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A wireless sensor network approach to enable location awareness
in ubiquitous healthcare applications
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Abstract

In this paper, we outline the research issues that we are pursuing towards building of location aware environments for

mainly ubiquitous healthcare applications. Such location aware application can provide what is happening in this space.
To locate an object, such as patient or elderly person, the active ceiling-mounted reference beacons were placed throughout
the building. Reference beacons periodically publish location information on RF and ultrasonic signals to allow application
running on mobile or static nodes to study and determine their physical location. Once object-carried passive listener
receives the information, it subsequently determines it’s location from reference beacons.
The cost of the system was reduced while the accuracy in our experiments was faitly good and fine grained between 7
and 12 cm for location awareness in indoor environments by using only the sensor nodes and wireless sensor network
technology. Passive architecture used here provides the security of the user privacy while at the server the privacy was
secured by providing the authentication using Geopriv approach. This information from sensor nodes is further forwarded
to base station where further computation is performed to determine the current position of object.
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1. Introduction

In pervasive computing age, one of the key features
that distinguishes pervasive applications from non-per-
vasive ones is context-awareness'' . The importance
and promise of context-aware applications has led to the
design and implementation of systems for providing
location information, particularly in indoor and urban
environments where the GPS (Global Positioning Sys-
tem)* does not work well. Outdoor context aware
information has enabled applications as diverse as locat-
ing people, tracking vehicles, logistical planning and
resource discovery due to the development of GPS.

Where is the patient now in the hospital? How much
distance user’s moves in this particular day? Typical
indoor applications require different types of location
information such as physical space, position and orien-
tation. Location is one of the important parameter of
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context. The location of the objects further can be uti-
lized in developing the context aware applications like
activity monitoring, resource discovery and location
dependent ubiquitous healthcare application and deter-
mining location in he indoor environments presents spe-
cial engineering challenges.

The coordinate system and the measurement preci-
sion supported by the indoor location often differ from
outdoor environment. Therefore, there is a need of good
location precision for developing the indoor location
aware system. There are many indoor location aware
systems available like RADARE!, Active Bat'®, Active
Badge!” etc. User privacy, accuracy, architecture cost
etc. determine how much the location aware system is
effective in practical aspects.

Our goal is to develop an low cost and privacy aware
indoor tracking architecture using wireless sensor net-
work technology mainly for ubiquitous home heal-
thecare applications.

Until now most of existing active indoor location sys-
tem like Active Badge or Active Bat use passive ceiling
mounted receivers to obtain information from active
transmitters carried by users. Instead of the active archi-
tecture our system uses passive architecture in which
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Fig. 1. Visualization of the location awareness using Indoor location aware system.

the reference beacons works as an active transmitters
while the listener carried by the user works as a passive
device. By employing passive architecture we have
added several advantages such as privacy concern and
cost reduction. The cost of the system is reduced by
using sensor nodes on the ceiling without any wired
infrastructure. The weight carried by the target also
reduced which is one added advantage.

2. System Design

2.1. System Structure

An significant aspect of building an aware environment
is to explore easily accessible and more context aware
services than available via the traditional desktop comput-
ing. Building of a computing infrastructure that supports
all the need of context aware systems is therefore our pri-
mary goal. The system considers a number of nodes that
are deployed at the ceiling throughout the building and
can send their location information by RF and ultrasonic
signals. This architecture is used to determine the user
position and space information at the base station. To
implement the sensor network the sensor nodes are
deployed in the configuration as illustrated in Fig. 1.

This indoor location aware system uses sensor nodes
with an ultrasonic transmitter and a receiver, MCS410
CA Cricket Sensor node (Crossbow Technology Inc.
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USA)®!, These sensor nodes have the capability to proc-
ess the data, send the RF and ultrasonic signals after
some time interval and can be easily configured, pro-
grammed. The devices installed at the ceiling are called
beacons and the devices carried by the object are called
listener. They are same sensor nodes however the pro-
gram structure embedded is different. The beacons work
as reference devices and send their location information
in the packets to the listener, the listener further forward-
ing these beacon signals towards the base station. At the
base station the location of the target is calculated by
using tracking algorithm and context aware applications
are developed using this information. By carrying only
the sensor nodes the weight of the device users’ carry
reduced. Perhaps, the cost of the system is also reduced.

There is no need of any external infrastructure for
locating the user position at the base station. User posi-
tion at the base station is shown on the GUI (Graphic
User Interface) at the base station that we have devel-
oped. From the base station all the position and context
aware information is provided to various applications
using internet. In ubiquitous home healthcare applica-
tions, the caregiver and the doctor can got the informa-
tion about the user position on their handheld devices.

2.2. Location Calculation
In this system the combination of RF and ultrasonic
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hardware is used to enable a listener to determine its
distance with the beacons from which the nearest bea-
con can be identified. By measuring one way propaga-
tion time of ultrasonic signal emitted by a beacon taking
advantage of the fact that the speed of light is (>=10°)
greater than the ultrasonic signal (speed of sound) in air.
On each transmission, a beacon concurrently sends in-
formation about the space over RF, together with an
ultrasonic pulse. When the listener hears the RF signal,
it uses the first few bits as training information and turns
on its ultrasonic receiver. It then listens for the ultra-
sonic pulse, which usually arrives a short time later
because speed is slower if compared to RF.

The listener uses the time difference of arrival
(TDOA) between the receipt of the first bit of RF infor-
mation and the ultrasonic signal to determine the dis-
tance to the beacon. The distance between a listener and
the beacons can be determined by multiplying the speed
of sound with the TDOA!, Because the speed of the
sound varies with temperature in distance determination
the effect of temperature is also counted. The location
of the static listener is determined by using the triangu-
lation algorithm®® as shown in Fig. 2. Consider a lis-
tener located at (x, v, z) in the beacon coordinate system
and assume that the listener can measure the distances
to n beacons by, b,....b,. Let d; be the measured distance
between b; and the listener. Beacon b; has coordinates
(%, Vi z1). The true distance between the listener and by
is given by di-€;, where € the measurement error. If
n=3, and the distance measurement errors are not 100
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Fig. 2. Location of the object based on the beacons
position.
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large, a reasonable estimate of the listener position can
be obtained by solving the three simultaneous equa-
tions.

& =(x=x)+ (y -y +(z-2) fori=1,2,3 )

Two possible solutions are calculated for these three
equations, one with the listener located above the plane
containing the three beacons and the other with the lis-
tener. Because the beacons are deployed on the ceiling,
we can assume that the listener is always located below
the plane containing the beacons. When n>=4, the fol-
lowing non-linear optimization used to compute listener
coordinates. We assign some initial coordinates (xo, Yo,
7y) to the listener. For each beacon, residual e (i) is
defined as follows.

e(i)= V(%o X% T (yo—yi) + (o~ 2)) @)
We define sum squared error Ess as
Ess=Xi" e(i)’ 3)

The optimization problem is to find the listener coor-
dinates (Xq, Yo, Z) that minimizes Ess. If the number of
beacons which gives the location information to the lis-
tener increases the accuracy of the system increases.
When the listener is mobile, multiple beacons’ distances
are received at different instances of time, where the lis-
tener is at different positions. However, we can still
compute a representative position for the histener by
using these distance samples. The same technique used
for mobile user, as for the static listener, the only dif-
ference is that the error now has two components; the
measurement error, and error caused by the listener
being at different positions when the different distance
samples are obtained. These errors was reduced by
using the Kalman filter approach!'”! taking the consid-
eration of the temperature effect on velocity of sound.

3. Software Architecture

Software part is divides into two parts; in first part we
describe the software for sensor nodes, while in second
part server application program description is given.

3.1. Software Architecture for the Sensor Node
The sensor nodes were programmed using nesC (net-
work embedded OV on TinyOS!™ platform. TinyOS
is component based small size operating system for
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Fig. 4. Component graph for the base station node application.

wireless sensor network developed in University of Cal-
ifornia, Berkely. The component graphs of two appli-
cation programs are shown in the Fig. 3 and Fig. 4,
separately. First application in Fig. 3 shows the connec-
tion of the components for the beacons and the listener
program. This is the modified version of cricket code
from MIT!?). Several components are added to forward
the beacon message from the listener towards the base
station. By adding these component only sensor node
can be sufficient to receive the beacon signals and for-
ward them towards the base station.

The cost of the system is reduced while only using
the sensor node and without any external network infra-
structure. In this application various components are
attached, ‘BeacManage’ is used for beacon transmis-
sion, ‘UltrasoundM” component is responsible for ultra-
sonic signal and ‘RadioCRCPacket’ is responsible for

AWM 3R] A 16d A3, 2007

sending the data through ‘BareSendMsg’ interface.
‘ForwardM’ component is used to forward the beacon
message towards the base station using ‘SendMsg’
interface for ‘GenericComm’ component. However the
in distance calculation the speed of ultrasonic signals
plays an important role but there is still the effect of
temperature variation on speed of ultrasonic sound. So
to remove the effect of temperature we have added one
component called ‘OnBoardTemp’ which is used to
read the temperature from the onboard temperature sen-
sor and provides the reading to the distance calculation.
In the second application the components are used to
receive the message from the RF channel and transfer
them through UART. The UART interface is used to
accept the signals from the sensor nodes and transfer-
ring them to towards the server. The led interface is
used to glow the led on the sensor nodes for interactive
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Fig. 5. Software architecture for the base station.

and debugging features. As shown in Fig. 2(b) ‘Gener-
icComm’ components i3 used for receiving the message
through ‘ReceiveMsg’ interface, ‘SerialM’ component
is used to send the message from main component to
‘HPLUARTC using ‘HPLUART” interface and so on.

3.2. Software Architecture for the Base Station

The application programs at the server are imple-
mented using Java 1.6 APL. As shown in the Fig. 5 the
software is divided in to several steps. The server appli-
cation receives the RF signal on RS232 port from the
listener and calculates the position of the user based on
the previously described technique. This RF signal con-
tains various information in packets like the space ID
of the beacon, distance from the listener and temp of the
atmosphere etc. Therefore at the server side these fields
are separated from the packets and by using the tracking
algorithm the position and closest space ID of the lis-
tener is calculated at the server. Further, this position
information is provided to the server broker component
which acts as a server application whose work is to
accept the connection from the third party and provide
them the location information of the object. It accepts
connection using TCP/IP sockets and at the same time
many application can be connected. Because we are
providing the object location information to third party,
possibility of this information to be accessed by unau-
thorized person exists and they can misuse the informa-
tion in which this can play with the privacy of the user.
Geopriv approach!!¥ is used to provide the security of
the location information at server. For ensuring the
user’s privacy at server, confidently of the location
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information is achieved by using authentication. Once
the connection is established user has to authenticate
himself by providing user name and password. If the
user is not authorized to access this information he will
not be connected to the server program through sockets.
Various applications are connected through the TCP/IP
sockets as shown in Fig. 5. The description of each
application is described in the next section.

4. Results and Discussion

4.1. Experimental Deployment for Accuracy
Measurement

Experiments have been carried out to examine the
integration between indoor location tracking system and
2-D navigation view as well as the accuracy of real-time
user location positioning in 2-D indoor environment
based on user’s spatial information in physical world.
The testing was done by putting the beacons 300 cm
apart from each others as shown in Fig. 6. The beacons
are assighed the coordinate using reference coordinate
system. Once we have assigned the reference coordi-
nates to the beacons, the location information we have
obtained from the system is compared with exact meas-
urement. To conduct this, four formerly configured bea-
cons is mounted on the ceiling of a room at our
laboratory with dimension of 5m by 7 m, as shown in
Fig. 6. User is required to carry the passive listener in
order to receive and transmit spatial information mes-
sages from beacons to base station where user’s current
position is computed and determined. The spaces ID are
also assigned as per the user convenience, such that we
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36 Vinay Kumar Singh, Hyotaek Lim, and Wan-Young Chung

Fig. 6. Experimental deployment of the sensor nodes for
performance evaluation.

can easily understand the position of the object by see-
ing the closest space ID. As the user moves around this
testing environment, his 2D coordinate and space infor-
mation are calculated at the base station from the bea-
con signals and displayed on GUL

For measuring accuracy of the indoor tracking sys-
tem, we compared the observed moving path obtained
by the system and the actual path traveled by the target
in 4x4 m? rectangular path. The accuracy of the posi-
tion calculation in the rectangular path was tested
between 7 and 12 cm. The accuracy of the system that
we have achieved is quite efficient compared to the
other approach like radar, active bat and active Badge
in which the accuracy of the tracking is in several
meters. The accuracy of the system can be further
improved by putting the beacons closely on the ceilings.

4.2. Performances Analysis

At this stage of development, performance of this
application was described in terms of its accuracy and
precision. As per our experiments that are conducted in
our laboratory the user’s location is estimated by plac-
ing beacons 300 cm apart. As user moves, 2-D naviga-
tion view displays user's current position and viewpoint
in 2-D indoor environment based on extracted space
and coordinate information from indoor location sup-
port system.

The location positioning is proved to be sufficiently
accurate after a comparison between locations in 2-D
environment with the one in the physical world. The
indoor location support system is known to affect posi-
tioning accuracy in 2-D environment. This is one of the
factors that we should take into consideration. As a
result, the desired positioning can be obtained only if
the provided location information from indoor location
support system is sufficiently accurate and fine-grained.

AA 88 R A 168 A435, 2007

In case of only context information the space id is suf-
ficient to tell about the room, area or space where the
person is there. In this case the deployment of sensor
is limited in each room. We have to deploy one sensor
node per room and these sensor node are sufficient to
tell about the space of the user. So for application which
utilizes the three dimensions coordinate location infor-
mation it should be ensured that the deployment of the
beacons should be done not more than 400 meters.
While for the application that utilize the space id it can
be deployed at more distance.

4.3. Development of Context Awareness App-
lications

We are interested in developing several smart and
aware environments. Location awareness could be used
to trigger information specific to the users, providing
users with a more informed decision space and aiding
user decisions. The applying this concept to ubiquitous
healthcare is a potentially promised approach to be
taken. Several applications have been enabled by this
system to provide useful service for the emerging ubig-
uitous healthcare applications. Among these applica-
tions, activity monitoring and interaction with computer
on move were developed in our indoor tracking system
using wireless sensor network technology. However
these are not the limited, further improved and addition
of features can be done as per the requirement and fea-
sibility. Following are a few aspects of perceptual
processing of the location information that can lead to
awareness.

4.3.1. Activity Monitoring

Activity is the term used to tell about the state, qual-
ity, and action of the active objects. The active object
can be the elderly person at home or patient at the hos-
pital etc. The states of the activity of the elderly per-
sons!'®! and the patients have a close relationship with
their health and wellness. By utilizing the location awa-
reness we can easily monitor the state and actions of the .
active object in their daily life. The activity of the per-
son may be like the visit frequencies per room, the
lapses of time the resident spend in every room and the
last motion events. One application which has been
developed that stores the motion history of the person
in terms of space and time and shows the current posi-
tion on GUI is shown in Fig. 7. This interactive GUI
is the map of our USN laboratory (Ubiquitous Sensor
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Fig. 8. User identity for context aware application.

Network Laboratory, Dongseo University)'® and rooms
are shown too. The position of the user is shown by red
dot and the current space and coordinate information are
also shown. The time spent by the person in each room
also shown and the duration of the spent time is added
in the previous spent time to know the total time spent
in one room, space in a day or week. For this applica-
tion, first of all, user have to authenticate himself and
if the authentication success, he can visualize these pa-
rameters. This can be one method to provide security to
the privacy of the user. This application utilizes only the
space information for increasing the granularity of the
deployment of the sensor nodes. As soon as the user
changes the space, his location information is updated
and we can also calculate the duration of time the user
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spends in particular room. This activity information is
quite useful for remote monitoring of the person.

4.3.2. User ldentity

User identity is a very important factor to be considered
in context awareness. Using the listener node id, the user
name and other information can be identified. Every sensor
node user carry is given the name and the id. At the base
station this id and name can be extracted from the packets
send by the listener node. In this way by using only small
sensor node the user context can be determined. As shown
in the Fig. 8 the name of the user can be obtained by click-
ing on the name button as shown in the GUL

4.3.3. Context awareness Information using Voice

The location information and the context aware infor-
mation are quite useful for the home healthcare in home

1. Sensors Soe., Vol. 16, No. 4, 2007



38 Vinay Kumar Singh, Hyotaek Lim, and Wan-Young Chung

Freqheﬁw of Bed Room visited: 7
Frequency of Drawing Room visited: 2

Fratueney of Study Room visited: 4

Frequenty of iKitehen visited: 2
Frequency of Toitet visited: §
Freguency of Balcony visited: 0

Fig. 9. Context information using voice.

environment. Generally the location information is dis-
played on the monitor, display etc. If we can provide the
information using the voice it will be quite useful for the
users. In this application we have provided the voice facil-
ity for context aware information. For increasing the gran-
ularity we have deployed one beacon each room. This
application considers only the space information for giv-
ing the context aware information. As the user enters the
room the base station determines the nearest beacon and
the space id assigned to the beacon gives the user’s con-
text. As the user enters the room the base station started
giving information about that room and the near by con-
text. The message delivered by the base station can be the
welcome message, object information in that room and
the context information. As the user changes the space the
nearest beacon also changes and the nearest beacon id
gives the space associated with the user. So in this way
we can provide the context information to various users.

Figure 9 shows the nearest beacon and also the cur-
rent room. If the user need the location in precise form,
the beacon should be deployed more granularity. How
ever in the future we will try to add the coordinate infor-
mation too along with space information. It was our ini-
tial effort for designing some application.

5. Conclusions
The indoor location support system using time dif-

ference of arrival between RF and ultrasonic signals in
wireless sensor network was designed and its applica-

AX 3R] A 167 A43., 2007

tions in context awareness for ubiquitous healthcare was
proposed. This system is the result of several design
goals like user privacy, low cost, decentralized architec-
ture and portion-of-a-room granularity. We are actively
pursuing efforts in deploying experimental infrastruc-
ture and applications in our existing work environment.

The widespread deployment of location-dependent
applications inside hospitals and home has the potential
to fundamentally change the way we interact with our
immediate environment. The activity monitoring of the
object is a first step towards enabling a rich class of
application that object our research goals. Rapid user
acceptance and usage of existing location based services
are encouraging the development of more extensive and
accurate systems with the focus on improving internal
positioning technologies
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