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Abstract—This paper presents a system that combines mobile applications and sensor network technologies.
services, ubiquitous computing, and augmented reality concepts  The users of the system and objects in the environment
in order to bring the kind of information-rich environment, — gre gssociated with individual sensors. The received kigna

which is currently limited to computer screens, to the physical .
world. This objective is achieved by constructing an architecture strength indicator (RSSI) values of the sensors are used to

based on existing wireless Web application and sensor network COmpute proximity information between objects and users,
technologies. Users of the system as well as objects in thewhich is then utilized by the Web application server to pdavi
environment are associated with individual sensors. The system adaptive services over wireless Web. The users then access
collects proximity information between objects and users, which these location-based services over the wireless netwank us

is then used by the Web application server to provide adaptive . . .

services. The users then access these location-based servicés standard Web browser on their mOb'le de_wce such as a
over the wireless network using a standard Web browser on smart phone or Internet tablet Un“ke Solutlons ba.sed on
their mobile device, e.g. smart phone. Unlike existing GPS- global positioning (GPS), the adopted approach allows for
based solutions, this approach allows for a proximity resolution g proximity resolution of approximately one meter inside
of approximately one meter inside buildings and rooms. Thus, buildings and rooms.

the augmented objects in the surrounding environment of the Individual objects in the environment thus become hubs
users become local hubs of interactive services, creating an . . . ) ;
information-rich environment that is similar to the one on the Of local, interactive, and adaptive services, creating an
Internet. The system presented, which can be built using already information-rich and interactive environment similar toet
existing technologies, has widespread potential applications in, one on the Internet. Possible applications of the proposed
for example, elderly care, education, and commerce. system are numerous and far reaching. For example, such
an environment can be used for elderly care, education, or
commercial purposes. At the same time, the proposed system
Recent developments in mobile computing and wirelegsan be seen as a precursor to futuristic concepts such as the
networking technologies resulted in an explosion of mobil@eternet of things or virtual reality. In this paper, howgvie
and location-based services. Early technology adoptezs amphasis is on building the described augmented environmen
already surrounded by ubiquitous computing services, lwhiasing today's existing technologies.
are destined to become an integral part of the daily life Recent developments in the area of wireless sensor networks
of the general public in the next decade. Today, howevenake them easier to program [1] and more usable than ever
mobile applications are mostly static, platform-speciand before. At the same time numerous sensor network solutions
closed when compared to the services we all enjoy within tlaad platforms are emerging [2]. Due to favorable properties
virtual environment of the Internet. While this can be atitédl such as their small size, low cost, and exibility, sensot-ne
partly to hardware (e.g. battery, bandwidth) limitatiomsndor works can be used to make the physical world more interactive
lock-in, and form-factor issues, the main reason is argualiB]. For example, sensor networks can be used to monitor the
the lack of an open architecture similar to the one on theealth condition of patients in hospitals [4]. In other case
Internet. Fortunately, with recent developments suchpislisa  wireless sensors are deployed as a signal broadcasting agen
advancing mobile computing devices (in the form of smatbd address tracking problems or provide various services in
phones or netbooks), improvements in bandwidth with negither indoor or outdoor environments [5]-[7].
generation wireless networks, and the arrival of the mobile With the emergence of the Web 2.0, there is concurrently
Internet, this limited situation is expected to change. an explosion in dynamic Web platforms making development
This study presents a system, which combines mobéad deployment of Web-based applications much easier than
(location-based) services, ubiquitous computing, and- augefore. For example, the Turbogears [8] Web programming
mented reality concepts. The goal is to bring the kind dfamework used in our prototype is based on the Python [9]
information-rich environment, which is currently limitetd Web framework which facilitates sophisticated and exible
computer screens, to the real world. This is achieved Ipyototyping in very short amount of time without requiring
constructing an architecture based on existing wirelesb Weigh level of expertise from the developers.

I. INTRODUCTION



The contributions of this study, which are presented in Finally, location based servicemre among the hottest topics
detail in the next sections, include: in mobile computing in recent years. Location informatiart n

1) an architecture that combines existing technologies eply distinguish'es mopile computing from thg existing tate
create a working augmented environment based on wiR€t, but also bridges virtual and physical environmentsSGP
less Web services and sensor networks based traf ¢ assistance devices, albeit being speci ¢ pag)

2) a fully functioning prototype as a source of usage dafd€ Precursors of a rich ecosystem of potentiql services and
for further research and development, have been quickly adopted by the general public.

3) development of adaptive services that are mobile,

location-based, and interactive such as Twitter and Wiki. [I. SYSTEM ARCHITECTURE
Background
Television

Modern smart phonesiave become powerful mobile com-
puting devices. Despite their small sizes they are equipp
with a multitude of sensors and network interfaces allowin
them to communicate with other devices over different cha ;

e . . . Printer ' -

nels. In addition, communication technologies such as Blu (Objoct3) : !
tooth, Wi-Fi, Infrared, and UMTS facilitate a location-leals ; ) i

exchange of personalized (multimedia) data when combin
with GPS or RFID tags. At the same time, wearable, hea
mounted displays have become available at affordable ric

/A (Object2)
The architecture presented in this paper is inspired froen t )“<+ ,,,,,,, 5
convergence of these trends. »

Mobile servicesare at the center of the envisioned systent.
Although rst conceptualized about a decade ago, mobile
services on smart phones were, for a long, time con ned
to primitive Web browsing (e.g. WAP). Recently, rich Web
applications such a§&oogle mapshave extended the range The system operation can be summarized as follows. Each
of mobile services towards more advanced and locationebaseser carries a mobile device such as a smart phone as well
use cases. Another popular Web applicatidwitter, bridges as a wireless sensor (Figure 1). In addition, each augmented
online communities of cell phone users and bloggers butadject in the environment is associated with its own wirgles
still missing a closer integration with the physical world.  sensor. The sensors determine which object is closest to the

The idea ofubiquitous computingtoo, has been arounduser at a given moment and pass this information to a server,
for years. However, it appears that it still has not matureshich provides speci c Web services such as Wiki and Twitter
as a technology that is accessible by the general public. Tee each individual object. These object- or location-laiase
omnipresence of cell phones and progress in the area of adrvices may also be adapted to the individual user probe T
hoc networking, on the other hand, suggest that nowadaygers then access the individual Web services of the closest
the basic technologies are nally available to make ubigust object over a wireless network using a standard Web browser
computing a reality. on their smart phone.

The paradigm ofaugmented realitAR) is yet another  The system architecture consists of two main parts that
concept that has been discussed for years [10] but has aperate in parallel and complement each other. The rst one
yet become a technological commodity. The predominaptovides proximity information on the object level, i.e.tlwi
paradigm, where the environment is passive and the ARgranularity of approximately one meter, in closed environ
interface has to actively analyze its current surroundittgs ments such as building oors and rooms. Such a proximity
produce an enriched view for the user, requires sophisticatneasurement between users and individual objects is reegess
signal processing algorithms for auditory and visual asialy to realize the envisioned augmented environment. Clethily,
of signals recorded by, say wearable microphones or came@nnot be achieved through GPS or Wi-Fi triangulations as
However, corresponding algorithms that are exible andustb their resolution is too low (on the order of meters) to be
enough to be deployed in everyday environments and canéféective on the object level. Alternative methods for atitag
used by ordinary people do not yet exist. On the other haritie desired proximity data include barcodes (classical 1D o
if everyday environments and objects were to become act®P such as QR), RFID tags, and wireless sensors.
information sources themselves, existing technologiaddco The architecture presented in this paper applies wireless
easily process this information and display them to the.useensors to obtain proximity information mainly due to their
Two dimensional QR codes, which have been successfuldfi-the-shelf availability, ease-of-use and well-docunteel
some communities can be seen as a primitive proof-of-cancgpogramming tools. On the other hand, it is not argued here
application of this alternative approach. that these sensors always provide a better solution thar oth

Fig. 1. A representation of the proposed augmented environmen



means. One can envision applications and settings where digplays. Finally, the application server, too, can be lgasi
of the above alternatives is better suited than others. replaced by another one.

The second part provides the adaptive mobile (wireless)The developed system collects a variety of location and
services deployed in the form of rich, location-based aterin usage information which it stores in a database. This data
active applications. Taking into account potential coriiplity  is post-processed in order to adapt the services to individu
issues at the client-side and the burden of supporting phelti user needs and provide adaptive applications using machine
mobile operating systems and versions, a Web-based approaarning and optimization methods. Privacy of individusérs
is adopted instead of a client-server solution. This deni$$ is preserved as multiple users can use the same sensor mote
supported by the fact that recent browsers and AJAX Welh different times and may have multiple virtual identities
technologies already enable seamless and interactivelenoké.g. login names) which might not be linked to real world
applications. The wireless communication between the Weatentities.
application server can be established using a 802.11 Wi-Filn the following sections, the sensor network deployment,
network as well as other alternatives such as 2G and 3k& Web application implementation, as well as their irdegr
wireless solutions. tion are presented in detail.

Combining these two parts, the current implementation con-
sists of a hybrid networking architecture combining a vessl
sensor network and a Web application server operating ovelA standard wireless sensor network is deployed in order to
802.15 and 802.11 wireless networks, respectively. lddizi obtain proximity information between users and augmented
wireless sensors are attached both to physical augmentéiects. Speci cally, TelosB [11] wireless sensor motes ar
objects agrelays and carried by users dseaconsto obtain chosen as part of the architecture. Each TelosB mote cantain
the proximity between users and objects (see Figure Bn 8 MHz Texas Instruments MSP430 microcontroller and
Speci cally, the proximity of a user to a certain object isa IEEE 802.15.4 compliant RF transceiver (CC2420) with a
computed by measuring the received RSSI values of the ug@bally compatible ISM band between 2.4 and 2.4835 GHz
beacon broadcast at the relays attached to objects. Thesg titapable of 250 kbps data transmission rate. In additiorast h
values are compared with each other at the server (Host)10KB RAM and 1MB external ash-based storage capacity
determine which object is nearest to the user. for data logging. Compared to other wireless sensors, Belos

Once the proximity information of users and objects idistinguishes itself through low-power consumption, knaark
obtained, a variety of services can be implemented in theite protection, and exible and robust con guration ofeth
form of wireless Web applications. The objects are givgmrogramming module. One of its most attractive properies f
both a presence in the virtual environment (e.g. Internet) aour system is its use of the IEEE 802.15.4 standard, which
associated with mobile services. Hence, the system craatdacilitates wireless communication in a more energy-efdi
rich interactiveaugmented environmettat is similar to the way.
one on the Internet. In this setting, the location or prokynn- Following the analysis in [12], the received signal stréngt
formation provided by the sensor network bridges the playsidndicator (RSSI), which characterizes link quality, is d$ere
world with the virtual one. At the same time, it organizesadatas an inexpensive and feasible method to estimate theveelati
and services in a very natural way, namely by location, amtistance between the sensor nodes. Thus, assuming that the
thus decreases the existing and potential informationl@aer link quality between sensor nodes closely correlates vindir t
associated with virtual environments. distance, proximity information between sensor nodese(bj

Putting immediate feasibility before other considerationand users) is obtained with a resolution of approximately on
the architecture proposed is a exible, user-friendly, @odt- meter in indoor environments. Next, we describe the detdils
ef cient way for realizing an augmented environment. Théhe wireless networking structure in our experiments ad wel
system consists of off-the-shelf components such as aesselas the deployment steps.
sensor network of TelosB motes using TinyOS [1], a 802.11
Wi-Fi access point, an open source Web application senfer
(TurboGears), and smart phones as end user devices. Th&he deployed sensors (motes) on the wireless sensor net-
system allows users and developers to continue to use ek shown in Fig. 2 can be divided into three categories of
tools they are familiar with. In addition, the modular andlistinct functionalities. They are respectively:
standard-based approach brings a lot of exibility. Thevgmrs a) Beacon:A Beacon mote is carried by the mobile user
are provided to the users as Web applications, which aand periodically transmits a signal for the system to deitgem
supported by a wide range of end user devices through molilke relative location of the user. Using the IEEE 802.15.4
browsers. Each of the three main components (mobile devicedreless channel, it broadcasts a well-de ned radio packet
application server, and sensor motes) providing proximityeriodically, whose message stack includes a unique mote ID
information can be replaced by alternatives. For exampleg o with which each mobile user could be accurately identi ed.
scale beyond object-level, GPS can be used to obtain prgximi During experiments, it is empirically observed that, due to
information rather than the sensor network. If desiredueir radio irregularity, not all the broadcasted packets frora th
reality goggles may be used instead of phone screens as umercon successfully reach the target. This situation tesul

I1l. WIRELESSSENSORNETWORK

Network Structure



& basic building blocks of the sensor network. However, ireord

_/Wiclss Sonsor to meet essential requirements such as good tracking agcura
Relay or low power consumption, the motes have to be programmed

appropriately to achieve a robust system performance.nguri
: our experiments, we have identied several issues which
b \ crucially impact the system's performance and need to be
;i " addressed in detail. The rst of these is the timer setting in
Beacon motes.

/‘ Object C
: B. Beacon Timer

The timer is a component provided by TinyOS that allows
A— : for programming of synchronous events. For a Beacon in
’y‘ particular, it is necessary that the radio packets are loasid
to nearby Relays periodically.

Using the trigger provided by the timer, the Beacon broad-
casts radio packets periodically, which are used to infex{r
Fig. 2. The wireless sensor network as part of the augmentétbament.  jmity information of users. The timer interval is an impanta

parameter for the successful operation of the system. On the
. . } _one hand, setting a long timer interval in a Beacon may
in consecutlve packet loss and deteriorates the_ prOX|m|_B/ad to tracking inaccuracy when users are moving quickly
detectn_)n_perfo_rmance. In order _to decrease this potentg_jaeltween objects. On the other hand, choosing a very short
transmission fr_:ulure, the RF sending power _of a Beacon Beriod is again not an optimal choice, since the tracking
set to the maximal level as a temporary solution. “accuracy also depends on the Relay behavior. Furthermore,
b) Relay: Relay motes differ from Beacons by theirgycessive transmission produces redundant RSS! values and
message stack and functionality. Each Relay mote is asedcigncreases energy consumption of the Beacon. Therefore, the
with a specic object in the environment. As shown injmer should be set such that power consumption is low but

Figure 3, the message stack of Relay motes in our experineniayyimity information of moving users can be determined fas
environment consists of 4 bytes in total with three blocke 5 accurately.

indicating Beacon ID (1 byte), Relay ID (1 byte), as well as
the RSSI value (2 bytes). In general, a Relay measures tBe Power consumption of Relays

RSSI value of each incoming radio packet and also receiveq_|aving discussed the power consumption of Beacons and

the Beacon ID in order to identify the source of the radigince the Host, which is attached to the server, is eledyica
packet. Together with its own Relay ID, the received rad'Bowered, the main issue in the radio power management of

Access
point

packet is forwarded to the remote Host. motes is caused by the Relays attached to objects. Generally
a Relay mote is regarded as a “message carrier”, receiving
Message Structure of Relay incoming radio packets and forwarding them to the next
destination immediately. In our experimental setup, th&ajRre

Beacon | Relay

RSSI value motes run on batteries and receive RSSI values from user
ID ID ; i .
Beacons at the object they are attached to. This requires a
Relay to keep its radio continuously alive in order not to
Network Header(4 bytes) miss broadcast packets from Beacon motes. However, in this
way, the batteries of motes will deplete rapidly thus legdin
Fig. 3. The message stack of Relay motes. to forwarding failure. Having an electrical power supply fo

each Relay is not always possible or practical. Hence, we
c) Host: All radio messages sent by a Relay are receiveteploy the low-power listening technique provided by Til$/O
by the Host and eventually forwarded to the host servaihich allows for a low power radio operation during listegin
for post-processing. In particular, the Host mote not onlyn low-power listening mode, a mote keeps its radio alive
collects radio messages from the Relays but also acts albrg enough to detect a carrier on the wireless channel. If
gateway or bridge between the application server and sengadetects a carrier, it will stay on to detect further pasket
network streaming the collected RSSI values. In the curreBhould it then receives a packet, the mote will stay awake
implementation, after the host mote receives each radikgpaclong enough to receive a second packet and received packets
sent by a Relay, the RSSI information is posted immediately will be directly forwarded to the next node instead of segdin
the connected server via a USB interface. The speci c pmograndividual packets at a xed constant rate.
handling this task is implemented in Java as part of theiagist By applying the Low-Power Listening technique, the mote
TinyOS tools. can be put into sleeping mode in order to save energy.
The Beacon, Relay, and Host motes described above are ltmvever, depending on the speci ¢ system requirements, the



TABLE |

sleeping interval has to be set properly such that a go_od SERVICES ONOBJECTS
balance between tracking accuracy and power consumption
is achieved. _ o
Since all Relay motes in the system receive, process angf’Vice Description
nally forward each Beacon's packet to the Host, a growing ¢ Basic info about the object, e.g. a manual.

number of users in the environment .Ieads. to higher packej Collaborative knowledge sharing on the object.
traf c between Beaco'n'qnd Relay, WhICh.WI” then CONSUME . e Object's own public twitter portal

more energy. A possibility for the Relay is to send multiple for information dissemination and communication.
Beacon messages to the Host bundled in a batch to say@vertisement | Targeted and personalized advertisements.
energy and decrease traf c. However, this also introducesa

certain amount of delay for proximity detection. In summary

the number of users, the timer period of Beacon together . | K q bi i ion b
with sleeping interval of Relay constitute an optimal cohtr social networking and enable new ways of interaction betwee

problem within the sensor network, where the objectives B]eo_ple. Our g(_)al IS to_ explore and adapt these two popular
o ial networking services to our system such that they are

tracking accuracy of users and power consumption of senspfs'a ) )
have to be balanced. location-based. Hence, users may interact and communicate
with each other via augmented objects. Furthermore, we
IV. MoBILE WEB SERVICES propose to use proximity information and data histories of
ygers recorded by the Web-based applications as a mean of
4tering out redundant and unfavored information or sees¢

ﬁence improving the quality of interaction in the augmented

Compared with the sensor network architecture discuss
the wireless (Wi-Fi) network over which the Web service
are provided is easier to install, program, and con gure. )
consists of a server working in conjunction with the Host dgfnvironment. o
the sensor network and smart phones as clients. Since th&ecall the system structure shown in Figure 1: relay motes
services are Web applications, the clients are merely pl@€ attached to certain objects and users' relative praximi
and-play devices without any need for con guration. Th& individual objects is Comput_ed using recglved RSSI val-
application side of the framework is then implemented &S from Beacon broad(_:asts in near real-time at the Host.
a database-driven Web application running on the state \§f1€never a user (carrying a Beacon mote) approaches an
the art Python based Web framework Turbogears [8]. On tREiect, the Beacon mote ID as well as the received signal
server side, user proximity information as well as actiity Strength is forwarded to the Host by the Relays. The Web
certain services are recorded, time stamped and storecin @pPlication server, in tumn, provides an object-basediserv
database and then used for post-processing. On the cliimt st User-speci ¢ content to users smart phone over the Wi-Fi
each mobile user receives periodically refreshed contamts Network.
adaptive services in the form of interactive AJAX-based Web The use case shown in Figure 4 demonstrates user activities
applications, which are dynamically generated based on Hisan illustrative example scenario. First, the mobile aser
location and data prole. In the following subsections, wéegister an account through the Web interface on their reobil
present the particular structure of our experimental sysie phone. During login, they provide a username/password as

well as the techniques applied in its development. well as the ID of the Beacon mote they are carrying. Subse-
_ _ o guently, they are redirected to a Web page, where user-speci
A. Location-Based and Adaptive Applications contents are displayed. At the same time, object-baseitssrv

The wireless network provides the (research-oriented)-te@re provided, as long as the user location can be determined
nical platform, on which mobile Web applications are desijn through RSSI information received by the Host and server.
and deployed. Currently, the applications include a cogple Once the user moves from the vicinity of an object A towards
social-networking services, implemented as simple Twitel another object B, the corresponding object-based serdites
Wiki clones, as well as other dynamic contents such as tedgepbject B will be updated and displayed on the mobile phone
advertisements. These services are designed to be locatithout explicit user intervention utilizing AJAX techrady.
based and adaptively rendered to the end-user over theegsrelTherefore, if several objects in an environment are augeaent
network. (with Relays), a user can obtain and use various serviceshwhi

The services currently deployed on the system are sumna&e Speci ¢ to the nearest object.
rized in Table I. Twitter has been characterized as the nextProviding dynamic applications with respect to spatial lo-
generation social-network platform and has constantlpeghi cation of the user is one aspect of adaptive services. Anothe
popularity over the last few years. It is a micro-bloggingtpl notion of service adaptability is based on the activity of
form that enables users to broadcast short messages (twdatiividual users over time. Consider again the above saenar
and read other users' updates. A Wiki is a collaboratiié user interactions with augmented objects and their retsyse
working platform and knowledge sharing management systeservices are recorded in the system database, behavior and
where anyone can access, contribute or modify the contamsage patterns and preferences can be processed and dnalyze
Both these applications have an important place in moddy the system to create a series of adaptive and dynamically



temporarily associating the mote with the respective digit
identity during login. Hence, tracking of a certain mote sloe
not yield information about a certain user.

We rely on well-established Web application security meth-
ods for the overall security of the system. Although the
computing power of the sensor network (or in general the
location information system) is limited, modern smart pb®n
and Web application servers have enough computationalpowe
to run state-of-the-art encryption schemes. Since allsionéd
services in the augmented environment are Web-based, it
is possible to reuse existing security mechanisms of Web
applications without any modi cation.

D. Deployment

After the initial design of both the sensor and the Wi-Fi
802.11 network, we have deployed the entire experimental
system in the cafeteria of our lab in order to evaluate itg-ope
ation and usability. The cafeteria was chosen for it provide
space where people are socializing, exchanging their jdeas
sharing their technical experience. It can be thereforarcy
as an ideal interactive setting, where we can experimett wit
and demonstrate our augmented environment.

There are several xed objects in the cafeteria such as, for
instance, the coffee machine, the game console, the fdosbal
table, and a small book shelf. These are natural candidates f
augmentation and deployment of the sensor network. Each

generated services in the augmented environment. Note tAhf€ selected augmented objects is assigned a Relay mote

the successful and widely used Adsense service of Goofining on batteries, which receives and forwards proyimit
operates on similar principles information of users who carry a Beacon mote. As long as

users move within the accessible radio range of the augmlente
B. Programming Environment objects, the broadcast radio packets from their Beacon are

In order to effectively minimize the programming effort forreceived by the deployed Relay motes. Through experiments,
our testbed applications, we employ Turbogears as a stai& have found that RSSI values sufce to obtain reliable
of-the-art Web programming framework. Turbogears [8] iBroximity information between an individual object and &wus
considered as one of the most rewarding Python [9] wéalyen if there is background noise (other radio signals) and
frameworks, allowing for sophisticated and exible progpt Cchannel attenuation. The anecdotal evidence shows that the
ing in a very short amount of time. During the developmerfiystem's proximity resolution is around one meter inside a
of our system, we have observed Python to be a very gracef@Pm.
language with numerous powerful features, which not only The speci ¢ algorithm used in current prototype to deter-
enhance the code productivity but also assure its qualli§ine proximity of users to the objects is as follows. The RSSI
as well. Between the Host mote running TinyOS and thélues obtained from the broadcast of a speci ¢ user Beacon
Python-based TurboGears Web application server, a smvall Jare received by multiple Relays at the objects. The median of
program is deployed, in order to send the obtained RSSI saliie last three received RSSI values at each object is chasen a
to the host Computer over HTTP and thus to br|dge the déﬂ? representative current RSSI value of the user. ThlSlGImp

stream between the Host mote and the Web application seryépdowing scheme ensures that sudden uctuations due to
fading effects are ltered out and acts as a low-pass lter.

C. Privacy and Security Finally, the maximum of these RSSI values determines the
Privacy and security play an important role in determiningbject at which the signal is strongest, i.e. the user isestar
the success of augmented environments. At this initialestdg As an example, Figure 5 depicts the RSSI values of a
experimentation, we apply two principles to ensure thegagv user as received by two separate objects in the environment.

of the subjects taking part in our experiments. Firstly, that locationl, the user is closer tobjectl Then, the user
digital identity of users is independent of their real idé@s. moves to thdocation2 which is between the objects. Finally,
Hence, users can decide on their own privacy level in the location3 the user is closer tobject2 Since the Relays
system and maintain anonymity by having multiple digitdlorward the received Beacon messages to the Host non-
identities. Secondly, each user can choose a differentdeaperiodically and due to variability of wireless channelg th
mote from a common pool for each separate session bymber of RSSI values received from a user by one object

Fig. 4. An illustration of system usage.



may differ from the ones by another in a given time period.
Therefore, the actual time instances of user movements are
marked with vertical lines in the gures.
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Fig. 6. A screenshot of the Twitter application as an examptation-based
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Fig. 5. RSSI values of a user as received by objectl (top) bjett2 (bottom) collected consists of two parts. One of them is the raw RSSI
for three different user locations. The number of messagdee(sr)areceived or S|gna| Strength Values recorded by the W”'eless Sen’§b$
from a user by each object may not be equal as illustrated inctise. . L

other one is the data from the Web applications.

The implemented Web-based mobile applications are de-The RSSI valqes received from.all objects are stored to
ployed on the host computer which is also located in ttfs SPECi ¢ table in the database in order to analyze and
cafeteria. This computer is connected to a Wi-Fi Router ao ttfvValuate proximity detection mechanisms deployed. Arothe
the users can access the application through any Wi-Fi edapidble records tlme_ stamped actions _of the users w_hlch ieclud
mobile phone without any additional cost. A wireless sensGHTTeNt closest object as well as service-speci ¢ actiathss
mote, the Host, is attached to the same computer via a USEtNG @ speci ¢ object Wiki, posting a Twitter messaget. et
interface. It gathers radio packets sent by the Relay motEi€Nce, time stamped data sequences containing the relative
which contain RSS! values and user IDs. All of the incomingath of the mobile user and the used services are perioglicall
RSSI values are then parsed by this gateway mote and tr&pfed to the database by the server. By processing thisadata
posted to the Web application. For programming convenien@8 the server side using various machine learning metheuis, o

the nal proximity decisions are made by the Web appIicatior?yStem can lter out unfavored services and has the potfentia

A screenshot of the Twitter application from the actual syst Of Providing more exible and intelligent applications.
is shown in Figure 6. Combining the two types of networks (sensor and Wi-Fi

network) and making them work collaboratively is critical f
V. DATA COLLECTION the success of data collection efforts. During autheritioat
Collection of usage data is crucial for generating usesers receive a UserlD which helps identifying them for data
behavior models as a basis for adaptive services. The datdlection purposes. For simplicity, each user is assunsed t



have a single UserlID. In addition, each Beacon mote carriddring experimentation need further exploration. Using- st

by a user during a session is allocated a unique MotelD. Theistical machine-learning methods, we intend to uncover us

two identi ers facilitate post-processing of datasetsletied patterns and common behaviors in the application in order

during experiments. to achieve more adaptive and personalized wireless lotatio
Finally, the server-side can continuously evaluate the cdlased services.

lected data from spatially distributed sources (objeaisgx-

tract and observe usage patterns. With such patterns lategila

a series of user-speci ed options and services can be design This work is supported by Deutsche Telekom AG Labora-

such as data set management, multi modal interaction, dAHES.
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Next, we have deployed the entire co-existing network
system of both wireless sensors and Wi-Fi in the cafeteria
of our laboratory (T-Labs). Through a Wi-Fi enabled mobile
phone and a Beacon mote, a user can directly access the Web-
based application and use various location-based sendces
series of experiments are planned to collect a dataset for
further examination. The data collected from spatial diated
sources will be evaluated on the server-side. Subsequently
a series of user-specic and location-based services véll b
adaptively generated in the environment, all based on user-
dataset and his location.
As additional future research directions, we intend to eixpl
the utility of wireless sensors as well as their impact on the
augmented environment. Formulation of an optimal control
problem regarding the trade-off between power consumption
and tracking accuracy in wireless sensor network and its fur
ther study will analytically improve the system performanc
On the other hand, the data model of user activities coliecte



