can be put. Each gene represents a possible BT-BS position, which can
be set either to true if a BT-BS is placed in that position, or to false.

flelefefefefefefe]-]- tlf[efefef[fle[f]

Fig. 4. Deployment Chromosome

An acceptable solution has to return a deployment layout whose coverage is unique
for all areas, also achieving a required accuracy.

An optimal solution maximizes coverage quality, and minimizes the number of
BT-BS required. The quality index of each station-area couple (s,a) is defined by the
ratio (1) with n, being the number of sub-areas to be singled out by positioning.
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Each deployment chromosome includes a number of BT-BS, along with their ¢;,
value. The chromosome quality takes into account all g, , values, which represent the
contribution of each BT-BS s to the whole chromosome quality.

4.2.1 Some Genetic Algorithm Details

We start generating a population of 50 chromosomes and assigning each gene a
probability p to be included in a chromosome. Each chromosome is checked for
acceptability and fitness value.

Once the initial population is generated, evolution starts. A maximum of 10
chromosomes are killed each step (20% of population) depending on age. Each
chromosome has a percentage probability to die which is equal to its age. So, if a
chromosome is 20, it has a 20% probability to die. A constant number of surviving
chromosomes are then coupled to generate new chromosomes thus replacing the
killed ones. Coupling is performed according to a one-point-crossover and alternating
gene exchange (one time the initial part and one time the final part). The evolution
steps are repeated 1000 times.

A best solution is detected at each evolution step, and eventually it replaces the
previous one if better. At the end of the process an absolute best solution is singled
out.

4.2.2 Experiment Results
Here we discuss the experiments carried out in the upper area of the Mussomeli’s
castle. We split the area in 16 quadrilateral cells and 6 circular cells (Fig. 5). Results

o

% &

s

Fig. 5. Castle’s upper area layout and coverage. Areas in different levels are sketched side by
side
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Table 2. Upper Area BT-BS Deployment Selection

Initial Maximum allowed error
probability Quadrilateral Circular Fitness BT-BS
(%) areas areas

1 0,5 0,14 10
10 0,75 0375 | - | -
0,5 025 | - | e
0,25 (R e

1 0,5 0,13 12
15 0,75 0375 | - | -
0,5 025 | - | e
0,25 (R e

1 0,5 0,17 10

20 0,75 0,375 0,16 11
0,5 025 | - | -
0,25 0,125 | e | e

1 0,5 0,12 12

25 0,75 0,375 0,11 15
0,5 025 | - | @ -
0,25 0,125 | @ -meeem | emeeee

1 0,5 0,11 14

30 0,75 0,375 0,11 16
0,5 025 | - |
0,25 0,125 | = e | e

are shown in Table 2. First column lists the probability for a gene in a chromosome to
be “t”; second column lists the maximum allowed error (in meters) for each cell type,
third column lists fitness values, and fourth column lists the number of BT-BS’s
deployed by a solution.

Table 2 tells us that a minimal number of ten BT base stations could be effective
for the investigated area, thus achieving an accuracy of 1 m. for rooms and 0.5 m. for
cells around artifacts. Some better accuracy can be achieved at the cost of deploying a
greater number of base stations.

4.3 Positioning Step 3: Real Time Positioning by Neural Network

The high degree of uncertainty entailed by LQ values leads to the high complexity of
their relationships with mobile device position. As previously remarked, positioning
needs most to relay on site dependent solutions and not to deal with geometric laws.
Each site has its own obstacles and environment noises which affect LQ measures;
therefore, we need to assume each LQ value as specific for a given place. A
positioning system need to learn LQ values as they are, without any concern with
distances between BT-MT and BT-BS.

A Neural network is a solution in such a direction. A neural network can learn the
LQ distribution, tune its weights, and then, be ready to provide real time position fast
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estimates. We also carried out some experiments by means of fuzzy logic which gave
good results in terms of accuracy. Unfortunately, fuzzy algorithm computational
complexity turned out to be high for real time positioning. Differently the neural
network turned out to be very fast.

Experiments were carried out on a single-layer neural network with n inputs, one
output, a linear activation function and no hidden layer. This simple network gives its
output as (2) , where x; are inputs and w; are weights. Input is a m-dimensional array
of LQ raw values, and no preliminary processing is required. We started our
experiments with 10 base stations which we placed within the castle upper area
according to a deployment given by the genetic algorithm.

y=ijxj+¢9 )
J

The training set is given by the LQ values read by mobile devices placed in 5
known positions. Once trained, the network gives a good accuracy with a maximum
relative error of 3% of the theoretical accuracy produced by the deployment
optimization step.

5 Conclusions

This paper demonstrates the relevance of arranging a Bluetooth positioning system
according to a three step procedure: sampling, deployment optimization, and neural
network real time positioning. The first step suggested us to avoid geometrical
strategies because of the unpredictability of how obstacles and noises can affect link
quality. The second step demonstrates that a theoretical accuracy can be set according
to an optimal base station deployment. The third step proved the effectiveness of a
neural network especially as far as real time positioning is concerned.

Our best result, in a case study on positioning in a castle, was 10 base stations and
accuracy better than 0.5 meters. Even better accuracy can be achieved according to
different problem setup, for instance, by increasing the number of base stations to be
deployed. The used approach gave solutions which were specific for the castle
problem; nevertheless, the same approach can be used for detecting optimal
arrangements of Bluetooth base stations for positioning in any area, as well as for
using any other RF communication technology which is capable of providing link
quality values.

Layout optimization should be considered an unavoidable step for positioning.
Once base station deployment has been optimized, various methods can be adopted
for actual positioning.
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Abstract. In this paper, we present a robust, decentralized approach to RF-based
location tracking. Our system, called MoteTrack, is based on low-power radio
transceivers coupled with a modest amount of computation and storage capa-
bilities. MoteTrack does not rely upon any back-end server or network infras-
tructure: the location of each mobile node is computed using a received radio
signal strength signature from numerous beacon nodes to a database of signa-
tures that is replicated across the beacon nodes themselves. This design allows
the system to function despite significant failures of the radio beacon infrastruc-
ture. In our deployment of MoteTrack, consisting of 20 beacon nodes distributed
across our Computer Science building, we achieve a 50" percentile and 80"
percentile location-tracking accuracy of 2 meters and 3 meters respectively. In
addition, MoteTrack can tolerate the failure of up to 60% of the beacon nodes
without severely degrading accuracy, making the system suitable for deployment
in highly volatile conditions. We present a detailed analysis of MoteTrack’s per-
formance under a wide range of conditions, including variance in the number of
obstructions, beacon node failure, radio signature perturbations, receiver sensi-
tivity, and beacon node density.

1 Introduction

Using radio signal information from wireless transmitters, such as 802.11 base stations
or sensor network nodes, it is possible to determine the location of a roaming node with
close to meter-level accuracy [1L2]]. Such RF-based location tracking systems have a
wide range of potential applications. We are particularly concerned with applications
in which the robustness of the location-tracking infrastructure is at stake. For example,
firefighters entering a large building often cannot see due to heavy smoke coverage and
have no a priori notion of building layout. An RF-based location tracking system would
allow firefighters and rescuers to use a heads-up display to track their location and
monitor safe exit routes [3]]. Likewise, an incident commander could track the location
of multiple rescuers in the building from the command post. Such capabilities would
have greatly improved FDNY rescue operations on September 11, 2001, according to
the McKinsey reports [4].

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 63-82] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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We note that our system needs to be installed and calibrated before it can be used.
We consider this part of bringing a building “up to code”, similar to installing smoke
detectors, fire and police radio repeaters in high-rise buildings, and other such safety
devices. For scenarios where an offline calibration is infeasible (e.g. because the emer-
gency is in a remote location such as a field, highway, etc.), our scheme as described in
the paper is not appropriate. It remains an open research question how to address this
issue, and we provide some suggestions in the future work section.

RF-based location tracking is a well-studied problem, and a number of systems have
been proposed based on 802.11 [[1,5,16412,[7] or other wireless technologies [8]]. To date,
however, existing approaches to RF-based localization are centralized (i.e., they require
either a central server or the user’s roaming node, such as PDA or laptop, to compute
the user’s location) and/or use a powered infrastructure. In a fire, earthquake, or other
disaster, electrical power, networking, and other services may be disabled, rendering
such a tracking system useless. Even if the infrastructure can operate on emergency
generator power, requiring wireless connectivity is impractical when a potentially large
number of wireless access points may themselves have failed (e.g., due to physical
damage from fire).

In addition, most previous approaches are brittle in that they do not account for
lost information, such as the failure of one or more transmitters, or perturbations in RF
signal propagation. As such, existing approaches are inappropriate for safety-critical
applications, such as disaster response, in which the system must continue to operate
(perhaps in a degraded state) after the failure of one or more nodes in the tracking
infrastructure.

In this paper, we present a robust, decentralized approach to RF-based localization,
called MoteTrack. MoteTrack uses a network of battery-operated wireless nodes to mea-
sure, store, and compute location information. Location tracking is based on empirical
measurements of radio signals from multiple transmitters, using an algorithm similar to
RADAR [1]]. To achieve robustness, MoteTrack extends this approach in three signifi-
cant ways:

— First, MoteTrack uses a decentralized approach to computing locations that runs on
the programmable beacon nodes, rather than a back-end server.

— Second, the location signature database is replicated across the beacon nodes them-
selves in a fashion that minimizes per-node storage overhead and achieves high
robustness to failure.

— Third, MoteTrack employs a dynamic radio signature distance metric that adapts to
loss of information, partial failures of the beacon infrastructure, and perturbations
in the RF signal.

In our deployment of MoteTrack, consisting of 20 beacon nodes distributed over
one floor of our Computer Science building, we achieve a 50" percentile and 80*" per-
centile location-tracking accuracy of 2 meters and 3 meters respectively, which is simi-
lar to or better than other RF-based location tracking systems. Our approach to decen-
tralization allows MoteTrack to tolerate the failure of up to 60% of the beacon nodes
without severely degrading accuracy, making the system suitable for deployment in
highly volatile conditions. We present a detailed analysis of MoteTrack’s performance
under a wide range of conditions, including variance in the number of obstructions,
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beacon node failure, radio signature perturbations, receiver sensitivity, and beacon node
density.

2 Background and Related Work

A number of indoor location tracking systems have been proposed in the literature,
based on RF signals, ultrasound, infrared, or some combination of modalities. Our goal
is to develop a system that operates in a decentralized, robust fashion, despite the fail-
ure of individual beacon nodes. This robustness is essential in order for the system to
be used in disaster response, firefighting, or other critical applications in which a cen-
tralized approach is inappropriate.

As mentioned previously, RF-based location tracking has been widely studied [1,19
100114184 112415416,12]]. Given a model of radio signal propagation in a building or other
environment, received signal strength can be used to estimate the distance from a trans-
mitter to a receiver, and thereby triangulate the position of a mobile node [13]]. However,
this approach requires detailed models of RF propagation and does not account for vari-
ations in receiver sensitivity and orientation.

An alternative approach is to use empirical measurements of received radio signals
to estimate location. By recording a database of radio “signatures” along with their
known locations, a mobile node can estimate its position by acquiring a signature and
comparing it to the known signatures in the database. A weighting scheme can be used
to estimate location when multiple signatures are close to the acquired signature. All of
these systems require that the signature database be collected manually prior to system
installation, and rely on a central server (or the user’s mobile node) to perform the
location calculation.

Several systems have demonstrated the viability of this approach. RADAR [1]] ob-
tains a 75" percentile location error of just under 5 meters, while DALS [[12] obtains an
87" percentile location error of about 9 meters. These basic schemes have also been ex-
tended to improve accuracy for tracking moving targets [9]. MoteTrack’s basic location
estimation uses a signature-based approach that is largely similar to RADAR. Our goal
is not to improve upon the accuracy of the basic signature-based localization scheme,
but rather to improve the robustness of the system through a decentralized approach.

Ultrasound-based systems, such as Cricket [14}[15] and the Active Bat [16]], can
achieve much higher accuracies using time-of-flight ranging. However, these systems
require line-of-sight exposure of receiver to ultrasound beacons in the infrastructure,
and may require careful orientation of the receiver. Such an approach is acceptable for
infrequent use by unencumbered users in an office environment, but less practical for
rescue workers. A multimodal system would be able to achieve high accuracy when
ultrasound is available and well-positioned, and fall back on less-accurate RF signal
strength otherwise. Infrared-based systems, including the Active Badge [17], can lo-
calize a user to a specific area with direct line-of-sight exposure to the IR beacon, but
suffer errors in the presence of obstructions and differing light and ambient IR levels
(as in a fire).
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2.1  MoteTrack Goals and Challenges

We first define what we mean by robustness with respect to location tracking. Signature-
based localization schemes require a set of base stations, generally at fixed locations,
to either transmit periodic beacon messages or receive signals from mobile nodes. One
form of robustness, then, is graceful degradation in location accuracy as base stations
fail (say, due to fire, electrical outage, or other causes).

Another form of robustness is resiliency to information loss. For example, a mobile
node may be unable to communicate with an otherwise active base station, due to poor
antenna orientation, multipath fading, interference, or other (perhaps transient) effects.
If the tracking system assumes complete information when comparing RF signatures,
this partial information loss may lead to large errors.

A third type of robustness has to do with perturbations in RF signals between the
time that the signature database was collected and the time that the mobile node is using
this information to estimate location. Due to the movement of base stations, furniture,
opening or closing of doors, and other environmental conditions, an RF signature may
no longer be valid after it has been initially acquired. The tracking system should work
well even in the presence of this kind of variance in the received RF signals.

The final type of robustness has to do with the location estimation computation it-
self. As mentioned before, most of the previous work in this area has employed a central
server to collect RF signatures and compute a mobile node’s location. This approach
is clearly undesirable since this server is a single point of failure. Traditional fault-
tolerance schemes, such as server failover, are still susceptible to large-scale outages of
electrical power or the wired network infrastructure.

Given these goals, a number of challenges arise that we wish to address through
MoteTrack. First, the collection of RF signatures and location calculation must be re-
silient to loss of information and signal perturbation. This requires a signature distance
metric that takes loss into account, avoiding explosion of error when one or more base
stations cannot be contacted.

Another set of challenges has to do with decentralizing the location tracking system.
One approach is to allow the base station nodes themselves to perform location estima-
tion, rather than relying on a central server. This leads to questions about the required
resources and cost of the base stations, and whether they can be readily programmed to
provide this functionality. An alternative is to allow the mobile device to perform loca-
tion estimation directly. In its simplest form, the entire RF signature database could be
stored on the mobile node. In cases where a mobile user only carries a small RF beacon
or listener (e.g., embedded into a firefighter’s equipment), this may not be feasible.

3 MoteTrack Overview

In this section we give an overview of the MoteTrack system, shown in Figure [Tl Mote-
Track is based on low-power, embedded wireless devices, such as the Berkeley Mica2
sensor “mote.” The advantages of this platform over traditional 802.11 base stations
are that Mica2 motes are inexpensive, small, low-power, and (most importantly) pro-
grammable — we can easily push new programs and data to each device via their radio.
However, the MoteTrack approach could be readily applied to other wireless networks
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Fig. 1. The MoteTrack location system. B1, B2, and B3 are beacon nodes, which broadcast
beacon messages at various transmission powers (pl, p2, etc.). Each beacon node stores a subset
of all reference signatures. M is a mobile node that can hear from all three beacon nodes. It
aggregates beacon messages received over some time period into a signature. The areas marked
by red perimeters indicate the reachability of beacon messages from the corresponding beacon
node

based on 802.11, Bluetooth, or 802.15.4, given the ability to program base stations ap-
propriately.

In MoteTrack, a building or other area is populated with a number of Mica2 motes
acting as beacon nodes. Beacon nodes broadcast periodic beacon messages, which con-
sist of a tuple of the format {sourceID, powerLevel}. sourcelD is the unique identifier
of the beacon node, and powerLevel is the transmission power level used to broadcast
the message. Each mobile node that wishes to use MoteTrack to determine its location
listens for some period of time to acquire a signature, consisting of the set of beacon
messages received over some time interval. Finally, we define a reference signature as
a signature combined with a known three-dimensional location (z, y, z).

The location estimation problem consists of a two-phase process: an offline col-
lection of reference signatures followed by online location estimation. As in other
signature-based systems, the reference signature database is acquired manually by a
user with a laptop and a radio receiver. Each reference signature, shown as gray dots
in Figure [T} consists of a set of signature tuples of the form {sourcelD, powerLevel,
meanRSSI}. sourcelD is the beacon node ID, powerLevel is the transmit power level
of the beacon message, and meanRSSI is the mean received signal strength indication
(RSSI) of a set of beacon messages received over some time interval. Each signature is
mapped to a known location by the user acquiring the signature database.

In MoteTrack, beacon nodes broadcast beacon messages at a range of transmission
power levels. Using multiple transmission power levels will cause a signal to propagate
at various levels in its medium and therefore exhibit different characteristics at the re-
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ceiver. In the most extreme case, a slight increase in the transmission power may make
the difference between whether or not a signal is heard by a receiver. Varying transmis-
sion power therefore diversifies the set of measurements obtained by receiving nodes
and in fact increases the accuracy of tracking by several meters in our experiments (see
Section [6.4)).

3.1 Location Estimation

Given a mobile node’s received signature s and the reference signature set R, the mobile
node’s location can be estimated as follows. (In this section, we discuss the approach as
though it were centralized; in Section ] we present our decentralized design.) The first
step is to compute the signature distances, from s to each reference signature r; € R.
We employ the Manhattan distance metric,

M(r,s) = Z |meanRSSI(t), — meanRSSI(t)s|
teT

where T is the set of signature tuples represented in both signatures, and meanRSSI (t),
is the mean RSSI value in the signature tuple ¢ appearing in signature r. Other dis-
tance metrics, such as Euclidean distance, can be used as well. In our experiments,
the Manhattan and Euclidean distance metrics both produced very similar results, and
the Manhattan distance is very efficient to compute on nodes with low computational
capabilities.

Given the set of signature distances, the location of a mobile node can be calculated
in several ways. The simplest approach is to take the centroid of the geographic location
of the k nearest (in terms of signature space) reference signatures. By weighting each
reference signature’s location with the signature distance, we bias the location estimate
towards “nearby” reference signatures. While this method is simple, using a fixed value
for k£ does not account for cases where the density of reference signatures is not uniform.
For example, in a physical location where few reference signatures have been taken,
using the k nearest reference signatures may lead to comparison with signatures that
are very distant.

Instead, we consider the centroid of the set of signatures within some ratio of the
nearest reference signature. Given a signature s, a set of reference signatures R, and the
nearest signature r* = arg min,c M(r, s), we select all reference signatures r € R
that satisfy

M(r,s)
M(r*,s)

for some constant c. The geographic centroid of the locations of this subset of reference
signatures is then taken as the mobile node’s position. We find that small values of ¢
work well, generally between 1.1 to 1.2 (see Section [6.9). In this paper, we choose a
specific, empirically-determined value for c. An interesting future research question is
how this parameter can be determined automatically.
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4 Making RF-Based Localization Robust

In this section, we describe our approach to making RF location tracking robust to
beacon node failure and signal perturbations. MoteTrack must ensure that there are no
single points of failure and that the location estimation algorithm can gracefully handle
incomplete data and failed nodes.

We address the first requirement by making our system completely decentralized.
The location estimation protocol relies only on local data, local communication between
nodes, and involves only currently operational nodes. The reference signature database
is carefully replicated across beacon nodes, such that each beacon node stores a sub-
set of the reference signatures that is carefully chosen to maximize location tracking
accuracy.

We address the second requirement by using an adaptive algorithm for the signature
distance metric that accounts for partial failures of the beacon node infrastructure. Each
beacon node dynamically estimates the current fraction of locally failed beacon nodes
and switches to a different distance metric to mitigate location errors caused by these
failures.

4.1 Decentralized Location Estimation Protocol

Given a mobile node’s signature s and a set of nearby beacon nodes contained in s,
the first question is how to compute the mobile node’s location in a way that only
relies upon local communication. We assume that each beacon node stores a slice of
the reference signature database (which may be partially or wholly replicated on other
nodes). Using Mica2 motes as the beacons, the limited storage capacity (128KB ROM
and 4KB of RAM) implies that the entire database will not generally be replicated
across all beacon nodes.

In MoteTrack, a mobile node first acquires its signature s by listening to beacon
messages, and then broadcasts s, requesting that the infrastructure send it information
on the mobile node’s location. One or more of the beacon nodes then compute the
signature distance between s and their slice of the reference signature database, and
report either a set of reference signatures to the mobile node, or directly compute the
mobile node’s location. Each of these designs is discussed in turn below.

k Beacon Nodes Send their Reference Signature Slice. In this first design, the mobile
node broadcasts a request for reference signatures and gathers the slices of the reference
database from £ nearby beacon nodes. The mobile node then computes its location using
the received reference signatures. While this approach can be very accurate, it requires
a great deal of communication overhead. An alternative is to limit the amount of data
that is transferred by contacting only n < k nearby beacon nodes, requesting that each
one only send the m reference signatures that are closest (in terms of signature distance)
to s. For example, the mobile node can query the n beacon nodes with the largest RSSI
value in s.

k Beacon Nodes Send their Location Estimate. An alternative to the previous design
allows each of the k beacon nodes to compute its estimate of the mobile node’s location
using its own slice of the reference signature database. These k location estimates are
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then reported to the mobile node, which can compute the “centroid of the centroids”
according to its RSSI to each beacon. The mobile node simply transmits its signature s
and receives k location estimates.

While this version has reasonable communication overheads, our initial evaluations
indicated that it does not produce very accurate location estimates. The problem is that
for k greater than one or two, some of the beacon nodes are too far from the mobile
node and therefore do not store a very relevant set of reference signatures. Since this
design does not seem to perform well, we abandoned it for the design described in the
next section.

Max-RSSI Beacon Node Sends its Location Estimate. Our third and final design
combines the advantages from the first two to obtain both low communication overhead
and accurate location estimates. In this design, we assume that the most relevant (closest
in signature space) reference signatures are stored on the beacon node with the strongest
signal. The mobile node sends a request to the beacon node from which it received the
strongest RSSI, and only that beacon node estimates the mobile node’s location. As
long as this beacon node stores an appropriate slice of the reference signature database,
this should produce very accurate results. The communication cost is very low because
only one reply is sent to the mobile node containing its location coordinates.

4.2  Distributing the Reference Signature Database to Beacon Nodes

Using the decentralized protocol described above, beacon nodes estimate locations
based on a partial slice of the entire reference signature database. Therefore it is crucial
that the reference signatures are distributed in an “optimal” fashion. In addition, we
wish to ensure that each reference signature is replicated across several beacon nodes
in case of beacon node failures. We use two algorithms for database distribution, which
we refer to as greedy and balanced.

Greedy Distribution Algorithm. The greedy algorithm has one parameter:
maxRefSigs, which specifies the maximum number of reference signatures that each
beacon node is willing to store locally. The algorithm operates by iteratively assign-
ing reference signatures to beacon nodes as follows. For each signature, a given beacon
node accepts and stores the signature if (1) it is currently storing fewer than
maxRefSigs or if (2) the new reference signature contains a greater RSSI value for
the beacon node in question.

The advantages of the greedy approach are simplicity and no requirement for global
knowledge or coordination between nodes. For example, beacon nodes can be updated
individually without affecting the signatures stored on other beacon nodes.

Balanced Distribution Algorithm. One of the problems with the greedy algorithm is
that some reference signatures may never get assigned to a beacon node, while others
may be replicated many times. The balanced algorithm tries to strike a balance between
pairing each beacon node with its closest reference signature, while evenly distributing
reference signatures across beacons. This is a variant of a stable marriage algorithm. To
ensure that no reference signature is paired with too many beacon nodes, the algorithm
prevents the match if either the current reference signature or beacon node have been
assigned two more times than any other reference signature or beacon node.
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The advantage of the balanced algorithm is that it can ensure balanced distribution
of reference signatures while attempting to assign reference signatures to their closest
beacon nodes. The disadvantage is that it requires global knowledge of all reference
signature and beacon node pairings, and is therefore only appropriate for an offline,
centralized initialization phase. If one wishes to update a small set of the beacon nodes,
a complete reassignment involving all nodes and reference signatures may have to take
place.

The pseudocode for both algorithms can be found in the technical report [18]].

4.3  Adaptive Signature Distance Metric

Given that we do not expect the set of signature tuples represented in the reference
signature r and mobile node’s signature s to be identical, there is a question about how
to account for missing data in one signature or the other. If » contains a signature tuple
not found in s, this can be due to s being taken at a different location in the building,
or the failure of a beacon node. Taking the intersection of the beacon set in  and s
is not appropriate, because we wish to capture the low intersection in cases where one
signature is largely dissimilar to another.

First, we consider the case with no beacon node failures. In this instance, missing
tuples between two signatures indicates that they are at different locations. We define
the bidirectional signature distance metric as:

Myidgirectional(T,8) = M(r,s) + Z meanRSSI(t)s + Z meanRSSI(t),

te(s—r) te(r—s)

That is, each RSSI tuple not found in (r U s) adds a penalty to the distance that
is proportional to that signature’s RSSI value. We determined empirically that value
between 0.95 and 1.0 work well for .

This distance metric is appropriate when few beacon nodes have failed, since it
penalizes for all RSSI tuples not found in common between r and s. In case of beacon
node failures, however, a larger number of RSSI tuples will appear in the set (1 — s),
leading to an explosion of error. To minimize the errors introduced from failed nodes,
we define the unidirectional distance metric:

Munidirectional(r7 S) = M(T, 3) + ﬁ Z meanRSSI(t)s

te(s—r)

which only penalizes tuples found in s (the mobile node’s signature) and not in r (a
reference signature). Assuming that the reference signatures were acquired while all
beacon nodes are operational, the unidirectional metric only compares signatures be-
tween operational nodes.

As an example, consider the following signatures:

r N

BN T, RSSI 20 BN 1, RSSI 45 Myidirectionar = |20 = 45| +190 — 60|
BN 2, RSSI 15 +15 470
BN 3’ RSSI70 Munidirectiunal - ‘20 - 45' + ‘90 - 60|

BN 4, RSSI 90 BN 4, RSSI 60
+15
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For simplicity, we do not show multiple power levels in this example. As we will
see in Section[6.9] when few beacon nodes have failed, the bidirectional distance metric
achieves greater accuracy than the unidirectional metric, because its comparison space
is larger. With the unidirectional metric, only operational beacons are considered, but
overall accuracy is diminished when few beacon nodes have failed.

Therefore, we employ an adaptive scheme that dynamically switches between the
unidirectional and bidirectional metrics based on the fraction of local beacon nodes that
have failed. Beacon nodes periodically measure their local neighborhood, defined as
the set of other beacon nodes that they can hear. This neighborhood is compared to the
original neighborhood (measured shortly after the system has been installed or recon-
figured). If the intersection between the current and original neighborhoods is large, the
bidirectional distance metric is used, achieving higher accuracy. If the fraction of failed
nodes exceeds some threshold, the unidirectional distance metric is used instead.

This approach makes two assumptions. The first assumption is that the connectivity
between beacon nodes does not change substantially over time. To mitigate this prob-
lem, we only include a beacon node in the original neighborhood if its RSSI is above
some threshold. However, for the current neighborhood we include all beacon nodes
regardless of RSSI, and that exist in the original neighborhood. Note that we only in-
clude a beacon node if it exists in the original neighborhood. This will eliminate cases
when a beacon node’s signal temporarily reaches more nodes. The second assumption
is that there are no beacon node failures between the time that the reference signature
database is collected and the system is deployed for normal operation. We believe this is
a valid assumption for most installations and can be readily addressed by reinitializing
the original neighborhood set of each node.

S Implementation and Data Collection

MoteTrack is implemented on the Mica2 mote platform using the TinyOS operating
system [19]. We chose this platform because it is designed for low-power operation, is
relatively small, and can be deployed unobtrusively in an indoor environment. In addi-
tion, the motes incorporate a low-power 433/916 MHz FSK radio, the Chipcon CC1000,
which provides both programmable transmission power levels and direct sampling of
received signal strength. We expect that MoteTrack could be readily ported to use forth-
coming 2.4 GHz 802.15.4 radio chips. We note that MoteTrack runs entirely on the mote
devices themselves and does not require a supporting infrastructure, such as back-end
servers or PCs, in order to operate. A laptop connected to a mote is used to build the
reference signature database, but thereafter the system is self-contained.

The total code size for the beacon and mobile node software is about 3,000 lines of
NesC code. In our implementation, the reference signatures for each beacon node are
loaded into program memory on the mote storing that segment of the database. This
could be readily modified to use a combination of RAM and serial flash or EEPROM.
Recall that each beacon node stores a different set of reference signatures depending on
the distribution mechanism used.
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5.1  Deployment

We have deployed MoteTrack over one floor of our Computer Science building, mea-
suring roughly 1742m?2, with 412 m? of hallway area and 1330 m? of in-room area.
Our current installation consists of 20 beacon motes (Figure 2J).

We collected a total of 482 reference signatures. Each signature was collected for 1
minute, during which time every beacon node transmitted at a rate of 4 Hz, each cycling
through 7 transmission power levels (from —20 to 10 dBm in steps of 5 dBm).

We note that in a normal deployment, a much smaller dataset is required and the
amount of time spent collecting a signature can be on the order of several seconds rather
than 1 minute. The large number of reference signatures was gathered in order to eval-
uate the system under various conditions and parameters. Likewise, we collected many
samples for each beacon message transmission power pair, because we suspected the
RSSI to vary across samples; however, we discovered that there is very little variation
between samples and therefore we only need on the order of 2 to 3 samples.

A beacon message consists of a three-byte payload: 2 bytes for the source node ID
and one byte representing the transmission power level. Therefore, all beacon messages
from a source node ID require 2+ 71" bytes: 2 bytes for the ID and 7"+ 1 bytes for each of
the T power levels, i.e. {sourceID, RSSIp=1,..., RSSI,—7}. A complete reference
signature consists of 6 bytes for the location size (3 coordinates time 2 bytes per coordi-
nate), 2 bytes for the ID, and up to NV beacon nodes with T" power levels each. The stor-
age overhead for one reference signature is therefor 6+2+ N *(2+7T) = 8+2N+TN
bytes. In our deployment, N = 20,7 = 7, for a total of 188 bytes per reference sig-
nature. The code size for MoteTrack is about 20 KB, leaving 108 KB of read-only
SRAM on each beacon node for storing a partition of the reference signature database.
Therefore each beacon node can store up to 588 reference signatures. In Section[6.3] we
discuss the impact of limiting the amount of per-beacon storage to estimate the effect
of much larger reference signature databases.

We divided the collected signatures into two groups: the training data set (used to
construct the reference signature database) and the festing data (used only for testing

Fig. 2. Signature locations in the testing data set. The blue dots represent the fixed beacon
nodes. The red squares represent acquired signature locations, those with a green triangle were
tested with 3 different motes
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Training data Testing data
Total signatures 282 200
Daytime 282 170
Nighttime - 30
Using 3 motes - 30
Hallway 151 79
In room, door open 67 81
In room, door closed 64 40

Fig. 3. Summary of the number of samples for each scenario of the training and testing data

the accuracy of location tracking). Our analysis investigates effects of a wide range
of parameters, including whether signatures are collected in a hallway or in a room,
whether the room’s door is open or closed, the time of day (to account for solar radi-
ation and building occupancy) and the use of different mobile nodes (to account for
manufacturing differences). We collected at least 30 signatures for each of the various
parameters to ensure that results are statistically significant. Figure 2] shows a map of
the testing data sets, and Figure 3] summarizes the data.

6 Evaluation

In this section we present a detailed evaluation of the performance of MoteTrack along a
number of axes. First, we look at the overall accuracy of MoteTrack. Although accuracy
is not our focus, we do need to understand how the system performs under various
parameters. We evaluate the accuracy on our entire floor which includes hallways and
rooms, the location estimation protocols, algorithms for selecting reference signatures,
type of database distribution, number of transmission powers used, and the density of
beacon nodes and reference signatures.

Second, we look at robustness with no beacon node failures. Here we investigate the
effects of radio signature perturbations, using different motes, time of day, and obstacles
such as doors.

Finally, we look at robustness with beacon node failures. Here we examine how
MoteTrack performs under extreme failures of the beacon infrastructure and evaluate
our adaptive signature distance metric.

These results were obtained using an offline simulation of the MoteTrack protocol
in order to give us the maximum flexibility in varying experimental parameters. In all
cases the real reference signature database acquired in our building was used to drive the
simulation. The simulator captures the effect of beacon node failure, RF perturbations,
distribution of the reference signature database, and the different algorithms for signal
distance and centroid calculation. The system is fully implemented on real motes and
we have demonstrated a full deployment of MoteTrack in our building along with a
real-time display of multiple user locations superimposed on a map.

6.1 Location Estimation Protocols

We first evaluate the accuracy of the system over the entire floor in the context of three
location estimation protocols. Two decentralized location estimation protocols and a
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centralized one: having a closest (in terms of RSSI) beacon node compute the location,
receiving reference signatures from several (k = 3) nearby beacon nodes, and comput-
ing the location based on all of the received signatures. The centralized version is used
as a benchmark for comparison purposes.

Figure 4 shows the cumulative distribution function (CDF) for the protocols. As we
can see, the accuracy of the 3 versions is nearly identical suggesting that the closest
beacon node does in fact store most of the relevant reference signatures for accurately
estimating the mobile node’s location. Likewise, the additional overhead of receiving
reference signatures from k beacon nodes is unjustified.

Our deployment uses the first decentralized protocol (i.e., closest or maxRSSI bea-
con node sends the location estimate), and it’s the accuracy a user of the system should
expect to get. As we can see, 50% and 80% of the location estimates are within 2 m
and 3 m respectively from their true location. This is more than adequate for applica-
tions that require locating persons, such as tracking the location of rescue personnel or
locating patients.

For the rest of this section we consider only the decentralized version where the
closest beacon node computes the location.

6.2  Selection of Reference Signatures

The next parameter of interest is the algorithm used to select reference signatures that
are close (in terms of signal space) to the mobile node’s signature. Figure [5] compares
the k-nearest selection approach to the relative signature distance threshold technique.
The k-nearest algorithm computes the centroid location of the k closest reference sig-
natures. The relative threshold scheme limits the set of reference signatures based on a
threshold that is proportional to the signature distance to the nearest reference signature.
For k-nearest, small values of k are appropriate for computing the location centroid, but
values above this introduce significant errors. The relative thresholding scheme is more
accurate as it limits the set of locations considered according to the signature distance
metric. The optimal distance threshold is around 15-20% of the closest reference signa-
ture.

6.3  Distribution of the Reference Signature Database

Next we look at the different techniques for replicating reference signatures across bea-
con nodes. This aspect of the design is crucial because each beacon node stores only
a subset of the full signature database. We look at two algorithms: greedy and balance
reference signature distribution. For each of these we also vary whether a given sig-
nature is stored only on the beacon node that is closest to the signature (closest BN),
or replicated across k = 3 beacon nodes (k=3 BN). To estimate the effect of growing
the reference signature database beyond its current size (282 signatures), we artificially
limited the maximum number of reference signatures that each beacon node could store.

Figure [6] shows the results of this experiment. As the maximum storage capacity
of each beacon node is decreased, the balanced distribution achieves the best results. In
most cases, replicating each signature across k beacon nodes achieves better results than
storing it only on the closest beacon node. When the memory capacity of the beacon
nodes is not limited, there is less noticeable difference between the approaches as it is
more likely that any given beacon node has the relevant set of signatures.
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Selection of Reference Signatures
Location Estimation Protocols
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Fig.4. Location Estimation Protocols. Un- Fig.5. Two reference signature selection al-
der normal circumstances both decentralized gorithms. The relative threshold algorithm
protocols perform nearly identical to the cen- performs better than the k-nearest one
tralized one

6.4  Transmission of Beacons at Multiple Power Levels

Recall that beacon nodes cycle through transmitting beacons at different power levels
ranging from —20 dBm to 10 dBm. Initially it was not clear if transmitting at multiple
power levels would noticeably improve accuracy. Figure [7] shows the 80" percentile
error distance as the number of beacon transmission power levels is varied. The error is
averaged across all combinations of N power levels, with IV ranging from 1 to 7, i.e.
(1). As the figure shows, increasing the diversity of power levels increases the 80"
percentile accuracy by nearly 2 m. However, increasing the number of transmission
power levels involves a trade-off in terms of higher storage for reference signatures.

6.5  Density of Beacon Nodes and Reference Signatures

Of particular interest to someone deploying MoteTrack is the number of beacon nodes
and reference signatures needed to achieve a certain accuracy. For this experiment we
artificially restricted the set of beacon nodes represented in the reference signature
database. For each number of beacon nodes we hand-selected the appropriate num-
ber of nodes that were approximately uniformly distributed throughout the building,
avoiding any “clusters” of beacon nodes.

Figure[8shows how location error varies with the number of beacon nodes deployed
in the building, which also represents the overall density of nodes. It appears that there
is a critical number of beacon nodes required after which the accuracy of the system
increases marginally. In this case the critical density is around 6 to 7 nodes which is
about 0.004 beacon podes,

Likewise, varying the number of reference signatures has a strong effect on loca-
tion tracking accuracy. Figure [9] shows that the error distance decreases quickly up to
the first 25 reference signatures and begins to stabilize after 75 reference signatures,

representing a signature density of 0.043 w
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6.6  Robustness to Perturbed Signatures

We now turn our attention to the robustness of the system under no beacon failures. We
begin by looking at the effects of radio signature perturbations.

The RF propagation in a building may change slightly over time or more drastically
in a disaster, when the building’s characteristics may alter from events such as walls col-
lapsing. To understand these implications, we evaluate how the accuracy of MoteTrack
changes for various perturbation levels of a signature’s RSSI measurements.

For each percentage, we perturbed the RSSI measurements of all signatures (i.e. the
testing data) by up to a maximum percentage of the entire RSSI range. The perturbation
amount for each RSSI is taken from a uniform distribution between zero and maximum
percentage. As we can see in Figure MoteTrack is quite robust to RSSI perturba-
tions. For a maximum perturbation of 40%, the 80* percentile has an accuracy of under
5 m and, for the 50" and 25" percentiles it has an accuracy of under 3 m and under
2 m respectively.
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Robustness to Signature Perturbation Effect of Time of Day and Different Mobile Motes
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eraged over 30 trials

6.7  Time of Day and Different Motes

Next we look at the effects of two other parameters: the time of day and manufacturing
differences between motes. Time of day examines how the system reacts to changes in
building occupancy and movement; the use of different motes accounts for the overall
effect on the system from variation between motes.

For this experiment we collected a daytime data set between the hours of 9:00am
and 4:00pm on a weekday, using 3 different motes. We also collected a nighttime data
set at 1:00am, when few occupants are in the building, using only a single mote. Mote
1 was used to collect a larger number of data points. To ensure a fair comparison, only
the locations that are common to all four data sets (three motes during the day and one
mote at night) were used here.

Figure [[1] shows that the accuracy is largely unaffected by these parameters, so we
expect it to work well even for different mobile nodes and times of day.

6.8 Effect of Hallways, Rooms, and Door Position

Hallways tend to act as waveguides while walls and doors contribute to signal attenu-
ation. We first investigate how the accuracy of a mobile user is affected by its location
in the building. Figure [12| shows the cumulative distribution function (CDF) of the lo-
cation error for signatures obtained in the hallway and inside rooms, with doors opened
and closed. In the hallway, nearly 80% of location estimates are within 2 m of their true
location, while in rooms the 80" percentile is slightly under 4 m.

As we can see from the table in Figure[3l the density of reference signatures in the
hallway is higher then inside rooms. In the hallway the density is 0.36 mference;ﬂw
and inside rooms it is 0.05 w In order to make a fair comparison, we
pruned the hallway data set to have the same density as the rooms data set, and plotted
the pruned hallway data set (labeled hallway pruned). As we can see, the error distance
for the 80*" percentile increased to just under 2.9 m. For hallway and rooms, after
pruning the hallway part of the data set, we found a slight increase in error from 3.2 m
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Effect of Hallways, Rooms, and Position Of Doors Robustness to Beacon Node Failure
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Fig. 12. The effects of hallways, rooms, and Fig. 13. Robustness to beacon node failure.
position of doors on location tracking accu- The unidirectional algorithm is more robust to
racy. This data represents a limited data set large beacon node failures, but yields poorer
in which the density of reference signatures in accuracy when there are fewer failures. All re-
the hallway was pruned to match that of the sults are averaged over 30 trials. The vertical
in-room reference signatures bars represent the standard deviation

to 3.5 m. We also looked at the effect of the position of doors and found that they don’t
make a significant difference.

6.9 Robustness to Beacon Node Failure

Finally, we evaluate MoteTrack’s ability to continue providing accurate location esti-
mates even when a large number of beacon nodes have failed. We consider this aspect of
MoteTrack to be essential for its potential use in disaster response scenarios. Here, we
simulate the effect of failed beacon nodes by selectively eliminating beacon nodes from
mobile node signatures, as well as preventing those beacon nodes from participating in
the decentralized location calculations.

We evaluated robustness to failure using both the unidirectional and bidirectional
algorithms for calculating signature differences. Beyond a certain failure threshold, we
expect the unidirectional version to perform better than the bidirectional version, since it
only considers RSSI values from beacon nodes that are present at the time the signature
is constructed. As we can see in Figure [[3] after about 16% of the beacon nodes have
failed, the unidirectional version indeed produces more accurate results.

For comparison purposes, we also show the ideal case. The ideal case is when we
have perfect knowledge of which nodes failed. This is the best case scenario and al-
though under normal circumstances it’s unachievable in a completely decentralized sys-
tem, it shows the lower bound. In this case the bidirectional algorithm is used but only
over RSSI measurements from nodes that did not fail.

Although unidirectional signal distance is more robust, it is less accurate when
there are few failed nodes. As mentioned in Section MoteTrack decides
dynamically which algorithm to use based on the local failure percentage that it last
computed. MoteTrack starts out using the bidirectional algorithm and after it
estimates that the beacon failure is greater than 16%, it switches to the unidirectional
algorithm.
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7  Future Work

The current system as described in the paper, requires an offline installation and calibra-
tion prior to use. In many cases, such as responding to a mass casualty incidents in an
arbitrary area (e.g. a train wreck or a multi-car highway accident), pre-installation and
calibration of a beacon node infrastructure is clearly not feasible. For these scenarios,
we need an ad hoc mechanism for rapidly deploying the location tracking system and
populating the beacon nodes with reference signatures.

In an outdoor environment, one approach is to leverage GPS to automatically pop-
ulate the signature database. For example, medics responding to the scene of a disaster
can place beacon nodes at well-spaced (and arbitrary) points around the site. Rather
than require every patient or medic to carry a GPS receiver (which are often higher
power and bulkier than sensor motes), several medics can carry a PDA equipped with
a GPS receiver and MoteTrack transceiver. The PDA can automatically record refer-
ence signatures as the medics move around the site, populating the reference signature
database on the fly using the greedy distribution, which does not require global knowl-
edge of the beacon nodes and reference signatures. Signature acquisition can be per-
formed rapidly, since each signature requires only a few beacon messages from each
node and transmission power, which can be acquired in a very short period of time [20].
In our experiments we obtained good results in about one second. Location tracking
accuracy will improve over time as more reference signatures are acquired.

One of the challenges faced is how to deal with the additional error introduced by
the GPS location estimate. While in North America, GPS devices using the Wide Area
Augmentation System (WAAS) can yield location estimates to within 3 m 95% of the
time [21], it is not clear how much this will impact the overall accuracy of the system.

We have already ported our system to the Telos and MicaZ mote platforms, which
support the CC2420 802.15.4 radio chip, and observed very similar results in terms
of accuracy. For the immediate future, we intend to re-run our measurements with
identically-placed beacon nodes to directly compare the performance of MoteTrack
with 433 MHz and 2.4 GHz radios.

8 Conclusions

In this paper, we describe how to extend the basic RF approach for localization in order
to make it highly robust and decentralized. We achieve this through a decentralized
location estimation protocol that relies only on local data, local communication, and
operational nodes; by replicating the reference signature database across beacon nodes
in a fashion that minimizes per-node storage but achieves high level of robustness to
failure; and by using a dynamic signature distance metric that handles incomplete data
and adapts to the locally failed beacon nodes.

We implemented, deployed, and extensively evaluated our approach through a sys-
tem called MoteTrack, based on the Berkeley Mica2 mote. We choose this platform
because we believe that many of the applications where robustness is important will
want to use small, inexpensive devices that can be embedded in the environment such
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as walls, in the equipment of rescue personnel, or integrated with vital-sign sensors
placed on patients [22].

MoteTrack achieves a 50" and 80" percentile of 2 and 3 meters respectively, and

can tolerate a failure of up to 60% of the beacon nodes and signature perturbations of
up to 50%, with negligable increase in error.
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Abstract. We present a series of techniques that we have been using to
process GPS readings to increase their accuracy. In a study of urban pol-
lution, we have deployed a number of tracked mobile pollution monitors
comprising a PDA, GPS sensor and carbon monoxide (CO) sensor. These
pollution monitors are carried by pedestrians and cyclists. Because we
are operating in an urban environment where the sky is often occluded,
the resulting GPS logs will show periods of low availability of fix and a
wide variety of error conditions. From the raw GPS and CO logs we are
able to make maps of pollution at a 50m scale. However, because we know
the behaviour of the carriers of the devices, and we can relate the GPS
behaviour and known effects of CO in the environment, we can correct
the GPS logs semi-automatically. This allows us to achieve a roughly 5m
scale in our maps, which enables us to observe a new class of expected
environmental effects. In this paper we present the techniques we have
developed and give a general overview of how other knowledge might be
integrated by system integrators to correct their own log files.

1 Introduction

In this paper we describe a study of carbon-monoxide (CO) pollution that uses
a small set of mobile CO sensors. Our aim is to make a map of CO pollution in
a small area of a city at a scale fine enough to identify per street variation. The
sensors are tracked using a GPS sensor. However, because the availability and
quality of a GPS signal will vary greatly in an urban area, we have to be careful
how we process the GPS log files.

The quality of GPS varies in the urban environment because of the urban
canyon effect. A GPS sensor needs to be able to see three or more GPS satellites
in order to get a reliable reading. However, buildings around the sensor cause
the view of the sky to be obscured, and as the sensor moves the view of the sky
will change quite rapidly.

Without processing the GPS logs, we are able to generate maps of CO at
a scale of roughly 50m. Although this allows us to see gross variations in CO,
such as CO being lower in a relatively traffic-free square, it is not sufficient to
see per street variations. Errors in GPS reading will often put the sensor inside
buildings, next to the pavements and streets, or will even put the sensor in
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adjacent streets. Obviously this prevents us identifying pollution variations that
exist between streets.

However, in our trials, we know quite a lot about the behaviour of the carriers
of the pollution monitors. We can use knowledge about the behaviour to process
the GPS logs to increase the accuracy. This has enabled us to identify features
at the bm scale including CO hot spots such as bus stops and road crossings. We
discuss five different levels of knowledge of the situation that we can apply to
exclude or filter GPS readings: knowledge of geographic extent of trial, knowledge
of the building footprints, knowledge of the route undertaken, knowledge of the
behaviour of the carrier of the GPS receiver and knowledge about expected
sensor readings. We then describe tools that we have built to help us do such
corrections semi-automatically.

In the following section we will present some related work on environmental
sensing and GPS correction. Then in Section 3 we will outline the sensor package
and the trials we have undertaken. In Section 4 we give an overview of the type
and quality of data that we can capture. Then in Section 5 we discuss how we
can refine the GPS readings to give us more focussed data. In Section 6 we will
then generalise and discuss tools that should be more applicable to processing
tracked data logs. Finally we conclude and present plans for future work.

2 Related Work

The background to the work in this paper is an ongoing study of urban carbon
monoxide. The Air Quality Site contains archive data from over 1500 UK moni-
toring stations going back in some instances to 1972 [I]. Such data sources give
a good picture of variation from urban to rural areas. In urban areas some sense
of potential variation is conveyed by the difference in readings between kerbside
sensors and sensors placed in background areas away from pollutant sources.
However they don’t capture the detail of per street variation.

CO disperses over a matter of hours, but Croxford et al. have shown that
this is affected by local street configuration [2]. Croxford’s study used a cluster
of sensors in fixed placements in a small area around University College London,
UK. The Air Quality Strategy for England, Scotland, Wales and Northern Ire-
land [3], suggests a standard of 10ppm (11.6mg/m?) running 8-hour mean. In the
vicinity of UCL, the Croxford study found a peak CO concentration of 12ppm,
but nearby sensors reported much lower values near the background level for
CO. Thus, moving pedestrians or vehicles would probably not experience this
peak for a long period.

Our approach to bridging this gap between large, sparse and small, dense
studies is to use tracked mobile sensors that are carried by pedestrians or mounted
on vehicles. There are several related works in the UK that aim to increase un-
derstanding of pollution variation. These include the dense sensor network of
the Discovery Net e-Science project [4], and the combined sensing and air flow
modelling approach of DAPPLE [5].
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In this paper we apply knowledge from records of trials and map data to
correct GPS readings. GPS is of course a very significant area of research and
there are many existing and upcoming enhancements to GPS that can improve
its accuracy [6]. Most relevant for this work is fusion of velocity and acceleration
data with the GPS position [7]. We wanted to focus on consumer-level GPS be-
cause we anticipate sensor package cost being a primary concern when deploying
large collections. We also didn’t want to weigh down the carriers, nor burden
them with any device configuration tasks. Indeed, the user should simply have to
power on the devices before going outside. In an urban environment, especially
in central London where the buildings are typically close to or higher than the
road width, we do not expect to get a GPS fix 100% of the time [§].

3 Trial Description
3.1 Monitor Overview

We will briefly describe the trial; a longer description with more background on
the task and scientific justification from an environmental science point of view
can be found in [9]. We collected data over two weeks, in collaboration with
the ‘Dispersion of Air Pollution and Penetration into the Local Environment*
(DAPPLE) project. The data collection area was centred around Marylebone
Road and Gloucester Place in central London. The local area is densely packed
with buildings up to roughly eight stories high, with a wide variety of street
widths. We collected data from both pedestrians and walkers.

Fig. 1. The ICOM carbon monoxide sensor on the left, the PDA in the middle and the
GPS aerial on the right. The HAICOM GPS unit can just be seen sticking out of the
top of the PDA

The equipment pack consisted of an HP Jornada PDA running our own data
logging software, an ICOM device from Learian Environmental to measure car-
bon monoxide and a GPS unit. Two types of GPS units were used: the HAICOM
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type, or a self-built device based around the GARMIN 15 package. All the equip-
ment was colour coded and divided into separate coloured packs, which were not
mixed, to allow for easy tracking of the equipment used for each sample run.

Data is sampled once every second from the ICOM carbon monoxide sensor,
combined with the last valid GPS fix and written to a log file on the PDA. Every
time the software on the PDA is run, both a GPS log file and a pollution log
file are created with a filename that includes the current timestamp. After data
collection, these files are uploaded to a database server for analysis.

3.2 System Overview

All the data is stored in a Postgres database, with the reported and corrected
GPS positions in separate fields. Correction of the GPS data can take one of
two forms: either the data is fitted to the point closest to a route drawn on a
map, or an offset is calculated from the position of a known point and applied
to a section of the data. With data collection taking place on a limited number
of fixed routes, idealised routes have been created to ensure that the corrections
are coherent.

3.3 Routes

In these trials, we studied a small number of walkers and cyclists in a small area
to prove the concept. To cover larger areas would require more carriers, and
eventually we hope to distribute 100s or 1000s of devices to commuters.

Two routes along the length of Marylebone Road were used for most of the
walking, in addition to both walking and cycling around the cycle route. On
other occasions, different routes around the area were tried (Figure [2I).

4  Quality of Captured Data

During the data collection period, up to 3 carriers, either walkers or cyclists
were out for up to four 45 minute sessions a day. 87 log files containing GPS
positions and carbon monoxide data were collected, resulting in 227,496 separate
data points. During the two-week sampling period, a small number of equipment
problems were encountered, resulting in the loss of 10 sample runs. Figures
and M show an example log file.

4.1 Reliability of GPS in an Urban Environment

Overall, the percentage of data points with corresponding GPS positions was
42.8% of the total walking and cycling time, corresponding to 34.6 hours of
collection time over two weeks. By comparing daily GPS data for the pedestrians
and cyclists, it can be seen that the cyclists have a marginally higher percentage
of valid GPS positions. These levels of GPS reliability might sound low, but are
not atypical for an urban environment. In [I0], a car-mounted consumer GPS
unit driven around central London achieved 60% reliability. Given that in this
case the aerial placement and vehicle behaviour would probably have afforded a
more stable view of the sky, this suggests our availability results are not low.
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Fig. 2. The two walking routes along Fig. 3. GPS trace for the cycle route on 19
Marylebone Road and the figure 8 cycle  May 2004 at 11:48
route

Fig. 4. Carbon monoxide trace for the cycle route on 19 May 2004 at 11:48. The
maximum CO reading, 7.6ppm is indicated

When looking at the GPS traces, it is apparent that the GPS is not reliable
enough to place a sensor on the correct side of the road. Occasionally, a log
file will contain a distinct trace that sticks to the correct side of the road, but
the majority meander along the centre of the road, or drift from side to side.
For the Marylebone Road walking routes, without looking at the recorded route
notes, it is not usually possible to be certain whether the sensor was on the
north or south side of the road, unless additional features are present. For the
cycle route this is less of a problem as the cyclists are always in the road and
the pedestrians always take the same route, although the problem of detecting
junctions accurately remains.

The method of standing in a fixed location and averaging the GPS position for
a period of time is a standard GPS surveying technique used to increase accuracy,
but this is not applicable to mobile CO sensors. Using differential GPS would be
more appropriate, but again, this method requires expensive equipment and does
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Fig. 5. Reported GPS location while standing at the bottom right corner of the junction
for 30 minutes

not lend itself to ad-hoc data collection by people during their normal daily lives.
Using inexpensive commercial GPS devices, post processing of the data is not
possible due to the pseudo range information not being stored, so the accuracy is
limited to about 15m. As was shown previously, the carbon monoxide level can
vary significantly from the kerb side to the building, so a more accurate method
of positioning samples using standard GPS devices is required.

By analyzing the collected GPS data, there is additional information present
in the trace that can be exploited to perform further correction. There is little
that can be done about multi-path reflections other than detecting when low
elevation satellites are used in the solution or using the GPS unit’s own dilution
of precision figure to assign a confidence measure to the position.

4.2 ICOM Accuracy

The quoted tolerance of the ICOM CO sensors is +/- 5%, but the nature of
the carbon monoxide levels being measured is such that they can change very
rapidly. The range of values of most interest is between 0.3ppm and 5.0ppm.
Although much larger values do occur, they are very rare and their location is of
more interest than their value. A base level of 0.3ppm corresponds to the global
background carbon monoxide level.

5 Correction Methodologies

In this section we describe features in the data that can be used to correct
GPS. These come from two main sources: knowledge about the behaviour of the
carriers and knowledge about expected CO effects. Using such knowledge allows
us to correct our GPS logs so that we can discriminate between the readings
more accurately, and thus make maps at a finer scale.

In the following figures, raw trace logs (Figures [Gl [7 & [, and also
Fig B)) are drawn with buildings in black, background in white and a red-scale
for pollution. Summary maps (Figures8 & [Q) are drawn with a similar scale but
on a grey background. The method of plotting summary maps was to divide the
area into grid squares of either 20 metre or 5 metre spacing and to place data
points into the correct square based on GPS position. The mean and variance
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Fig. 7. The trace of Figure[f] fitted to a line drawn along the kerbside using the GPS
correction tool

Fig. 8. 5 May 2004 09:00-17:00, 5 metre mean boxes without GPS correction

Fig. 9. 5 May 2004 09:00-17:00, 5 metre mean boxes with corrected GPS positions

for each square can then be calculated and plotted. By altering the size of the
grid squares, the data can be plotted to within the accuracy limits imposed by
the GPS positional error. We use a simple grid-based visualisation because the
mean and variance vary at a fine geometrical scale and don’t lend themselves
well to smooth representations as, say, surfaces.
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Fig. 10. Identifying a south side route Fig. 11. GPS trace crossing Marylebone

from a pedestrian crossing Road

5.1 GPS Logfile Manipulation

The Postgres database that stores all of the information in the collected log
files is structured so that data for an individual path can be extracted. Each
path can be analyzed separately using a tool that plots a colour coded carbon
monoxide value over an aerial map using the GPS position logged at the time
the sample was taken. Traces can be played back in real-time, or faster, allowing
the velocity of the sensor to be tracked. The GPS positions for a path can be
corrected by drawing a polyline representing the idealised route on the map and
fitting the GPS points to the nearest point on the line. When correcting the
data, only points which lie a user-defined distance from the line are corrected,
allowing a limit to be set on how far points will be moved. Typically, 20m has
been used as this is the GPS accuracy. During the correction process, points that
have no valid GPS position, but lie between two valid GPS positions, are linearly
interpolated. See Figure [0l and [7] for an example of before and after correction.

Using the viewer tool, GPS tracks that cross into buildings can often be seen,
Figure Bl is a good example of this. This type of error is harder to correct, as
using the line correction tool will result in a trace with a discontinuity at the
corner of the building. The trace needs to be stretched around the building, but
this has not been attempted due to the majority of the data fitting the line
correction model more closely.

5.2  Fitting GPS Traces to Routes

As an example, data for 5 May 2004 was corrected using the GPS correction tool
to see what physical features could be observed. This day was chosen as a good
example for wind variation on opposite sides of the road as the wind only varied
between 170 degrees and 260 degrees all day, starting at 5 knots and increasing
to 16 knots. The difference between the corrected and uncorrected data is clearly
visible.

The data in Figure @ shows a marked difference in carbon monoxide levels
between the north and south sides of the road at the east end. Compare to the
raw data in Figure Bl On the north side the levels are 1.5 ppm, while on the
south side they are 3.5ppm. A factor of 2-3 difference is something that would
be expected with the wind coming from the southwest quadrant, dispersing the
carbon monoxide on the north side of the road where the wind speed is highest
and causing levels to build up on the south side where the air is static.
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5.3 Disambiguating Route Choice

In addition to correcting known routes, it is also necessary to be able to work out
the route taken from the GPS data. On the Marylebone Road walking routes,
which are virtually straight lines, there are points where the walkers move off
line and down a side road in order to cross at a crossing away from the junction.
The most noticeable instance of this is on the south side of Marylebone Road at
the junction with Baker Street, where the pedestrian crossing is a short distance
south down Baker Street (Figure[I0)). By recognising certain features present in
the GPS data, it is possible to determine which side of the street the samples
were taken and also identify when the sensors reach junctions.

When crossing Marylebone Road at the junctions to the east or west of the
council building, there is a characteristic that often appears in the GPS trace due
to the position of the crossings relative to the road (Figure [[1]). The significant
deviations to the left are a function of where the crossings are placed in relation
to Marylebone Road. Both GPS paths are significantly out of position, placing
the pedestrian in the middle of the road while he is still waiting to cross. This
fact can be seen when the traces are played back in real-time by noting where
the GPS position is stationary while the pedestrian is waiting to cross.

In both these situations, once the behaviour has been identified, appropri-
ate route corrections can be applied. The trace in Figure can be positioned
accurately from the shape of the crossing, but the rest of the trace is on the
wrong side of the road. This can be corrected by fitting the trace to a line on
the correct side of the road. Figure [[T] shows a different situation where a strong
GPS fix is offset by a constant amount. Matching the shape of the GPS trace to
the junction layout and subtracting this from the GPS coordinates can remove
the offset.

5.4 Recorded Carbon Monoxide Levels When Crossing Roads

As all the pedestrian routes involve crossing roads at some point, there is a
significant amount of data available in the middle of the road. The problem is
how to detect when a sensor crosses the road due to the poor quality of GPS
positioning information. One route stands out as a good example of road
crossings, which was recorded on 10 May 2004 from 15:39, see Figures
and

The actual positioning of these points is very hard to do from the GPS posi-
tion alone and is determined more by when the GPS is stationary or additional
satellites suddenly come into view, rather than the actual reported position.

The final peak on Figure [[2] is marked as point X as there is no GPS and
there is no additional information to identify this point, other than that it is
somewhere along Gloucester Place.

It is worth noting that there are eleven crossing points when walking around
the cycle route, not all of which produced peaks in this example and where
there was a peak at a junction, it might disappear on the next circuit. For these
reasons, using CO data to indicate the route taken can only be performed when
there is extensive knowledge of the traffic flow patterns. Scientists working in
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Fig. 12. Carbon monoxide levels while walking around the cycle route

Fig. 13. Map showing positions of carbon monoxide trace

this area can tell from the CO data when one of the pedestrians skips part of
their assigned route. This is done using knowledge of the mean CO values for
each road, together with where the CO peaks occur.

6 Dealing with Tracking Data

In Section 5 we saw several features in the data that allowed us to determine
corrections to GPS log files. To summarise:

— Noting readings that were inside buildings.

Noting that logs could be constrained to paths.

— Noting the micro-scale behaviour of the carriers when crossing a road allowed
us to identify that a crossing was taking place and, in some cases, which side.

— Noting disambiguating paths by noting a particularly high CO reading.

We can generalise these to suggest there are five levels of knowledge that can
be exploited when observing GPS logs in order to improve understanding:

— Knowledge of geographic extent of trial. We can discard some GPS readings
because they are not in the geographic vicinity. This can be done as a pre-
processing stage in the database.
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— Knowledge of the building footprints. By overlaying GPS readings over a
bitmap showing places where the carrier could not have received a signal we
can easily see which locations need correcting. Note it is not appropriate to
simply discard the points, as they may only be a few metres inside a building
for example. These points can be corrected semi-automatically by moving
them to the closest viable position.

— Knowledge of the route undertaken. Once we have filtered based on the
impossible location, we can constrain the route based on route knowledge.
We have made the distinction from the above, because at this stage we start
identifying probable regions where the device was located, not impossible.
There are many potential implementations here. Ours uses proximity to a
route centre line, but it could be any region or line defined in a Geographical
Information System (GIS).

— Knowledge of the behaviour of the carrier of the GPS receiver. At this stage
we employ knowledge that is difficult to capture in GIS systems: behaviour
of the users in the space. This requires some human knowledge. Although
interesting artefacts such as velocity changes can be flagged in the data, a
human observer is really needed to interpret this data. Again, a number of
tools could be built, ours allows us to watch scaled-time replays of the event
logs to get a sense of the behaviour.

— Knowledge of expected correlation with other sensor readings. At this stage
we employ knowledge about other readings that can allow us to reason about
positions on paths or corrections to paths. In other cases this could be con-
sidered implemented in a semi-automatic manner if framed as a sensor fusion
problem. However at this time we are interpreting these observations by hand
because the observer needs to know the expected effect and the context in
which the readings were taken.

7 Conclusions

In this paper we investigated techniques to correct GPS logs. The need for correc-
tion arose because GPS readings are only accurate to roughly 20m, and because
the urban environment causes quite significant variation in the behaviour of the
readings. Several different types of knowledge have been exploited to correct the
logs: geographic region, building footprints, routes and user behaviour. We have
shown that by semi-automatically correcting the GPS logs, we can start to ob-
serve phenomena at a much smaller scale. In the previous section we discussed
how these tools might be more generally applicable to other sensor tracking
trials.

CO has proved interesting because it shows variation at a scale we can detect
without expending effort in correcting GPS traces, but if that effort can be made,
we can also find smaller-scale geographic effects. In our case, correcting GPS logs
has allowed us to identify features on a 5m scale. This is sufficient for us to note
expected properties of CO pollution: differentials across a street on a windy day
and increases in CO near bus stops and road junctions.
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Abstract. Location-based services like reminders, electronic graffiti, and tourist
guides normally require a custom, location-sensitive database that must be cus-
tom-tailored for the application at hand. This deployment cost reduces the ini-
tial appeal of such services. However, there is much location-tagged data al-
ready available on the Web which can be easily used to create compelling loca-
tion-aware applications with almost no deployment cost. Such tagged data can
be used directly in applications as well as to provide evidence in models of ac-
tivity. We describe three applications that take advantage of existing Web data
combined with location measurements from a GPS receiver. The first applica-
tion, “Pinpoint Search”, finds web pages of nearby places based on GPS coor-
dinates, queries from a Web mapping service, and general Web searches. The
second application, “XRay”, uses the mapping service to find businesses in a
building by pointing a GPS-equipped electronic compass at the building. The
third application is called “Travelogue”, and it builds a map and clickable
points of interest to help automatically annotate a trip based on GPS coordi-
nates. Finally, we discuss the use of Web-based data as rich sources of evidence
for probabilistic models of a user’s activity, including a means for interpreting
the explanation for the loss of Web signals as users enter structures.

1 Introduction

Location-based services use knowledge of a user’s location to index into services and
data that are likely useful at that location. For instance, a reminder application like
comMotion[1] can give the user relevant information at a given location, like,
“You’re near a grocery store, and you need milk at home.” A so-called “electronic
graffiti” system, such as Stick-e Notes[2], supports users who want to leave electronic
notes for themselves or others that are associated with a particular location, like
“There is a better Thai restaurant one block north of here.” Location-based tour
guides such as Cyberguide[3] offer relevant information about the exhibit or site at
which the user is standing. These and most other location-based services share a need
for a custom database dedicated to storing and serving data for specified locations.
Reminder systems must have reminders, electronic graffiti needs digital tags, and tour
guides need site information.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 957 2005.
© Springer-Verlag Berlin Heidelberg 2005



96 R. Hariharan, J. Krumm, and E. Horvitz

While a custom store of location-indexed data can lead to interesting applications,
there is already a wealth of location data available on the Web that can be exploited
for location services without the data deployment costs of traditional applications of
this type. This paper demonstrates three applications that use existing location data on
the Web in conjunction with position information from a GPS receiver. In this way,
we avoid the deployment costs of creating a database of location information, relying
instead on what is already available. These applications show that it is possible to
create useful location-based services using existing location data.

The three applications are:

e  Pinpoint Search — Convert a measured (latitude, longitude) into search
terms for Web searches, giving web pages relevant to the user’s immediate
surroundings.

e XRay — Point a pose-sensitive device at a scene of interest and get a list of
what businesses are situated along that direction.

e Travelogue — Help a user recall points of interest from a trip logged with
GPS data.

Our maps and point-of-interest data come from the Microsoft MapPoint Web ser-
vice, which requires a subscription fee. However, using this service is much more
economical than building a custom store of location data. Other point-of-interest da-
tabases could be used as well. We have implemented these three applications on a
desktop computer using real GPS data. Their ultimate target is mobile users, and we
foresee few problems modifying the applications for use on a PDA or cell phone. The
target device would need a Web connection and a GPS receiver.

2 Pinpoint Search

Pinpoint Search is designed to give information about a mobile user’s immediate
surroundings. We assume the user is equipped with a GPS receiver and Web-
connected mobile computer. Starting with a (latitude, longitude) from the user’s GPS,
Pinpoint Search uses MapPoint to compute the nearest street address. This is shown in
Fig. 1(a) which is a screen shot of a working mockup of Pinpoint Search’s client and
server parts. In this offline demonstration program, each stored (latitude, longitude)
can be resolved, which triggers the street address lookup, the results of which are
shown in a popup window on the map.

The conversion from (latitude, longitude) to street address is important, because
the street address serves as a good search term for Web searches. This is illustrated in
Fig. 1(b), which shows a screen shot giving the result of an MSN" search automati-
cally performed on the resolved street address within the Pinpoint Search program.
The search results give links to web pages that contain the nearby street address, re-
sulting in entries for a nearby acupuncturist, chiropractor, and restaurant.

Not all relevant Web pages contain a street address that matches our search term,
so we also convert (latitude, longitude) into a list of nearby businesses using the
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(b) Web search based on found street address
from screen above finds nearby acupuncturist,
chiropractor, and resturant.

Fig.1. Pinpoint Search converts (latitude, longitude) to a street address, which
is used as a search keyword.

MapPoint Web Service. This service uses a database of business locations from
Acxiom” that are categorized by type, such as food stores, automobile dealers, and
restaurants. As shown in Fig. 2(a), this lookup results in three nearby restaurants, one
of which is called “Stuart Anderson’s Black Angus”. After the user clicks on this
result, Pinpoint Search automatically runs another Web search using the restaurant
name as a search term. One of the search results is shown in Fig. 2(b), which gives
positive and negative reviews of the restaurant. Starting with GPS coordinates, the
user could find this review page with only two mouse clicks using Pinpoint Search.

Our implementation of Pinpoint Search runs on a desktop computer and uses stored
GPS coordinates for demonstration. It would be straightforward to port it to PDA or
cell phone equipped with GPS.
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(a) Upper right shows restaurants found from MapPoint web service based on current
(latitude, longitude). Main window shows Web search results from selected
restaurant name.

Member Reviews

*9 Positive | Negative | Most Recent Most Helpful

" |shoving 1 - 30 3

User Rating: Not Recommended
“| Terrible Posted by ericvig on 09/26/2002
Really poor steak. Very disappointing. Definitely worth it to
spend a few extra dollars and go to Outback.

(b) Clicking on the first search result
leads to reviews of the nearby restaurant.

Fig. 2. Pinpoint Search uses nearby businesses as search keywords

Pinpoint Search shares similarities with other programs. Google Local[4] and
Yahoo! Local[5] allows Web searches around a certain geographic area, specified by
parts of a street address. Pinpoint Search adds the important preprocessing step of
converting a numerical (latitude, longitude) into a street address or business name,
which allows the local search to be completely automated based on a GPS receiver.
Thus, to use Pinpoint Search, the user does not need to know a street address, postal
code, or even the name of the city. Because it starts with a GPS coordinate, the search
results are likely to be much more focused on the user’s immediate surroundings.

Another similar project is AURA[6], which uses bar codes and other means to cre-
ate Web search terms, much like we use location data to generate addresses and busi-
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ness names for searches. Like these projects, Pinpoint Search requires no special
databases, but instead exploits the extensive amount of data already available on the
Web. It is unique in that it uses a measured position to ultimately index into web
pages about nearby things.

3 XRay

XRay is a concept for a pose-sensitive query device designed to allow a mobile user
to point toward an outside object and discover what is inside or behind it. It is based
on a device containing a GPS receiver, electronic compass, and network connection.
The user physically points the device at something and issues a query. XRay responds
with a list of businesses or other points of interest along the direction of pointing. A
working mockup of the program is illustrated in Fig. 3. Here XRay has been pointed
toward a street that the user cannot yet see, and its “field of view” has been adjusted

[5 XRay E
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Fig. 3. XRay lets a user point in a direction and query for what is behind and inside. The
user can adjust how far XRay "sees" and its field of vision. This data was taken near the
University of Washington in Seattle
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to query over the length of the unseen block. The list at the right shows different cate-
gories of items returned from MapPoint’s” Acxiom® database. The “Apparel” and
“Eating and drinking” categories have been expanded to show the names of places
inside the query cone. Clicking on one of these places puts an icon on the map at its
location. Using this program, users can quickly get a sense of what is around them by
simply pointing in a direction of interest. As with Pinpoint Search, XRay relies on a
rich, existing database of places, meaning that it works “out of the box” with no de-
ployment cost.

Although XRay shows real results, we have not yet found a commercially available
combination of devices that would let us exercise it in the field. While there are GPS
receivers with a built-in compass, we have not yet found one that can interface to a
handheld computer with ubiquitous network access. An ideal platform would be a cell
phone with a GPS, an electronic compass, and Web access, which we expect will
soon be easy to buy or make. XRay is similar to augmented reality systems, e.g. [7, 8]
that project extra information into the user’s view. In fact, the “Touring Machine”[7]
is capable of projecting information from campus buildings that the user can see.
Similarly, UCSD’s Active Campus project[9] can show information on a handheld
computer about nearby buildings based on positioning with Wi-Fi triangulation. XRay
shows that this type of application can exploit existing data on the Web instead of
custom-authored data as previous systems required.

4 Travelogue

Pinpoint Search and XRay are both designed to provide real time data to the user. In
contrast, Travelogue is aimed at analyzing a trip after it happens. Specifically, Trave-
logue annotates a sequence of (latitude, longitude) points with points of interest. In
this way, it helps a user recall what he or she might have visited or seen during a trip
without requiring the user to make any notes during the trip. A screenshot of Trave-
logue showing points of interest is shown in Fig. 4.

Travelogue starts with a list of (latitude, longitude) points logged from a GPS re-
ceiver. Many GPS receivers have a logging feature built in, so a user can simply set
up his or her GPS to periodically save location data during the day for later download-
ing. Travelogue analyzes this data to find places that might later be of interest to the
user. In our implementation, these places are those locations where the number of
GPS satellites visible to the receiver dropped below the minimum four that are re-
quired for a full GPS fix. This heuristic works well in the urban environment where
we tested, because most of the “interesting” places we visited were indoors where the
satellites are occluded by the building. Other more sophisticated methods of finding
interesting places include algorithms like [10] that finds locations where the user
dwells. The points of interest found during one of our short driving trips are shown in
Fig. 4 as red squares.

Clicking on a point of interest triggers the program to display the (latitude, longi-
tude) of the point, the time of arrival, and the amount of time spent there. Using our
heuristic, the time spent is simply the time over which at least four GPS satellites
could not be detected. Clicking on a point of interest also populates multiple
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Fig. 4. Travelogue discovers points of interest and displays them as red squares. Clicking
on these points triggers the program to display the amount of time spent there and a list of
nearby places. This can help a user remember what he or she did during a trip

dropdown lists showing nearby places found in MapPoint’s” Acxiom" database. In Fig.
4, the “Eatery” list has been expanded to show nearby restaurants. While the user did
not necessarily visit every place on these lists of nearby places, the lists give a simple,
fast way of jogging the user’s memory for what places he or she actually did visit.

We envision normal users using Travelogue as a way of automatically annotating
business and pleasure trips without having to worry about making explicit notes
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Fig. 5. Dynamic Bayesian network for inferring location and activity, employing Web-
based location resources. The probabilistic dependencies among random variables high-
light the influences of multiple sources of contextual evidence on the probability distribu-
tion over activities and location. Web-based location resources provide evidential updates
about activities. The model considers variables representing the likelihood that a user is
indoors vs. outdoors as a function of multiple variables including differences in tempera-
ture indoors and outdoors, GPS fix, and a log of known GPS shadows. Multiple variables
also update the probability distribution over the current location as a function of multiple
sources of information

Activity t-1

on where they were. Travelogue could also be used as a memory aid for people with
cognitive decline as a way to help them remember what they have been doing and as a
way for their caregivers to assess their activities.

S Web Data and Models of Activity

Semantic content associated with locations on the web can provide rich sources of
evidence about users’ activities over time. We have been exploring general probabil-
istic models with the ability to fuse multiple sources of information. Such models can
be used to perform inferences about a user’s activities from the historical and short-
term GPS data, as well as extended sensing with such information as temperature[11],
barometric pressure, ambient light and sound, and Web data. Web content can be
used to update, in an automated manner, a set of key resources and venues available at
different locations, providing Bayesian dependency models with sets of resources that
are coupled to an ontology of activities (e.g., shopping, restaurants, recreation, gov-
ernment offices, schools, entertainment etc.). Such information can be used as a rich
source of evidence in a probabilistic model that computes the likelihood of different
plausible activities. Inferences can further take into consideration the dwelling of a
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user at a location with zero or small velocities and the complete loss of GPS signals at
particular locations for varying periods of time, indicating that a user has entered a
structure the blocks receipt of GPS signals. The timing, velocity, and frank loss of
signal after a slowing of velocity provide rich evidence about a user’s interests or
entries into different proximal buildings and structures, as characterized by the con-
tent drawn from the Web about resources in the region of the last seen GPS coordi-
nates. Such reasoning can be enhanced by a tagged log of prior activities noted by a
user. Reasoning about losses of GPS signal can take into consideration a log of known
“GPS shadows,” that are not associated with being inside buildings, such as those
occurring inside “urban valleys,” as GPS access is blocked by tall structures.

We are pursuing rich probabilistic models of activity and location based on
multiple sources of information, including information available from the Web
and from logs of prior activities and GPS availability. Figure 5 displays a time
slice of a more general dynamic Bayesian network model, showing probabilistic
dependencies among key measurements and inferences. Server icons signify
access of information from the Web about local resources as well as access from
a store of known GPS shadows. The model is designed to make inferences about
the probability distribution over a user’s activities and over the location of a
user, even when GPS signals are unreliable or lost temporarily. Sub-inferences
include computation about whether a user is indoors or outdoors, employing
information about the loss of GPS signals, a log of GPS shadows, information
about local resources to the current location, and sensed temperature. We call
out two key variables from an adjacent, earlier time slice to highlight the poten-
tial value of including dependencies among variables in adjacent time slices.

6 Conclusion

Knowledge of a user’s raw (latitude, longitude) is not normally very useful. However,
with publicly available databases, location measurements can be converted into useful
information. We first reviewed three simple applications. Pinpoint Search takes (lati-
tude, longitude) and finds web pages that are pertinent to the user’s immediate sur-
roundings. XRay lets a user point in a direction of interest and retrieve listings of
places in that direction. Travelogue helps a user remember interesting places encoun-
tered during a trip. These applications share the trait of starting with raw GPS read-
ings and using publicly available Web data to produce useful information. Although
each of these applications has the potential for more development, together they show
how the Web can be used in a simple way to enhance GPS. Finally, we reviewed the
prospect of using the Web, in addition to other sources of information, to support rich
probabilistic inferences about a user’s activities and location. Such inferences can
provide a window into a user’s activities as well as access to location information
even when GPS fixes become erroneous or are lost completely. Indeed, such models
can take losses of GPS signal as valuable evidence for making inferences about activi-
ties and location.
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The COMPASS Location System

Frank Kargl and Alexander Bernauer

University of Ulm, Dep. of Multimedia Computing, Ulm, Germany

Abstract. The aim of COMPASS (short for COMmon Positioning
Architecture for Several Sensors) is to realize a location infrastructure
which can make use of a multitude of different sensors and combine their
output in a meaningful way to produce a so called Probability Distri-
bution Function (PDF) that describes the location of a user or device
as coordinates and corresponding location probabilities. Furthermore,
COMPASS includes a so called translator service, i.e. a build-in com-
ponent that translates PDFs (or coordinates) to meaningful location
identifiers like building names and/or room numbers. This paper gives a
short overview on the goals and abilities of COMPASS.

Motivation

There are a lot of situations in mobile computing where mobile nodes need
to determine their current position. Ubiquitous computing applications derive
context information from this position, e.g. in order to determine whether a user
is currently at home, at work or on the way in between. Location-aided routing
protocols for ad-hoc networks need position information to support their routing
decisions. Navigation systems naturally rely on precise position information to
plan the further route of a car or pedestrian. To support this large demand that
applications have for precise location information, a number of commercial and
research projects are working on this subject. Section Pl gives an overview on
some of these activities.

We have identified two major challenges that are not completely resolved yet:

1. Location information from multiple sensors needs to be combined effectively
in order to present one and only one position to the application. Any single
location sensor has drawbacks, e.g. is usually not available inside buildings,
RFID sensors or WLAN /Bluetooth APs are only available where installed
etc. So in order to provide reliable and pervasive location support, an ar-
chitecture must use multiple sensors, combine their results and present this
to the application. The application should not need to worry about what
sensor(s) were used for the current position information. Additionally com-
bining the results from multiple sensors may improve the precision of overall
results.

. Raw coordinates may not really be useful to an application that needs to
know the position in terms of buildings, rooms, street names etc. So a lo-
cation system should include an infrastructure to resolve the raw position
information to some kind of symbolic position.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 105-[IT2 2005.
(© Springer-Verlag Berlin Heidelberg 2005
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The primary focus of COMPASS will be to address these two issues by both
including many different sensors into the system using a plugin interface and
by providing a translator that is able to derive symbolic location information
from the raw coordinates received from the locator. COMPASS is a software
framework that can be used by arbitrary applications for location retrieval.

2 Related Work

The need of location systems is almost as old as mobile computing itself. Many
of them use satellite navigation systems like GPS [G93] or the future Galileo
system [GO5]. A major problem of satellite navigation systems is the fact that
the antenna of the receiver usually needs a direct line-of-sight towards a number
of different satellites. So they are only useful for outdoor navigation.

As many ubiquitous computing projects include mostly indoor scenarios, re-
searchers started to develop specialized indoor location systems. Prominent ex-
amples include the Cricket Location-Support System [P00] or the Bat [H97].
These systems make use of different kinds of sensors, like scanning for ultra-
sound or radio beacons or observing nearby WLAN or Bluetooth access points.

Unfortunately most of these location systems do not work together and many
can use only one single kind of sensor. So there is a clear need for a framework
that can combine the output of different kinds of location sensors into one single
and consistent result.

Such a system has been proposed as part of the HeyWow project [HO3]|.
In [AOILWO02|] the authors suggest the use of so-called probability density func-
tions (PDF's) to represent the location measurement of one sensor or the com-
bined measurement of multiple sensors. Other similar projects include [B03]
H02).

As our architecture is based in part on these ideas, we first give some details
on how position is represented in COMPASS before describing the architecture
itself.

3 Position Representation

A major issue in positioning systems is how to express the position. COMPASS
knows two kind of position representations: a geocoordinate based representa-
tion and one that delivers a semantical description of the current position, like
the current room number or a street address. The functionality of COMPASS
includes a mechanism to translate a geocoordinate to a semantic position de-
scription automatically, as sensors often deliver the first representation whereas
applications often need the semantic representation.

No matter what kinds of sensors are in use to determine geocoordinates, most
of them will inevitably introduces some kind of error. E.g. GPS has a typical
error of a few meters, estimating the position based on available WLAN access
points will deliver results with a precision of a few dozens to a few hundreds of
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meters, depending on local conditions. So delivering a single point as position
information will never be accurate.

Therefor COMPASS expresses all position information as Probability Distri-
bution Functions (PDFs) like introduced in [AOTL,[W02]. PDF's represent a two
or three dimensional area in which they express the probability of being at a
certain position. PDFs use a Cartesian coordinate system with a north-south
(y), east-west (x) and up-down (z) axis. Additionally a PDF contains the origin
expressed as WGS 84 coordinates. This way, multiple PDF's can be correlated
and combined.

Fig. 1. Example of Probability Distribution Function (from [A01])

Figure [Il shows an example PDF which might represent a user that is inside
a building with crossing corridors. This information can e.g. be the result of a
radio sensors which detected that the mobile user entered this corridor and has
not left it since. Combined with PDFs from other sensors, the position within
the corridor might be narrowed down further.

In parallel to coordinates, positions may also be provided in a symbolic rep-
resentation. At the moment we use a hierarchical string of the form ”‘coun-
try.city.streetname.streetnumber.roomnumber”’ for simplicity. But we are now
switching to a more powerful RDF-based representation that offers a very flexible

description of locations. See the final section for an outlook on this mechanism.

4  Architecture and Components

4.1  Principles

COMPASS is designed to run on mobile devices. Therefore memory capacity,
CPU speed and power consumption have to be taken into account. Depending
on the application’s needs the desired accuracy of position determination can
reach from some centimeters to several hundred meters. COMPASS is designed
to work with different degrees of accuracy to be usable for a wide spectrum of
applications.

To gain a maximum of flexibility any dynamic content is separated from the
COMPASS system and displaced to remote databases. A database is accessed
using Web Services technology and is generally called service within the con-
text of COMPASS. The application can optionally influence the selection of the
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services. It is possible for both the application and the COMPASS system to
replace services at runtime without deep impact.

4.2 Overview

Figure 2 shows the overall architecture of COMPASS.
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Fig.2. COMPASS architecture

COMPASS has a plugin based design. For any source of position information
exists a corresponding plugin. The plugins are connected to the so called Locator
and deliver a PDF to it on demand. A plugin may use a service for accessing
additional information. The task of the Locator is to determine the compound
PDF of all PDFs supplied by the plugins. Additionally the Locator computes
the position of the highest probability.

A plugin may register itself at the Locator to always get the latest compound
PDF. This is useful for sensors which provide only relative position informations.
To provide a human readable representation of the position with the highest
probability there is a Translator component.

It will use webservices, that are able to convert PDFs to symbolic location
informations. These symbolic location informations may be represented as hi-
erarchical strings like ”‘germany.ulm.university.main_building.027.3303”’. It is
possible to specify the hierarchical depth of the response string. In the future we
plan to use a more flexible, XML-based format instead of simple strings.

The Service Finder is responsible for finding proper RPC services and to
assign them to the plugins and the Translator. Using standard Web Service
technologies like WSDL, UDDI and SOAP, it will find local services that provide
information to plugins or the Translator.

Locator and Translator are called by the Control unit which provides the
API. It is also responsible for initialization of all components. The API provides
either the compound PDF or the WGS84 coordinates of the most likely position.
Additionally the application can retrieve the symbolic position information.
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4.3 Plugins
Currently four plugin types are supposed to be used:

AP plugin: This module uses WLAN access points as source of position in-
formation. It needs a service to resolve the access point’s MAC to a geographic
position. The service provides the WGS84 coordinates of the AP and a power
density spectrum. From this information the plugin can compute a PDF with
respect to properties of the sensor’s antenna. If multiple access points are within
reach one PDF for each access point can be computed.

GPS plugin: A NMEA capable GPS sensor is used to retrieve the current posi-
tion. This can immediately be transformed into a PDF with Gaussian distribu-
tion. The error depends on receiving conditions, number of available satellites,
etc.

RFID plugin: RFID tags have only a short range. But if they are scattered
throughout a building at doors and gateways they can provide position informa-
tion with a very good accuracy. The RFID plugin is statefull and for instance
logs if one enters a room. A service is needed for resolving the tag’s IDs and to
retrieve information about the building’s structure. The RFID plugin typically
provides a PDF with equal distribution for the whole room which was entered
last.

Acceleration plugin: This plugin uses a gyro sensor to gain relative position
information. With the help of the last know position the plugin can compute
a PDF. The distribution function usually is a sphere around the last known
position. If a compass is additionally used the sphere can be clipped.

5 Implementation

5.1  Probability Distribution Functions

A PDF maps from Cartesian coordinates to probabilities. Therefore every PDF
has an origin, which is given in WGS84 coordinates. A PDF can be accessed
by supplying coordinates and retrieving the corresponding probability. To im-
plement a PDF on a hardware we need a finite and discrete representation. So
every PDF has a resolution and a maximum expansion for each dimension. A
PDF always covers a cuboid. When iterating over the cuboid the sum of the prob-
abilities must always be one. It is expedient to agree on a maximum resolution
for all PDFs. Our implementation uses a maximum resolution of 10 centimeters.
This should be adjusted depending on the precision of the existing sensors and
the desired accuracy.

The naive approach for an implementation of a PDF is a three dimensional
array. This is easy to implement and has minimum time penalty for accessing.
But this approach is not practical for all possible PDFs, as depending on the
resolution and the expansion of the PDF it quickly blasts the memory capabilities
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of any mobile device. To save memory the intern resolution can be reduced by
using interpolation. Of course accuracy suffers from this.

A second possibility is to have a function representing a mathematical for-
mula, which calculates the probability on demand. This approach has minimum
memory requirements but is expensive at runtime. A mathematical description
of some physical behavior often differs from reality or the best known formula
is too complex for computation at runtime. Furthermore reality may differ from
the mathematical description locally because of some irregularities such as ob-
stacles which are not considered by the formula. So this approach is not practical
for all possible PDFs, either.

To combine the advantages of both approaches we define the PDF container.
A PDF container is either a PDF or a list of PDF containers. In the second case
requests are delegated to the proper containers. So a container looks like a PDF
but can cover a hierarchy of sub-PDF's, each being optimized for access on the
set of coordinates they cover. When accessing the container it has to determine
which container is responsible.

If the number of sub-PDF's is small, three dimensional polygon intersections
are a good way to determine the responsible sub-PDF. If the number of sub-
PDFs is large, Z curves [B99] are used to map the three dimensional coordinates
to a linear search index of a binary tree.

5.2 Modules

Plugins: Every plugin creates its own thread on initialization. The Locator can
trigger the determination of a PDF. When finished the PDF is returned using
a callback to the Locator. The plugin is allowed to deliver a list of PDFs when
there are multiple sources of information. But is is also allowed to compute a
compound PDF on its own and deliver only this one. The plugin is allowed to
return no PDF, if it is unable to determine one. The stub of the webservice
is supplied by the Service Finder. A plugin is allowed to cache results from a
service. But if the Service Finder assigns a new service the cache has to be
invalidated. A plugin is allowed to be statefull. If the Service Finder assigns a
new service the state has to be reset if it depends on the service. Otherwise the
state is allowed to be reset.

Locator: The task of the Locator is to poll all plugins on demand and to deliver
the compound PDF of all returned PDFs. The Locator creates its own thread
on initialization. When triggered by the control unit the locator triggers every
plugin to determine the PDFs. As soon as every plugin delivered one ore more
PDF or after a timeout the compound PDF is built and returned to the control
unit via callback. The compound PDF is a special PDF container. The difference
to normal PDF containers is that there can be multiple responsible PDF's for a
set of coordinates. For mathematical details on how to combine different PDF's,
see [A01,W02].

Translator: The translator uses the point of maximum likelihood from the
combined PDF and searches via the service finder for a suitable service that can
determine a symbolic representation for that position.
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Service Finder: The service finder is responsible to find webservices and to
supply the plugins and the translator with a proper stub. The service finder is
allowed to assign any service at any time to any module. It is also allowed to
remove a service when the service is not reachable. In this case the module is
unable to fulfill its task. The Service Finder can use several techniques to find
an webservice. This includes Jini, UDDI or SLP.

6 Summary and Outlook

COMPASS provides an architecture that allows the concurrent use of multiple
location sensors that can assist each other in finding positions and reduce po-
tential errors. In addition the Translator provides symbolic position information
that can be retrieved from local web services.

We are currently finishing a prototype implementation that includes two
plugins (GPS and AP). As soon as this is finished, we will do some real-world
analysis in order to verify, that this approach is practical and really decreases
erTors.

On the conceptual layer, we are investigating how to create a more flexible
description of symbolic position information. Depending on the current context,
an application may understand a location as ”being in a certain city”, "be-
ing inside a specific building”, "being near some important monument”, at a
certain postal address, etc. In order to express this information about a given
geolocation, COMPASS represents such facts as RDF/XML documents using
the Resource Description Framework developed by the W3C [W05] as part of
their Semantic Web initiative. The following RDF document shows an example,
where the object "myself” is located at some coordinates, at an certain address
and inside a specific building.

<?7xml version="1.0" encoding="iso-8859-1" 7>
<rdf :RDF xmlns:rdf="http://wuw.w3.org/1999/02/22-rdf-syntax-ns\#">
<0bject rdf:nodeID="myself">
<locatedAt> <Coordinates rdf:nodeID="myCoords" lc:type="WGS84">
<longitude parseType="Resource">
<rdf:value>010°01.538E</rdf :value>
<coordUnit>degree<coordUnit>
<longitude>
<latitude rdf:parseType="Resource">
<rdf:value>48°27.182N</rdf :value>
<coordUnit>degree<coordUnit>
<latitude>
<Coordinates> </locatedAt>
<locatedAt>
<Address>
<street>Albert-Einstein-Allee></street> <number>11</number>
<city rdf:resource="http://ulm.de/" />
</Address>
</locatedAt>
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<locatedAt>

<Building rdf:about="http://uni-ulm.de/campus/Uni0Ost">

<inPart><BuildingPart>027</BuildingPart></inPart>

</Building>

</locatedAt>
</0Object>
</rdf :RDF>

This way applications may be enabled to combine the location information
with other documents from the Semantic Web like route information. Then e.g.
navigation systems may automatically infer that you are on an Autostrada in
Italy and that there the general speed limit is 130 km /h.
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Abstract. Today, most mobile applications use geo-referenced points of
interest (POIls) on location-based maps to call the user’s attention to in-
teresting spots in the surroundings. The presentation of both, maps and
POls, is commonly location-based but not yet adapted to the individual
user’s needs and situation. To foster the user’s information perception by
emphasising the location-based information that is most relevant to the
individual user, we propose the zPOI concept — the modeling, process-
ing, and visualisation of context-aware POIs. We introduce a data model
for zPOlIs, supporting the exchange of zPOIs and define an architecture
to process and present xPOIs in cooperation with a mobile informa-
tion system. With the integration of context-awareness into POls, we
contribute to the development of innovative location- and context-aware
mobile applications.

1 Introduction

Developments in areas like mobile computing, localisation, and wireless networks
have recently increased the emergence of a wide range of mobile applications.
One observation that can be made here, is that distinct tasks, such as navi-
gation and orientation support through maps are part of nearly every mobile
application. Typically, these applications provide not only a map but also a vi-
sualisation of geo-referenced information like points of interest (POIs). Although
many applications provide similar features with regard to map and POI presen-
tation, nearly all of them build their own proprietary mechanism to realise them.
Furthermore, as the situation of a mobile user constantly changes, so should the
visualisation of the POIs; behind every corner new impressions and situations
— the context — could come up that might influence the user and should there-
fore be reflected by the applications. Today, factors like role, location, and time
play an increasingly important role when selecting and displaying information.
However, today’s applications provide only static POIs that do not adapt to the
user’s context.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 113 2005.
(© Springer-Verlag Berlin Heidelberg 2005
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In this paper, we present a concept for conteXt-aware points of interest
(zPOIs) that make POIs aware to the user’s context. The zPOI concept al-
lows to adapt the presentation of POIs according to a current user situation.
This helps the user to focus on those POIs that are most “important” in a given
situation, guiding the attention of the user to the needed information. Another
benefit is the emergence of new interaction methods: Since xPOls are sensitive
to the current context situation, they can adapt their visualisation, and in addi-
tion trigger interaction. Hence, the user is not restricted to a direct interaction
with the system; rather an additional indirect interaction by changing his or her
context situation is possible.

In the following, we propose a data model for zPOIs that reflects context-
aware visualisation and interaction aspects. In addition to the zPOI data model,
we present a processing engine (zPOI engine) which is able to analyse and pro-
cess instances of this xPOI data model and generate the appropriate POI pre-
sentations. We illustrate the usage of the xPOI-concept in prototypes developed
on our mobile Niccimon platform [1].

2 Related Work

Only a few attempts can be found to establish a standard for POlIs, like for in-
stance POIX [2] or NVML [3] and recently OpenLS [4]. POIX and NVML both
define POIs and/or route information usable in a city information system, with-
out taking into account context-awareness. However, these “standards” provide
first insights and stimuli towards a structured POI data model. OpenLS on the
contrary defines services and data types for location services. On this behalf it
provides a data type for POIs, which only reflects basic features, e. g., position
and time. With regard to context management, the project Nexus [5] works in
the field of federating context and context reasoning, whereas we aim at utilising
context and modeling context-aware behaviour for POIs. An interesting example
of context-aware interactive objects has been proposed by the Stick-e Notes [6]
project. In which a single or compound context condition causes the invocation
of an electronic note. However, this approach addresses a context based invoca-
tion of those notes, but does not support more complex context situations and
dynamic context-aware presentation of POIs. Today, POIs are in the most cases
more or less hard-wired within the application, so that they are all known before-
hand, defined in an application specific data model, and presented in a uniform
manner; dynamic POI exchange or context-aware visualisation is integrated in
the POI concepts, can not be found.

3 The General Requirements and Goals

It is the goal of the zPOI concept to provide self-describing “all-in-one” zPOIls
that carry sufficient information to be processed, managed, and presented ac-
cording to the users context. This requires a suitable data model to specify and
structure the needed information. With regard to the design of the data model,
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the two central aspects are: visualisation and context-awareness. Consequently,
a suitable representation of the xPOI’s visualisation is needed. To achieve as
much platform-independence and standard conformity as possible, the visuali-
sation representation should follow widely accepted presentation standards. In
order to reflect context-awareness, the zPOI data model needs to contain the in-
formation about the context situation to which the POl is “sensitive” / “aware”.
The goal to dynamically adapt the visualisation of a zPOI necessitates a mech-
anism that correlates a context situation with the visualisation presentation,
which defines a resulting adaption. Since we also aim at exchanging xzPOlIs
between applications, we further need a suitable transport/exchange format,
preferably platform-independent. Finally, a mechanism that is able to process
and use zPOIs together with context information is needed. Our approach to
meet these requirements in the xPOI concept is presented in the following.

4 Design of xPOls, Context, and xPOI Engine

Based on the general concepts and requirements, we present in this section the
design of the main components of the xPOI concept in more detail: the design
of the zPOI data model, the context data model, and our zPOI engine which
analyses and processes the xPOIs and the context to generate a context-based
xPOI visualisation and interaction.

4.1 The P OI Data Model

Our zPOI data model comprises five main sections, each responsible for one dis-
tinct aspect: identification, management, visualisation, context-awareness, and
messaging.

Identification: The identification section contains the information needed to
identify an zPOI. It comprises an unique zPOI id, one or more types or cate-
gories of the zPOI, an action entry to distinguish an initial zPOI distribution
from an update or delete call, and last, but most important, the actual position
of the zPOI.

Management: This section contains information for the later management of
xPOIs. Issues addressed are: information concerning security aspects like access
rights or the 2POI creator, together with the temporal validity, update version,
and history of the zPOI.

Visualisation: In the visualisation section, the possible visualisation forms of the
xPOI are defined. This visualisation can range from simple text over 2D graphics
to auditory and haptic representations. To restrain complexity, we concentrate
our work on a 2D representation of the zPOIs. Generally, there are two ways
to present an zPOI: By a bitmap or by a vector object. For the context-aware
presentation we apply suitable transformations on both the vector definition and
the bitmap definition. For example, in the case of a 2D presentation, the result
of this transformation is a SVG object which is later used by the surrounding
application to present the zPOI on a map.
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Context-Awareness: The context-aware presentation of a xPOIs is achieved by
a transformation of a visualisation information according to one of the context-
aware rules, defined in the context-awareness section. We use Event-Condition-
Action (ECA) rules known from, e. g., active databases [7], to define the situation
in which a rule is to be executed. Based on the overall rule characteristics, a user
may cause an event, e.g., by selecting an xPOI on the map or by changing the
context situation, and/or a specific context situation/condition is given, e.g.,
the user reached a distinct position, and an action is performed. Driven by the
requirements of our application domain, we restrict the set of supported user
events to define these rules at this stage of the project to on the one hand
“POI-Pressed, POI-Released, and POI-Clicked” for direct user interaction with
the zPOI and on the other hand indirect updates on the supported context
represented by variables. To specify our conditions the supported variables for
context like position, position quality, time, date, velocity, role and stress factor
are combined with operators and elements of the context domains. The following
operators are supported:

conditional: AND, OR, and NOT

relational: EQUAL, LESS, and GREATER
spatial: DISTANCE and INSIDE
constructors: ~ POINT, RECT, TIME, and DATE

In later versions, we will add more operators/context information and examine
the usage of different formalisms to specify the context-aware rules. Nevertheless
the use of ECA rules is sufficient to demonstrate the usage and advantages of
context-aware POIs. Today, we support two types of actions. First of all, an
XSLT transformation can be applied on an appropriate visualisation information.
The result of this transformation is the mentioned SVG presentation of the zPOL.
Another action could be the usage of the messaging mechanism to send a message
to the xPOI creator realising context-aware interaction. The following example
illustrates an ECA rule for an zPOI, in which a zPOI changes its presentation,
if the user move’s into a defined area at a specific day, showing only a meta
statement for the action part.

Event: UPDATE(position,e,) OR UPDATE(date,ow)
Condition:  INSIDE(position, e, RECT(POINT(0,0), POINT(9,9)))
AND
dateno, EQUALS DATE(2005,6,21)
Action: use visualisation form 8

Messaging: In the section messaging, we define information that is needed if a
context-aware rule results in a messaging action instead of a visualisation trans-
formation, enabling interprocess communication. Due to the required platform-
independence, information regarding the messaging channels like TCP /TP sock-
ets or other mechanisms are provided in this section.
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The goal to integrate context-awareness in the POI presentation and fos-
ter the exchange and reusability of POIs requires a uniform but flexible zPOI
definition. Therefore, we utilise XML and XML-Schema to specify, express and
exchange our zPOls.

4.2 Context

In order to use context information information such as the position of the user,
the position quality, time, date, velocity, role, and stress factor of the user, we
developed a data model for context. It incorporates additional meta data like
position information, time related factors, creator, trustworthiness etc. and is
not described any further. Nevertheless, due to the modular design of the zPOI
engine (see Section 4.3), any other context data model could be used. In addition
to the aforementioned context information, which can be used in the definition
of the ECA rules, we use one additional context element, the event horizon.
The event horizon describes the area in the real world, which the user is able
to comprehend at the moment. This special context element is used only during
the processing of zPOls.

4.3  Processing of zPOIs

In order to utilise zPOls, a mechanism to analyse and process these zPOls is
one of the key factors. We propose a so called “cPOI engine” depicted in Figure
1, containing all the necessary functionality.

| xPOl Visualisation

| )
| xPOI Processing | =
2
| xPOl Management | | Context Management | w
| xPOI Analysis | | Context Analysis | 8
>
xPOI Communication | | Context Communication |

Fig. 1. The zPOI engine for zPOI analysis and processing

This component is designed to be integrated as a module into the later mobile
information system, to receive the xPOIs and context information, process both,
and either calculate the xPOIs SVG representations or trigger the context-aware
interaction through informing the zPOI originator. Figure 1 shows the layers of
the zPOI engine in which zPOIs and context information are integrated, pre-
processed, and managed. Both context information and zPOlIs are integrated
into the zPOl-engine via the communication layer. Afterwards zPOIs as well
as the context are analysed and transformed into an internal object represen-
tation. Context information and xPOIs are then transferred to their respective
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management layer, where they are stored “persistently”. Depending on the event
(i.e., a new zPOI has been integrated or an old one has been updated, an user
interaction occurred, or the context situation has changed) the affected zPOIs
and context information are enquired by the processing layer from both manage-
ment layers. Here, the event horizon is used to extract only those zPOIs from
the management layer that are of interest in the given situation. After processing
the involved zPOls, either their new SVG representation is transferred to the
visualisation layer and from there to the surrounding system or in case of a com-
munication action the communication layer is used to propagate the information
to the zPOI originator, where it may initialise a context-aware interaction.

5 Using POIs in Mobile Information Systems

To show the practical usage of and evaluate our zPOI concept, we integrated the
concept into our mobile, multimedia, and location-aware Niccimon platform [1].
Through this, applications that use the Niccimon platform as system foundation
are able to utilise the zPOI concept. The proposed zPOI engine is implemented
and integrated in the Niccimon mediator as an additional horizontal module.

The first project to integrate the new zPOI concept was our mobiDENK
demonstrator [8]. MobiDENK represents a typical guide system, displaying the
position of the user and POIs in his or her surrounding on a map, providing
location-based information. We are currently testing the new zPOIs by address-
ing proximity awareness, user interests, and time, to adapt their visualisation.
Furthermore, we will integrate the zPOI concept in our project, SightseeingdU
[9], which provides personalised sightseeing tours on mobile devices. Here, the
zPOIs will be adapted according to the user’s interests regarding architecture
or landscaping.

6 Conclusion

In this paper, we introduced a “standard” zPOI data model that enables the
creation, exchange, and processing of context-aware points of interest in mobile,
location- and context-aware applications. These zPOls each carry the informa-
tion to be identified, managed, and, most important, be visualised dependent on
the user’s current context situation. We not only presented the data model for
xPOIs but also the processing architecture in which they are embedded. The con-
cept invites new interaction models in mobile computing. Based on this “context
sensitive interaction” users can interact with the system by changing their con-
text, e.g., walking around, changing their role from tourist to business person,
and the like. Due to the platform-independent exchange format of zPOls, ap-
plications can easily exchange and integrate foreign context-aware POIs. When
thinking of teenagers and their struggle for individuality the exchange of indi-
vidualised xPOIs among themselves in an instant messenger or “friend finder”
application could prove to be an interesting and promising scenario. Nevertheless
there are some open issues like for instance the diffuse definition of context or the
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definition of “useful” rules together with a sound visualisation transformation.
But, the implementation and application of the xPOI concept so far is promis-
ing. In a world of evolving mobile and context-aware applications, the flexible
usage and exchange of context-aware points of interest clearly is an important
next step.
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Abstract. This paper presents the design, implementation, and evaluation of a
footprint-based indoor location system on traditional Japanese GETA sandals.
Our footprint location system can significantly reduce the amount of infrastruc-
ture required in the deployed environment. In its simplest form, a user simply
has to put on the GETA sandals to track his/her locations without any setup or
calibration efforts. This makes our footprint method easy for everywhere de-
ployment. The footprint location system is based on the dead-reckoning
method. It works by measuring and tracking the displacement vectors along a
trial of footprints (each displacement vector is formed by drawing a line be-
tween each pair of footprints). The position of a user can be calculated by sum-
ming up the current and all previous displacement vectors. Additional benefits
of the footprint based method are that it does not have problems found in exist-
ing indoor location systems, such as obstacles, multi-path effects, signal noises,
signal interferences, and dead spots. However, the footprint based method has a
problem of accumulative error over distance traveled. To address this issue, it is
combined with a light RFID infrastructure to correct its positioning error over
some long distance traveled.

1 Introduction

Physical locations of people and objects have been one of the most widely used con-
text information in context-aware applications. To enable such location-aware appli-
cations in the indoor environment, many indoor location systems have been proposed
in the past decade, such as Active Badge [1], Active Bat [2], Cricket [3], smart floor
[4], RADAR [5], and Ekahau [6]. However, we have seen very limited market success
of these indoor location systems outside of academic and industrial research labs. We
believe that the main obstacle that prevents their widespread adoption is that they
require certain level of system infrastructural support (including hardware, installa-
tion, calibration, maintenance, etc.) inside the deployed environments. For example,
Active Badge [1], Active Bat [2], and Cricket location systems [3] require the installa-
tion of infrared/ultrasonic transmitters (or receivers) at fixed locations (e.g., ceilings
or high walls) in the environments. In order to attain high location accuracy and
good coverage, the system infrastructure requires large number of transmitters (or
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receivers) installed in the deployed environments. This is beyond the reach of ordi-
nary people to afford, operate, and maintain the infrastructure. WiFi based location
systems such as RADAR [5] and Ekahau [6] require an existing WiFi network in the
deployed environment. For example, the Ekahau location system recommends a WiFi
client to be able to receive signals from 3~4 WiFi access points in order to attain the
specified location accuracy of 3 meters. This high density of access points is unlikely
in our everyday home and small office environments. In addition, most WiFi based
location systems require users’ calibration efforts to construct a radio map by taking
measurements of WiFi signal strength at various points in the environment. This
forms another barrier for users. Smart floor [4] can track the location of a user by
using pressure or presence sensors underneath the floor tiles to detect the user’s gait.
This infrastructure cost is expensive because it requires custom-made floor tiles and
flooring re-construction.

Significantly reducing the needed system infrastructure serves as our main motiva-
tion to design and prototype a new footprint location system on traditional Japanese
GETA (pronounced “gue-ta”) sandals. This footprint location system can compute a
user’s physical location solely by using sensors installed on the GETA sandals. To
enable location tracking, a user simply has to wear the GETA sandals with no extra
user setup & calibration effort. This system works by attaching location sensors, in-
cluding two ultrasonic-infrared-combo readers and one ultrasonic-infrared-combo
transmitter, on the GETA sandals. The basic idea can be described by looking at a
person walking from location A to location B on a beach. He/she will leave a trial of
footprints. To track a person’s physical location, the system continuously measures a
displacement vector formed between two advancing footprints (advancing in the tem-
poral sense). To track a user’s current location relative to a starting point, the system
simply sums up all previous footprint displacement vectors leading to his/her current
footprint location. This idea is similar to the so-called (deduced) dead-reckoning
navigation dated back to the medieval time when the sailor/navigator would locate
himself/herself by measuring the course and distance sailed from a starting point. In
our system, this dead reckoning idea is adapted in tracking human footprints. We
believe that having a wearable location tracker is an important advantage in our foot-
print location system over infrastructure-based indoor location systems. Users simply
need to wear our GETA-like shoes, and our location system can work anywhere they
want to go.

In addition to the benefit of low infrastructure cost, the footprint location system
does not have problems commonly found in existing indoor location systems. For
example, existing wireless based solutions (e.g., using radio, ultrasonic, or infrared)
can experience poor position accuracy when encountering obstacles between transmit-
ters and receivers, multi-path effects, signal noises, signal interferences, and dead
spots. On the other hand, our footprint location system avoids almost all of these
problems. The reason is that the location sensors (ultrasonic-infrared transmitters and
readers) in our footprint method only need to cover a small sensing range, which is
the short distance between two sandals in a maximum length of a walking step (< 1.5
meters). Assume walking on a relatively smooth surface, the footprint location sen-
sors are unlikely to encounter any obstacles or experience multi-path effects, signal
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noises, and signal interferences over this small sensing range. This is in contrast to
existing wireless (radio, ultrasonic, or infrared) based location systems where the
sensing range must be large enough to cover the distance between fixed location sen-
sors in the environment and a mobile location sensor on a user. This short sensing
range in our footprint method also brings two additional advantages: (1) location
sensors can significantly reduce its power consumption due to short sensing range,
and (2) location sensors (ultrasonic-infrared) have high accuracy under such short
sensing range (e.g., 0.2 mm in static setting).

There is one important shortcoming in our footprint location system called the er-
ror accumulation problem. It is inevitable that a small amount of error is introduced
each time we take measurements to calculate a displacement vector. Consider a user
has walked n steps away from a starting point. His/her current location is calculated as
a sum of these n displacement vectors. This means that the current location error is
also the sum of all errors from these n previous displacement vectors. In other words,
the error in the current footprint measurement will be a percentage of the total dis-
tance traveled. To address this error accumulation problem, we utilize a small number
of passive RFID tags with known location coordinates in the environment. A small
RFID reader is also placed under a GETA sandal to read these RFID tags. When a
user walks on top of a location-aware RFID tag, the known location coordinate of that
RFID tag is used instead of the calculated footprint location. Encountering a RFID tag
has the same effect as resetting the accumulated error to zero. Although these loca-
tion-aware RFID tags are considered system infrastructure, they constitute very light
infrastructure because (1) RFID tags are relatively inexpensive in cost (< $1 each) and
easy to install, and (2) only a very small number of RFID tags are needed. Based on
our measurements in Section 4, the average error per footstep is only about 4.6mm. If
we want to limit the average error to 46¢m, we only need to install enough RFID tags
in the environment such that a user is likely to walk over a RFID tag approximately
every 100 steps.

There are several pervious systems that are also based on incremental motion and
dead reckoning. Lee et al [11] proposed a method to estimate the user’s current loca-
tion by recognizing a sequence of incremental motions (e.g., 2 steps north followed
by 40 steps east, etc.) from wearable sensors such as accelerometers, digital compass,
etc. Lee’s proposed method differs from our footprint tracking system in that it can
only recognize a few selected locations (e.g., bathroom, toilet, etc.) rather than track
location coordinates. Point research [12] provides a vehicle self-tracking system that
provides high location accuracy by combining the dead-reckoning method (wheel
motions) and GPS. The solution from Point research differs from our method which
is based on footprint tracking in normal human walking motion rather than mechani-
cal wheel movements.

At the time of this paper writing, we have gone through three design-and-
evaluation iterations. Rather than presenting only the last (3™) design and evaluation,
we think that readers may also be interested to know these intermediate designs as
well as mistakes we made on them. The remainder of this paper is organized as fol-
lows. In Sections 2 to 4, we describe our three design-and-evaluation iterations, in-
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cluding performance evaluations and discussions about design mistakes. Section 5
draws our summary and future work.

2 Initial Design: Design Version I

The human walking motion can be modeled by stance-phase kinematics shown in Fig.
1. A forwarding walking motion is consisted of a sequence of three stances — heel-
strike, mid-stance, and toe-off. In the heel-strike stance, the body weight pushes down
from the upper body to the lower body, resulting in both feet in firm contact with the
ground. This generates a footprint on the ground. In the mid-stance, the body raises
one (left) foot forward and above the ground. In the toe-off stance, the body weight
again pushes down on the forwarded (left) foot, again resulting in both feet in contact
with the ground. This creates another footprint on the ground.

The basic idea behind our footprint location tracking system is to (1) detect heel-
strike and toe-off stances, and then (2) take measurement of two feet’s displacement
vector v, (i.e., the footprint vector) on the ground. As shown in Fig. 2, given a starting
point in a location tracking region (Xu» Vsar), €-8., the entrance of home or a build-
ing, we can compute the current position of a user, who has walked » number of steps
away from the starting point, by summing up all displacement vectors Xv;, for i=1..n
, corresponding to these n footsteps.

Heel-strike -—-—----------——- = Mid-stance -—-------------—- = Toe-off

Fig. 1. Three stances in a normal human walking motion

2.1 Footprint Positioning Algorithm

To measure the displacement vector v, for each footprint, we place two ultrasonic-
infrared-combo receivers on the left sandal and two ultrasonic-infrared-combo trans-
mitters on right sandal shown in Fig. 3. The components for ultrasonic-infrared
transmitters and receivers are obtained by disassembling the NAVInote’s [8] elec-
tronic pen and base unit. In order to make both the receivers and transmitters face



124 K. Okuda et al.

coordinate
system

Starting point (Xgarm Ysiar)
(@) ®)

Fig. 2. The user has walked four footsteps 1-4. Fig. 2(a) shows these displacement vectors (v,;)
corresponding to these displacement vectors. Fig. 2(b) shows 6; as the rotational angel between
the current local coordinate system and the previous local coordinate system in the previous
footstep

Transmitter,;

(X1, Vo)
. X
Receiver;\ %\ [ e .- 4
. @ Transmitter,
Receiver; (X2 Yi2)

Fig. 3. It shows the locations of ultrasonic-infrared receivers and transmitters on the sandals.
The coordinates of the transmitters on the right sandal is relative to the local coordinate system
on the left sandal

directly toward each other during normal walking motion', they are placed on the
inner sides of the sandals. The prototype of the GETA sandals is shown in Fig. 7.
Through NAVInote APIs, we obtain the (x, y) coordinates of these two transmitters
located on the right sandal. Denote them as (x,;, y,;) and (x5, y,2) as shown in Fig. 3.
Note that the ultrasonic-infrared-combo technology can achieve very fine position
accuracy and resolution at the short sensing range between two sandals. Under static
setting, the measured average positioning error is < 0.2mm and the resolution is
< 0.2mm.

! We assume that people don’t intentionally walk cross-legged.
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Fig. 4. Before moving the left foot, the coordinates of the transmitters on the right sandal, (x;,,
v,;7) and (x5, y;2), are recorded as shown in (a). After walking the left foot, (x,;’, ¥,;’) and (x,;’,
v;2’) are recorded as shown in (b). To calculate v;, we have to consider the rotation angel 6;,
translate (dx, dy) to the coordinate system of the left foot, and then transform them into the
global coordinate system to get the displacement vector v, as shown in (c)

The coordinates of these two transmitters are measured relative to the local coordi-
nate system of the left sandal, where the origin of this local coordinate system is at the
heel position and the y-axis forms a straight line from the heel to the toes. Since mov-
ing left foot also changes the local coordinate system, it is necessary to re-orientate
the displacement vector from its local coordinate system to a global coordinate sys-
tem. The global coordinate system is set to be the coordinate of the starting point. To
perform this orientation translation, we need to compute the orientation angle 6 of
local coordinate system relative to the global coordinate system.

Denote the current step as the i-th left footstep. The orientation angle 8 can be cal-
culated as X' 6;, where 6; is the rotational angle between the i-th left footstep’s coor-
dinate system and the (i-7)-th left footstep’s coordinate system. This means that to
compute the orientation angle 6, we need to compute 6; for each new left footstep as
illustrated in Fig. 2(b).

Fig. 4 shows (x,;, y;;) and (x;, y;2) as the recorded coordinates of two transmitters
on the right foot before moving the left foot, and (x,;’, y,;’) and (x’, y,’) as their
recorded coordinates after moving the left foot. As the left foot moves, the coordinate
system on the left foot rotates §; and then translates into (dx, dy). This gives us the
following four sets of equations, which are sufficient to solve for three unknowns: 6;

and (dx, dy).
cos@, sind, || x, de| | x,' @
—sind, cosé, | y, dy| Ya' 2)

cos, sin6, |[x,] [dx] [x,' 3
—sin@, cos@. ||y, | |dy| |y, )
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We can then compute v, using summed 8, dx, and dy.
cos@ sind || dx
—sin@ cosé | dy Y

Some readers might wonder why we use two transmitters instead of one transmit-
ter. The reason is that one transmitter only gives two equations, which are insufficient
to solve three unknowns. With the additional transmitter, it can give two additional
equations needed to solve three unknowns.

Prior to the above-mentioned geometry calculation, we need to detect the heel-
strike and toe-off stances to measure (x;;, y,;;) and (x,, y,2). We call these two stances
the steady state because when both feet are in contact with the ground, the measured
coordinates on two transmitters are stable (do not change much) for some small pe-
riod of time. When we detect the steady state, we record the coordinates of two
transmitters and then calculate the displacement vector.

Assume that the user moves the right foot and the left foot in an interleaving man-
ner. We can track the position of the left foot by first computing two displacement

vectors from left footprint to the right footprint and right footprint back to the left
footprint.

2.2 Performance Evaluation

We have evaluated the performance of our initial design. The results have shown poor
positioning accuracy. The main cause of poor accuracy is due to the interference of
the signals from the two transmitters. Since the receivers can not distinguish two
distinct signals from two transmitters, it can calculate incorrect coordinates on two
transmitters. This leads to miss-detection of the steady state and incorrect calculation
on the displacement vectors. Although we tried to filter out these incorrect coordi-
nates, our results still showed high 49% rate of steady state miss-detections. When a
miss-detection occurs, dx, dy, 6, and displacement vector will also be calculated incor-
rectly. This leads to rapid error accumulation. Note that even a small error in the rota-
tion angle ¢, which is used to re-orient the displacement vector, can significantly
reduce the position accuracy.

An additional problem is that we have not found a working method to distinguish if
a person is moving forward or backward and which (left or right) foot is moving. This
problem can be explained as follows. Consider the 1% case that a person is moving
forward: if the right foot is moving forward, the x-coordinates of both transmitters
will increase; on the other hand, if the left foot is moving forward, the x-coordinates
of both transmitters will decrease. Consider the 2™ case that a person is moving
backward, the situation is reverse, i.e., the x-coordinate will decrease(increase) when
right(left) foot is moving backward. Given increasing x-coordinates on transmitters, it
can be either right foot moving forward or the left foot moving backward. As a result,
it is impossible to distinguish if a person is moving forward/background & left/right
(foot movement).
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3 Revised Design: Design Version I1

Design II tries to fix the following three problems from design I: (1) interferences
from two transmitters, (2) incorrect detections of heel-strike and toe-off stances, and
(3) indetermination of forward/backward & left/right movements. Design II solves
these problems by incorporating additional sensors into the GETA sandals. To accu-
rately detect the heel-strike and toe-off stances, we have added two pressure sensors
at the bottom of both sandals to sense when both feet are in contact with the ground.
These pressure sensors are also used to distinguish the forward/backward & left/right
movements. To eliminate interferences from two transmitters, we remove one trans-
mitter from the right sandal and incorporated an orientation sensor by InterSense
InterTrax2[9] on the front of left sandal. Fig. 7 shows the GETA sandal prototype of
the revised design (version II).

3.1 Revised Footprint Positioning Algorithm

Since the orientation sensor can provide € value for the global coordinate system, it
removes one unknown in our calculation. This leads to a simpler algorithm than in
version . By measuring (x, y,) and 8 at the time of the heal-strike and toe-off stances,
the displacement vector in the current footstep can be calculated by performing a
simple rotational transformation. The displacement vector to the starting point is the
sum of all the displacement vectors corresponding to the all previous footsteps.

3.2 Performance Evaluation

Fig. 5 shows the measured positioning error over different traveling distances and
walking speeds. It has shown that two problems in design I have been addressed. The
positioning accuracy is very good at short walking distances: the average error after
walking a little more than 5m is only 0.36m, or approximately 6.8%. It also shows that
our new design can accurately detect the heel-strike & toe-off stands, and then take
measurements to compute the displacement vector. It can be seen that the error in-
creases only slightly with increasing walking speed. However, we can clearly observe
the problem of error accumulation in our footprint-only method, as the positioning
error increases super-linearly with increasing walking distance.

The error is contributed from two main sources: (1) the displacement error vector
from the ultrasonic-infrared-combo device, and (2) the orientation error from the
orientation sensor. The displacement error is relatively small and stable due to the
high accuracy in the ultrasonic-infrared-combo device. However, the displacement
error is accumulative in future location calculation, so the error distance follows a
linear growth pattern. Note that orientation error is more destructive than displace-
ment error, i.e., even a one-time orientation error can make the positioning error grow
linearly over walking distance. This can be explained by looking at Fig. 6. After the
one-time orientation error of ,,,, occurs, the calculated path will forever deviate
from the real path, leading to linear grow in error displacement. In addition, we have
found that our orientation sensor becomes inaccurate after rotating over 90 degrees. In
order to get more accurate rotation angle 6, we reset the orientation sensor after each
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left step, and then sum up each rotation 6; to get the orientation 6. Due to this extra
calculation, the orientation error of §; also becomes accumulative.
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Fig. 5. The positioning accuracy (error) under different walking speeds over the walking dis-
tance
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Fig. 6. Illustration of the accumulation of the error of

4 Final Design: Design Version IIT

Design III tries to fix the error accumulation problems in design II. Design III incor-
porates location-aware passive RFID tags & readers that can reset the accumulated
error whenever the user steps on top of a RFID tag with a pre-determined location
coordinate. These location-aware passive RFID tags forms a passive RFID grid that
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can be used to bound the accumulated error in design II. Since a higher RFID grid
density means higher probability that a user will step on top of a passive RFID tag
(therefore resetting the positioning error), the ideal density of the RFID grid can be
chosen to achieve the needed positioning accuracy in the deployed environment.

The RFID solution has two parts: (1) a Skyetek M1[10] RFID reader is installed at
the bottom of the left sandal, and (2) a set of passive RFID tags with the read range of
4.5 cm are placed in the grid fashion. We only attach one additional RFID reader to
the left sandal, and the other device configuration is the same as in design II (Fig. 7.).

Orientation Sensor

RFID Reader
Pressure Sensor

Ultrasonic Receivers board (with
two Ultrasonic receivers)

Ultrasonic transmitter

Fig. 7. It shows the prototype of final design (version III) of the GETA sandals. Prototype of
design (version II) does not have the RFID reader. Prototype of design (version I) does not have
the orientation sensor but has an additional transmitter

In the target environment, a server is used to maintain the table mappings between
RFID tag IDs and corresponding location coordinates. When a user enters the target
environment, the GETA sandal downloads its mapping table. The positioning algo-
rithm is revised as follows. When the GETA sandal steps on top of a RFID tag, it
looks up the cached mapping table to find the location coordinate of this RFID tag.
Then, the current location of the user is set to the location coordinate of this RFID tag
rather than from the footprint tracking method.

4.1 Performance Evaluation

We have evaluated the performance of GETA sandal (version III) in a 15x15 square
meters testing environment. We have two different configurations of passive RFID
grids. The first configuration places one tag every 3m, and the second configuration
places one tag every Sm. Fig. 8 shows the measured positioning error over walking
distance for these two configurations. The error is reset to zero when a user steps on
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top of a RFID tag. Fig. 8 also shows that under a random walk, there is a probability
that a user may not step on a RFID tag every 3m or 5m. As a result, the errors
continue to accumulate past 3m or Sm until a user eventually steps over a RFID tag.

14 :
g 128 ——one tag per 3 m Doesn't step over the o Doesn't step over the
t
= 100 |-*—one tage per 5 m ad /o/ \ / tag
= 80
Z 0 s ]
3 40 * Py weo | [a*t oo
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distance (cm)

Fig. 8. The positioning accuracy (error) under different walking speeds over the walking dis-
tance

5 Conclusion and Future Work

This paper describes the design, implementation, and evaluation of our footprint-
based indoor location system on traditional Japanese GETA sandals. Our footprint
location system can significantly reduce the amount of infrastructure needed in the
deployed indoor environments. In its simplest form, the footprint location system is
contained within the mobile GETA sandals, making it easy for everywhere deploy-
ment. The user simply has to wear the GETA sandals to enable his/her location track-
ing with no efforts in calibration and setup. In addition to the benefit of being low
infrastructure cost, the footprint based method does not have problems in infrastruc-
ture-based indoor location systems such as noises, obstacles, interferences, and dead
spots. Although the footprint based method can achieve high accuracy per moving
footstep, it has a problem that positioning error can be accumulated over distance
traveled. As a result, it may need to be combined with a light RFID infrastructure to
correct its positioning error over some long distance traveled.

There are two yet-to-be-addressed problems in our current prototype of GETA san-
dals: wear-ability, RFID tag placement, and stair climbing. The current wear-ability is
unsatisfactory due to interconnecting all sensor components to a Notebook PC
through hardwiring. In our next prototype, we would like to replace all hardwiring
with wireless networking (e.g., Bluetooth), and replace processing on the Notebook
with a small embedded processor. To further reduce the RFID infrastructure, we are
interested to locate strategic frequently visited spots in an environment and to place
these RFID tags. Stair climbing is a serious problem because the stair becomes the
obstacle blocking the sensors between two sandals. To address this problem, we use
the strategy of putting RFID tags at the entrances of the stairs. We can treat a stair as a
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transition path from one floor space to another. Then we can use the RFID to know
when we move into or out a stair and change the position to the new floor space.
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Abstract. We present an improvement to ultrasound-based indoor lo-
cation systems like Cricket [I]. By encoding and modulating the ultra-
sound pulses, we are able to achieve greater accuracy in distance mea-
surements. Besides improving the distance measurements, we improve
the position update rate by synchronizing the active beacons. We also
propose a method that could further improve the update rate by super-
imposing encoded ultrasound pulses. Further, an experimental evaluation
of our improvements is presented.

1 Introduction

Localisation is still one of the challenges in mobile ubiquitous application scenar-
ios. Because knowledge of the position is the basis for location—based services,
navigation and ad—hoc cooperation, considerable research has been expended
and many approaches can be found already as working systems and in the liter-
ature. However, most of them only allow a rather coarse grained determination of
the position. Consider the coordination of autonomous vehicles which use accu-
rate location to coordinate access to junctions or intersections on a factory floor
or in a large stock building. It would be highly beneficial if this could be based
on an accurate and reliable positioning system. Another example which we aim
at is to use robots in a "mixed reality” scenario where they move in a simulated
virtual scene and interact with virtual robots. This application requires a very
accurate localization of the robots in the real world. Applications like this add
a new dimension to techniques of simulating real world settings. We consider in
our application mobile robots with a physical size of about 0.4m in length which
move with a moderate speed of about 0.7m/sec (see figure[I). From this, we can
derive some primary requirements for the location system:

The accuracy of the system must at least be in the order of the size of the
robots or better. Our design goal here is a position accuracy of 0.30m. The
position update rate must be at least 1/sec. Our robots are capable of moving
up to 0.7m/sec. This would correspond to about two robot lengths at full speed.
The system must be scalable in space and in the number of clients.

T. Strang and C. Linnhoff-Popien (Eds.): LoCA 2005, LNCS 3479, pp. 132-[T43] 2005.
(© Springer-Verlag Berlin Heidelberg 2005
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Fig. 1. Cooperating robots

A crucial point in a localization system often is the question of the division
of labour between the i