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Development of Wireless Sensor Network
Research Platforms and Applications through
the FP7 ProSense Project
L. Gavrilovska, V. Atanasovski, V. Raković, K. Chomu, and K. Smiljković
The ProSense project also focused on the establishment of a
sustainable cooperation framework to support continuous
collaboration in the wireless sensor networking research field
between research institutions based in the WBC region, the
EU convergence regions and member states, particularly under
the FP7 framework. In that sense, the final benefit from
ProSense was the profound collaboration with the partners,
exchange of experiences and participation in great number of
workshops where the work was presented and awarded.
This paper overviews the research and development
activities at FEEIT throughout the ProSense project including
the acquired research infrastructure and the design and
development of innovative WSN applications. The research
infrastructure was chosen according to the current
requirements and trends in the socio-economic field in
Macedonia while the applications developed in FEEIT’s WSN
laboratory formed the basis for further developments beyond
ProSense.
The paper is organized as follows. Section II describes the
research infrastructure acquired at FEEIT, whereas section III
describes the applications developed at FEEIT’s laboratory
during the project. Section IV describes FEEIT’s initiatives
beyond ProSense. Finally, section V concludes the paper.

Abstract — The overall objective of the ProSense project was
to improve the research potential and the capability of two
research centers in the Western Balkan region, i.e. the Faculty of
Electrical Engineering and Information Technologies (FEEIT) at
Ss. Cyril and Methodius University, Skopje, Macedonia, and the
Faculty of Electrical Engineering (ETF) at University of
Belgrade, Serbia, and to promote them into wireless sensor
networking centers of excellence capable of driving the research
agenda and serving as a seed for development of other similar
centers in the region. Additionally, there was a selection of two
distinguished use cases, one for each centre, as beneficial for
application in the corresponding region: emergency/disaster
recovery applications (Skopje) and personal health monitoring
systems (Belgrade). The applications were successfully
implemented and validated. The benefits from the ProSense
project are manifold, from the research infrastructure acquired
to the expertise and knowledge gathered in the area of Wireless
Sensor Networks (WSNs). This paper presents the WSN
applications developed at FEEIT within the ProSense project.
Index Terms — ProSense, WSN, Sun SPOT, RFID,
applications.

I. INTRODUCTION

O

of the main goals of the ProSense project was the
improvement of the wireless sensor networking research
capacity of two research centers in the Western Balkan
Countries (WBC), i.e. Skopje (FEEIT) and Belgrade (ETF).
Also, the ProSense project targeted strengthening of the
scientific and the technical human resources at both research
centers, which facilitates the on-going and the future research
and educational activities. The research activities were backed
by state-of-the-art research infrastructure purchased with
ProSense funds leading to the establishment of the two
laboratories as WSN centers of excellence in the WBC region.
The ProSense project was also intended to disseminate the
economic and social benefits of potential key applications for
the region, identifying newly acceptable market potentials in
the WBC and EU in general.
NE

II. RESEARCH INFRASTRUCTURE
WSNs are recognized as an emerging technology of the 21st
century [1-2]. Their popularity stems from the various
capabilities of the sensor nodes within the WSNs. They are
inexpensive, networkable, smart devices, which can be
deployed in large numbers in any surrounding. Therefore,
there are unprecedented opportunities for applications using
sensor networks and the feasibility depends only on the pool
of sensors currently available on the market.
During the ProSense project duration, FEEIT purchased a
rich set of various state-of-the-art sensors available on the
market. The cornerstone of this equipment was the Sun SPOT
technology (Sun Small Programmable Object Technology),
from Sun Microsystems. The basic characteristic that made
Sun SPOT modules attractive is that they are fully Java
capable, which makes the application development simple.
Sun SPOT is an open source platform based on Java VM,
called “Squawk”. Apart from Sun SPOTs, FEEIT’s laboratory
also purchased RFID (Radio Frequency Identification)
equipment.

Manuscript received May 31, 2013. This work was supported in part by the
European Union, ProSense project and FARAMIR project.
Liljana Gavrilovska, Vladimir Atanasovski, Valentin Rakovic, Konstantin
Chomu and Katerina Smiljkvic are with the WINGroup at Institute of
Telecommunications, Faculty of Electrical Engineering and Information
Technologies, Skopje, Macedonia (e-mails: liljana-, vladimir-, valentin-,
konstantin.chomu-,katerina@feit.ukim.edu.mk).
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B. Early Forest Fire Detection
This application enables early forest fire detection [4] using
remote Sun SPOTs attached with temperature, smoke (CO2),
humidity, and wind speed sensors (Fig. 3). The sensors send
measured data to the base station, i.e. to the host application.

The equipment acquired during the ProSense project is
sustainable and is still used irrespective of the initial
applications developed. It is of general purpose and therefore
FEEIT has many benefits beyond the scope of ProSense. The
research laboratory serves as an open laboratory for students
and researchers and, finally, for supporting the sensor network
courses at FEEIT.

Remote
Sun SPOTs

III. TEST-BED IMPLEMENTATIONS
The research work and the test-bed experiments with the
purchased WSN and RFID hardware equipment led to
numerous useful applications. Some of the most representative
demo applications developed at FEEIT are Railway Secure
Transport, Early Forest Fire Detection, Smart Road
Monitoring, RFID Item Reminder, etc. Fig. 1 depicts the
common architecture used for each of these applications.

GSM

GSM
module

Base
station
Host computer

Internet

Fig. 3. Architecture of the Early Forest Fire Detection application

The host application stores the measured values into a local
database and can trigger sending SMS messages via GSM
network in case of an emergency.
C. Smart Road Monitoring
The goal of this application is to establish a Vehicular
Sensor Network (VSN) to increase the safety on the streets
and the roads [5]. The VSN application monitors in real time
whether the drivers comply with the traffic signs or not. If the
drivers do not behave in accordance with the traffic rules they
receive warning message. The application monitors crossroad
and detects whether the drivers are stopping at STOP sign,
drive too fast or drive in wrong direction.

Fig. 1. Architecture of the developed testbeds.

The following subsections briefly describe each of the
aforementioned applications.
A. Railway Secure Transport
This application focuses on the security and the convenience
in the railway transport [3], both for people and cargo
transport. The application showcases the possibilities of the
WSNs for providing guarantees in the corresponding domain.
The application uses Sun SPOTs (IEEE 802.15.4), as remote
WSN nodes, a base station and a variety of smoke (CO2),
motion, sound, luminosity, temperature and humidity sensors
(Fig. 2). The Sun SPOTs send data from the measured
variables to the base station, which in turn resends the data to
a host application that runs appropriate algorithms to decide
upon critical situations.

RSN – Roadside Node
VN – Vehicle Node
DC – Data Center
AU – Authorities
Fig. 4. Architecture of the Smart Road Monitoring application.

Fig. 4 shows the architecture of the VSN application. The
Sun SPOT nodes are attached to the vehicles – Vehicle Nodes
(VN) and they communicate with Sun SPOT node placed
beside the road – Roadside Node (RSN). The Sun SPOTs also
possess accelerometer, tachometers and distance sensors. The
Sun SPOT attached on the vehicles process the data and

Fig. 2. Secure railway transport example.
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decide whether some traffic rule is violated or not. RSN sends
message to the Data Center (DC) with vehicle identification
code, its speed and information about possible traffic rule
violation. DC stores the information in database with
possibility of sending alarm messages to the authorities.

application to monitor the temperature along with sugar and
alcohol levels in the grape must during its fermentation
process. A novelty introduced in SmartWine was the
possibility to predict some common illnesses of the vines.
The Smart Wine application was recognized by the national
telecom operator and won an innovation prize for 2013 in
Macedonia.

D. RFID Item Reminder
This application demonstrates the usage of RFID
technology for facilitating everyday human activities [6].
Specifically, it gives warning messages if person forgets to
take some commonly used items (e.g. keys, books, glasses,
backpacks, or other items). For this purpose, all items of
person’s interest are equipped with passive UHF 96-bit Gen2
RFID tags. The 860 to 960 MHz Gen2 RFID Reader/Writer is
mounted at an exit door, which is connected with a local
ADO.NET database installed on a PC. The Graphical User
Interface (GUI) at the PC enables the user to add new items on
the list. When the RFID reader at the exit door detects that
some of the tagged items passed the door while others did not,
the algorithm decides that undetected items are forgotten and
alerts the person by sound signal, SMS, or e-mail message.
This application also serves for security surveillance of items
that should never leave the room (e.g. printers, computers, TV
sets, etc.). In this case, application sends alert messages (SMS
or e-mails) when it detects that such items pass the door.

C. Health monitoring
The growing number of elderly people yields increased
demand for assisted living solutions. Considering such
requirements, FEEIT developed in-home elderly care
application, enabled with Sun SPOT WSN and RFID
technology [7]. The solution provides assisted living and
improved care of elder through home surveillance, item and
medication usage reminder and early warning of potential
dangerous situation (e.g. fire, gas leakage etc.).
D. Spectrum sensing
Wireless communication services, including WSNs, emerge
in healthcare environments with a variety of e-health
applications collecting medical data and patient information.
Possible WSN ambient surveillance must consider the
coexistence challenges to minimize the impact towards the
medical devices operating in the same frequency band. To
mitigate the interference problems in the crowded wireless
bands, WSNs may efficiently utilize the dynamic spectrum
access concept introducing cognitive radio paradigm. FEEIT
developed demo application for cognitive radio enabled WSN
deployed in medical surroundings [8].

IV. BEYOND PROSENSE
The research infrastructure obtained during the ProSense
project formed the basis for further developments in the area
of sensor networks at FEEIT. Using the knowledge and
expertise acquired with ProSense, several additional
applications were developed involving students and
researchers.

The sensor network (secondary user) provides real-time
surveillance in hospitals, and the cognition capability is
performed to avoid the possible interference to the coexistent
wireless systems (primary users e.g. patients’ telemedicine
services). The proof-of-concept application is performed on a
Sun SPOT test-bed platform. It demonstrates the WSNs ability
to dynamically adjust the transmission parameters (i.e.
frequency) thus minimizing the interference to the wireless
systems of primary importance in the medical surroundings.
Fig. 5a, b, and c show the test-bed behaviour. Spectrum
measurements are performed with a spectrum analyser in the
Sun SPOTs vicinity.

A. Smart Institute
The main idea of the Smart Institute application is to create
intelligent Institute of telecommunications at FEEIT aware of
the environment. Fourth year undergraduate students
developed this application during the course Personal and adhoc networks. The demo application completely reused the
sensor nodes and the Sun SPOTs platform acquired with the
ProSense project. The main functionalities were light and
curtains management, air conditioner management and noise
management. The data was stored in a database and
represented in real-time on a GUI.

The secondary user communication starts in channel 26
(2480 MHz according to the IEEE 802.15.4 standard). When
primary user transmission occurs on that frequency, the
secondary user communication switches to a new channel with
low activity, i.e. channel 12 (2410 MHz). The spectrum
measurements capture the permanent IEEE 802.11 (Wi-Fi)
activity in the 2.4 GHz band (Fig. 5a, b and c), the Sun SPOTs
secondary user activity before (Fig. 5b) and after (Fig. 5c) the
spectrum handoff as well as the initiated primary user
transmissions on channel 26 that cause the spectrum mobility
(Fig. 5c).

B. SmartWine
SmartWine is a pilot project developed outside the scope of
ProSense by researchers in WiNGroup (Wireless Networking
Group), which is part of the CWMC (Center for Wireless and
Mobile Communications) at FEEIT. The main idea is
monitoring the complete wine production process (from grape
cultivation to wine fermentation and storage) via Internet
cloud web application.
Using a WSN platform, the application measures the
following parameters: air pressure, air temperature, humidity,
soil moisture, soil temperature, solar radiation, ultraviolet
radiation, and leaf wetness. Beside the sensors of the WSN
network, additional fermentation sensors are integrated in the
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storage, it fosters reliable spatial spectrum measurements and
Radio Environmental Maps (REMs) construction [9] that can
provide an accurate insight in the spectrum utilization over
time, space and frequency.
This application introduces a novel REM construction
platform that integrates several mid- and low-end spectrum
sensing devices into a single heterogeneous test-bed. The
devices of interest are USRP2s, TI RF2500 and Sun SPOTs,
which are upgraded with custom developed software for
providing versatile spectrum sensing capabilities.
Fig. 6 shows the spectrum measurement at 2.4 GHz band
performed by the Sun SPOT device. Spectrum occupancy is
measured as Radio Signal Strength Indicator (RSSI) at indoor
environment with Wi-Fi___33 activities.
a.

Spectrum occupancy by the WiFi without secondary or primary
user activities

Fig. 6. Spectrum measurement performed by the Sun SPOT device

V. CONCLUSION

b.

The theoretical and practical knowledge gathered within the
ProSense project was a starting point for FEEIT in the
development of WSN applications. Apart from obtaining the
research equipment, the acquired expertise was more than
beneficial for future teaching and research at FEEIT.
The applications developed in the scope of ProSense were
presented at various events, conferences, workshops, seminars
and summer schools. The WSN seed planted by ProSense in
Skopje is enabling future development of this exciting and
novel technology promoting FEEIT as a relevant WSN
research entity worldwide.

Spectrum occupancy by the WiFi and secondary user activities on
channel 26 (before spectrum hand-off)
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Internet of Things Enabled LED Lamp
Controlled by Satisfaction of Students
in a Classroom
Nenad Gligorić, Tomislav Dimčić, Srdjan Krčo, Vladislav Dimčić,
Jelena Vasković, and Iva Vojinović



Combining the Internet with technologies such as NFC
(Near Field Communication), GPS (Global Positioning
System), and various kinds of sensors, it is possible to
transform ordinary everyday items into smart “things” which
are able to sense and “actuate” their physical environment.
These smart things are components of IoT.
Potential applications of IoT are wide and diverse,
permeating into virtually every aspect of our lives. In smart
transport domain, vehicles report on their status and interact
with the road infrastructure to ensure safe and efficient
journey or transport of goods. In smart cities, waste bins report
the level of garbage to help in optimizing collection service
and reduce the costs; street lighting adapts light intensity
levels depending on the presence of people and activities
taking pace around certain lamp posts thus optimizing energy
consumption while improving service offered to the citizens;
parking places report when they are occupied in order to
decrease the time drivers spend on looking for available
parking spots, etc. Smart buildings, adapt to the activity taking
place in different rooms by adjusting temperature, humidity,
switching on/off lights, controlling shades etc.
Smart classrooms can be considered as a special case of the
smart building domain. Smart classrooms are areas built to
enhance teaching process by responding to specific teachers’,
pupils’ or students’ requirements, as well as to perform more
complex processes such as listing students who are present,
remembering the last learned lesson or starting the next
chapter, etc. [4]. This paper presents an example of the IoT
usage in a smart classroom built to provide visual feedback on
the quality of lectures held there, by mapping recognized
patterns of students’ behavior to different computer actions
that are then displayed on the LED lamp using a
corresponding graphic, i.e. a smiley or a sad face for
interesting or not interesting parts of the lecture.
The paper is structured as follows: section II presents a brief
description of the SmartClassroom system, data annotation
and the classifier performances. In section III, the IoT LED
Lamp used for visualization of students’ satisfaction is
presented. Discussion and conclusion are given in sections IV
and V respectively.

Abstract — Internet of Things will enable many interesting
applications, facilitating simple and efficient interaction between
the physical and the digital worlds. In this paper, we present an
IoT based application: a led lamp controlled by the students'
satisfaction in a classroom. The lamp is a grid of LEDs controlled
by a Raspberry Pie, enabling visualization of various images due
its large spectrum of colors. The Raspberry Pie acts as a LED
lamp gateway, registers the lamp with an IoT Resource Directory
and enables interaction with the lamp using CoAP protocol.
Besides the ability to visualize the student’s attention, the lamp
can be also used for making the right atmosphere in the room by
using smartphone; mail notifications, alarm, or even for
visualizing brain activity if connected with appropriate devices.
Detection of the students' satisfaction during a lecture is done
based on a neural network classifier trained on 30 lectures. The
system recognizes interesting and not interesting lectures and
visualizes it using the LED lamp.
Index Terms — Smart Classroom, Internet of Things, LED
lamp, CoAP

I. INTRODUCTION

T

number of devices that we use every day and more
generally, the number of devices available in our everyday
environment is rapidly growing: PCs, tablets, mobile phones,
game consoles, cameras, smart watches, smart jewelry are just
some of the examples. The majority of these devices are
equipped with one or more communication interfaces enabling
interaction with devices or between the devices. The concept
that aims to facilitate simple and efficient discovery of
available devices, interaction with them and their integration
into larger information system is called Internet of Things
(IoT) [1, 2, and 3].
HE
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separately (Figure 1). The lamp is controlled through a SPI
interface on the Raspberry Pi.

II. SMARTCLASSROOM
A neural network SmartClassroom classifier for detecting
students’ satisfaction is developed at the University of
Belgrade, as a part of a PhD thesis. The initial results were
presented at the PerCom conference [5]. The classifier is
trained using data collected during 30 lectures recorded with a
camera and a microphone. Data annotation is done based on
the feedback obtained from students using a mobile phone
application. The students were asked to rate the lecture
whenever something is interesting or not, during the lecture. A
set of parameters were extracted from the captured sound and
images, using 30 seconds windows that contained high
percentage of uniform students’ votes (>90%). The following
parameters are extracted from the sound: formant frequency,
spectral entropy, energy, speaking activity, autocorrelation and
the voicing rate (number of sonorant sounds - vowels per unit
time uttered by a speaker while he is speaking).
These parameters can be used for analyzing people
behavior, i.e. conversation activity, influence during the
interaction as well as for modeling behavior such as speaker
stress, mimicry, etc. [6]. Using captured images, a structural
dissimilarity index DSSIM [7] is calculated as a measure of
movements of the object in the scene. DSSIM is
representation of the structural differences between images
and it is used for calculating average difference between
successive images in 30 second windows.
The extraction of sound parameters is done for 30 second
sequences using Matlab’s [8] Bayes Network Toolbox. The
NN classifier is trained to recognize interesting and not
interesting context using Matlab’s Neural Network Toolbox in
the following manner. The dataset containing sound and image
parameters extracted with above described algorithms is split
into three parts: 70% for training, 15% for validation and 15%
for testing. The performance evaluation showed aggregated
accuracy of 89.3% for recognizing classes not used in a
process of training.
The process of recognition is done in three phases: (1)
students are recorded with camera positioned in the corner of
the classroom, and sound with one broadband microphone
positioned in the center of the classroom; (2) parameters from
images and sound are extracted with previously described
algorithm and used as an input for the classier; (3) the
classifier recognizes parameters and output a number in the 0
to 1 range. This number represents relative probability that the
detected context is interesting or not. Analysis of extracted
parameters for sequences labeled as interesting and not
interesting have shown that lectures are more interesting when
there is less overlapping speech, noise, and movements in the
audience and vice versa.

Fig. 1.Internet of Things LED lamp

The Raspberry Pi has a Wi-Fi interface that enables Internet
connectivity as well as a DHCP server that enables direct
communication between the Raspberry Pi and other devices in
case local area network is not available.
We have also implemented a CoAP [10] and a HTTP server
on the Raspberry Pi to enable communication between the
LED lamp and the SmartClassroom system. Both servers are
built according to the REST principles [11], so, it is very easy
to add a new interface to the servers and thus extend the
functionality.
The system works in the following manner: (1) lamp is
registered in the Resource Directory (RD); (2)
SmartClassroom system searches the RD for a Lamp to obtain
an IP address; (3) SmartClassroom sends result of the
classification to a Raspberry Pi’s IP address.
The registration of the Lamp in the RD is done by the CoAP
server on the Raspberry Pi that sends description to the
Resource Directory (RD).
The RD is created according to the CoRE group
recommendations, using the CoRE Link Format [12] as a
format for the description of capabilities of registered IoT
devices and the CoRE Resource Directory [13] as the
guideline for RD implementation. The Lamp resource
description contains the end-point and a description of the
resource interface, tags describing features of the lamp and the
resource type (Fig. 2).
<coap://93.86.138.103:5683>;ep="raspiCoAPServer";d="er
icsson.org",
</light>;title="iflamp";if="i";rt="actuator";tag="light";uid=
"coapLight"
Fig. 2.Resource Description of the IoT Lamp

Finally, after starting the SmartClassroom system, the
output of the classification is sent to the Raspberry Pi’s IP
address obtained from the RD. The Raspberry Pi is controlling
all 49 fields of the Lamp separately projecting the values
above 0.5 as a smiley face and values below 0.5 as a sad face
(Fig.3).

III. VISUALIZATION
The IoT LED Lamp is an energy efficient smart lamp, with
147 RGB LEDs with 16 million colors (36W) and 49 LED
driver chips (ws2801). The chips are driven by a very popular
ARM based Linux embedded system, Raspberry Pi [9]. All 49
fields of the lamp are independent and can be controlled
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ongoing lecture thus providing measurement based
information that the lecturers can combine with their own
perception to improve the overall quality of presentation.
V. CONCLUSION
The IoT has become the main topic in many science as well
as industry researches in recent years, shaping the future of
modern technology. People who live in urban areas are
already surrounded by smart objects, and it may be expected
that the majority of everyday things will soon become
connected to the Internet. The most powerful IoT applications
for sure will be those recognizing human actions, behaviors
and wishes. This will only be possible by merging different
areas of science as well as science with the top industry
applications. In this paper we have utilized an IoT device to
map certain aspects of human behavior with computer actions
that can be further utilized in many different scenarios. Using
the IoT LED lamp, lecturer can in almost real-time monitor
the level of students’ attention; other students can be alerted
when the lecture started, ended, or is becoming really
interesting; different classrooms can share information
enabling lecturers to compete between each other to provide
more interesting lecture which can make the process of
presentation more interesting and even entertaining.

Fig. 3.The communication scheme of the system

IV. DISCUSSION
Internet of Things offers a number of possibilities for future
applications, merging social and computer sciences and
providing more natural human to computer interaction.
Interface of new smartphones is simple to use, even for the
kids, because it enables more natural methods for humans to
interact with the devices, i.e. by mapping movements of
fingers, hands and eyes, with commands for execution.
In this paper we have mirrored human behavior, i.e.
students’ satisfaction, with a LED lamp visualizing the current
level of students’ satisfaction with an ongoing lecture.
The SmartClassroom LED lamp is one of many examples of
how the IoT can change our environment. Smart displays are
envisioned as an important channel for communication with
future spaces, by managing almost all things in our room,
house, or a city. These are well perceived with the LED lamp
example, that beyond other, can show the current temperature
in the room, run the VU meter that follows the music rhythm,
be a stroboscope, timer, counter, alarm, show pictures, play
some simple games (like Tic Tac Toe or puzzle), etc.
We have also developed an Android application enabling
projection of different pictures on the Lamp (Fig. 3.), or
playing some predefined animations, games, etc.
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A Distributed Kohonen Self Organizing Map
Applied to Wireless Sensor Networks
Goran Rakočević



To address these issues attempts have been
made to increase the amount of in-network
processing, with approaches like the distributed
database engines [4]. One class of these
approaches focuses on embedding data mining
algorithms into WSNs.
As in the general field of data mining, an
algorithm embedded into a WSN can be
designed for classification (placing the state, or
an event in the environment into one of
predetermined classes [5], [6], [7]), regression
(estimating a value from the readings taken from
the environment [8], [9]), or clustering (grouping
patterns seen in the sensor data [10], [11], [12]).
For a more detailed survey of data mining
approaches in WSN systems see [13].

Abstract — This paper presents and analyses a
solution for embedding a Kohonen Self Organizing
Map (SOM) into a Wireless Sensor Network. The
presented approach allows for a fully distributed
operation, with a fixed and predetermined number
of messages that need to be exchanged. To
achieve these goals the SOM nodes make local
estimates of their distance to the winning node,
rather than finding this through communication
with the whole network. An extended solution that
deals with two sources of variability in sensor
data: the type of causing event or state in the
environment, and the location of its origin (or the
distance to the sensing mote) is also presented.
Both solutions are analyzed in a simulation study
and the results are presented and disused.
Index Terms — Kohonen Neural Networks, SelfOrganizing Map, Wireless Sensor Network,
Distributed Machine Learning

1.2. Kohonen Self Organizing Maps
A Kohonen SOM (also called the Kohonen
Neural Network) is a clustering approach,
inspired by the mechanisms employed in the
cerebral cortex to organize data. It can be used
to classify data into groups. Unlike backpropagation neural networks, SOMs do not use
pre-existing information regarding the classes a
particular instance of data belongs to. This
makes them particularly suitable for use with
WSNs, as there is no need to transfer information
regarding the labels to the motes.
A Kohonen SOM consists of a number of
nodes, each containing its own set of weights, of
equal length as the input vector. When a new
instance of data (an input vector) is to be
processed, each node determines the output as
the Euclidian distance to between the input and
its weight vector. The node with the smallest
distance is declared the “winner”, meaning that
the instance is closest to group represented by
that node.
A SOM can be interpreted as each
node representing a separate class, or by
assuming that groups of nearby nodes represent
separate classes (as it will be shortly explained,
the training procedure causes the nodes closer to
each other will have similar weight vectors).
The training phase of a Kohonen SOM starts
by initiating the weight vectors of all of the nodes
to small random numbers. Then, for each
instance in the training set the winning node is
determined, through normal operation (described
above). All of the nodes than update their weight

1. INTRODUCTION
1.1. Wireless sensor networks
Wireless sensor networks (WSN) are systems
consisting of a (possibly large) number of small
devices equipped with sensing capabilities, a
limited amount of processing power and a radio
communication chip. Usually battery powered,
these units are referred to as nodes or motes
(due to the term node being also used in relation
to the Kohonen Self Organizing maps (to be
introduced shortly), but in a different context,
WSN units will be referred to as motes).
WSN have been adapted to a variety of
applications,
including:
environmental
[1],
healthcare [2], defense [3], etc. In the vast
majority of these applications, the WSN motes
use their sensors to gather information regarding
the environment they are in, do some limited
amount of processing, and forward the
information to collection site. In these scenario,
two typical problems arise: 1) communicating the
data through the network is a major source of
power drainage, and 2) large amounts of data
require a significant amount of processing power
at the central site, while the processing
capabilities of the motes (albeit fairly limited)
remain unused.
The work presented here was supported by the Serbian Ministry
of Education and Science (project III44006).
Goran Rakocevic is with the Mathematical Institute, Serbian
Academy of Sciences and Arts (e-mail: grakocevic@gmail.com).

9

vectors, following the update rule:
w = w + α*η(winner)*(w - x)

depending on the physical distance to the point of
origin).
(1)
3.1. Basic approach

where w represents the node’s weight vector, x is
the input vector, α is the learning rate, and η is
the neighborhood function, which ensures that
the nearby nodes respond to similar inputs. The
neighborhood function takes as the input the
distance to the winning node. A common choice
for this function is the Gaussian (bell shaped)
function.

In the basic approach, the SOM nodes are
correlated with the WSN motes, so that each
mote holds a single node. This choice is much
like the one presented in [16], so the same set of
variations to a traditional SOM presented in that
publication is restated here, with the differences
outlined:
 The units of the SOM are embodied by WSN
nodes: each node records a prototype vector
(weight vector) that resembles the particular
kind of input it has experienced
 The topology of the SOM is loose and defined
by the topology of the WSN. Unlike [16],
distances are taken as the logical distances in
the SOM, and not the physical distances
between the motes.
 The input vector is different for each node,
defined by the reading of the motes sensors
(the input vector of a node is the vector of
sensor readings at the corresponding mote)

2. RELATED APPROACHES
Adaptations of the Kohonen SOMs to WSN
have been studied in number of applications [14],
[15], [16], [17].
Closest to the work presented here, Catterall
at al. proposed embedding a Kohonen SOM into
a WSN by mapping a SOM node to each of the
motes in the network [16]. The input vectors of
the nodes are the readings from the sensors of
the corresponding mote. This choice implies that
inputs for the SOM nodes differ, unlike with the
traditional SOMs. Furthermore, the distance
between nodes (used in calculating the value of
the neighborhood function) is taken to be the
physical distance between the corresponding
motes, rather than the logical distance in the
SOM. Yun et al. expanded this approach with the
use of Receive Signal Strength Indication (RSSI)
to achieve a better estimate of the distance to the
winning node [17].
Unlike these approaches, this paper
proposes using the logical (SOM node) distance,
rather than the physical distance between motes.
Furthermore, a solution is devised which allows
for communication to take place only between the
motes contain nodes that are direct neighbors in
the SOM (the above approaches require the
mote to communicate with all of the motes in
range). Finally, we extend the solution to deal
with two sources of variability in sensor data: the
type of causing event or state in the environment,
and the location of its origin (or the distance to
the sensing mote).

In the operation phase, each node takes the
readings from its motes sensor and calculates
the Euclidian distance its weight vector. Like in
the ordinary Kohonen SOM, the node whose
weight vector is the closest is declared the
winner. In the update phase, the nodes would
need information regarding the identity of the
winner node, in order to calculate the value of the
neighborhood function. However, this would
require exchange of information between all
motes in the network. To circumvent this problem
this paper proposes an alternative mean of
calculating the distance for the neighborhood
function.
Let us assume that there is a node whose
input vector is the “perfect match” to its input
vector, thus a node that has the best response
possible to the pattern in the sensor data (a node
that calculates the Euclidian distance of 0
between the inputs and the weights). Actual
existence of such a node is unlikely, and this
hypothetical node may not be perfectly aligned
with any of the real nodes.
Instead of locating the actual winner node
and calculating the distance to it, each node than
calculates neighborhood function based on the
estimated distance to this “perfect winner” node.
Equation (1), thus, becomes:

3. DETAILS OF THE PROPOSED SOLUTION
In this section the theoretical details of the
proposed solution are outlined. First, a simpler,
basic approach, capable of either localizing, or
classifying an event or state in the environment
(depending on the patterns in sensor readings
and the propagation of effects through the
environment) is presented. Later, an enhanced
solution is presented, capable of localizing
classifying events or states in the environment, in
cases that the effects of the event or state visibly
diminish as they move further from the point of
origin (there is a detectable and significant
variation in readings at different nodes,

w =
(2)

w

+

α*η(estimated_perfect)*(w

-

x)

with w, α, η, and x having the same meaning
as in (1).
The question remains how to estimate the
distance to the perfect node. Let every node
exchange the information regarding the output
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value with its immediate neighbors. Note that this
does not constitute the containing mote
communicating with all of its neighbors (in a
context of a WSN motes are commonly regarded
as neighbors if they can communicate directly),
but only the motes containing the SOM nodes
adjacent in the SOM topology. Assuming a grid
topology, this implies that each mote
communicates with at most 4 others (those at the
network edges with less).
Due to the nature of a Kohonen SOM, that
the closer nodes are, the better they respond to
similar patterns, the nodes that are closer to the
“perfect winner” will exhibit a smaller distance to
the particular input. In other words, the outputs of
the nodes will reduce at some rate as the “perfect
winner” is approached. An estimate of this rate
can be taken by extrapolating the trends in the
output value in the neighborhood of the node.
Thus, each node makes a least-squares linear
estimate of the function by which the outputs vary
across the network. The distance at which this
distance takes the 0 value is taken as the
distance to the perfect node. The linear
approximation may be criticized as a fairly strong
assumption (other choices for estimating the
distance to the “perfect winner” will be analyzed
in a future publication). However, simulation
results (Section III) show that the system
operates well, even with this simplification.
Finally, a discussion is due related to the
learning rate parameter. The learning rate
controls how quickly the system learns from new
examples. With a higher learning rate, the system
can be expected to require less training, and to
converge more quickly. Furthermore, with a
higher learning rate, the system can be expected
to adapt to changes in patterns (the concept drift,
[6]) more rapidly. On the other hand, if the
learning rate is set too high, the system may fail
to converge altogether, and suffer from constant
overtraining towards the last seen examples.
Previous empirical analyses [16] have shown
an optimal learning rate around 0.4 for Kohonen
SOMs embedded in a WSN. In our simulations,
this value was determined to be somewhat lower,
around 0.3. It should be noted that the choice of
the learning rate is heavily dependent on the
properties of the data and the patterns to be
found, thus this difference may not entirely relate
to algorithmic differences between the approach
resented here and in [16].

distance between the location individual sensor
mote taking the measurements and the location
of the origin of these variations (answers the
question “Where in the environment has the
source taken place?”).
In a small WSN with the motes being close to
each other, the first source of variation is likely to
dominate. In such a case the trained SOM is
likely distinguish different types of events or
environment states. However, with a larger, more
disperse WSNs, the second source of variability
is likely to have an increasing impact, with the
SOM shifting towards responding to the location
of origin, rather than type (with the winning node
becoming the one in the mote closest to the
location origin). In the extended approach we
focus on the latter situation.
Initially, we start with a WSN with a Kohonen
SOM implemented as described in the basic
approach. As stated above, such a SOM will
respond to the locations of the events taking
place in the environment. The winning node will
be the one closest to this location (in the ideal
case, realistically, it will be one of the closest
ones). In order to further distinguish between
different types of events or environment states, a
second, traditional, Kohonen SOM is trained,
locally on this winner node (actually, each mote
will contain its own version of this second, local,
SOM). This local SOM also uses the readings
from the containing mote as the input vector (for
simplicity these second, nodes local to each
sensor node, will be denoted as local SOMs, the
first SOM, distributed thought the entire network
and responding to event location will be denoted
as the global SOM).
First, assume the local SOMs are only used
and trained when the corresponding mote also
contains the winner node of the global SOM. As
the local SOMs are only trained on data taken at
the site of the containing mote, the variation due
to the distance between the mote location and
the point of event origin are eliminated. Thus, the
local SOMs can on the variations due to event
types.
However, if a local SOM is trained only when
containing mote is the winner, the training will be
based on only a small subset of cases. In
traditional machine learning this would relate
using a portion of the available data set. In this
WSN based approach this relates to prolonging
the training phase, until each global node wins a
sufficient number of times.
To alleviate this problem, a further extension
is proposed, based on the following observation:
The mote closest to the location of the event
origin is likely to have the “best view” of the event
taking place. However, other nearby motes will
also have a “good view” of the event, depending
on the distance to the event. Therefore, local
SOMs at motes close to an event can be trained
to find distinguishing patterns related to event
types.

3.2. Extended approach
In order to justify the extension of the
described approach, the following observation is
introduced: In a WSN deployed in an
environment there are two sources of variation in
the sensor readings (on top of ant underlying
noise). First is due to the different types of the
occurring events and/or environment states
(answers the questions “What is going on in the
environment”). Second is due to the physical
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To take into account the fact that the closer
the mote is to an event, the better view it will
have, the proposed solution varies the training
rate of the local SOMs with this distance. Since
the global SOM is trained to respond to event
locations, the information regarding this distance
is already available –in the form of the response
of the global node located at the mote. This
distance becomes a parameter in the update
rule, additionally controlling the rate at which the
nodes learn. The update rule formula is thus:
w = w + α*η(winner)*(w - x)*β

Figure 1 shows the error (output value of the
winning node) during the simulation procedure
(average values from 100 repetitions). The error
sharply decreases in the first steps, and steadily
continues to decrease at a low rate.

(3)
Fig. 1. Output values of the winning node (perfect match
produces a zero value).

with w, α, η, and x having the same meaning
as in (1) and (2), and the new parameter β being
based on the output of the global SOM node
located at the same WSN mote.

Figure 2 shows the outputs of the SOM
nodes, for two different simulated events. Nodes
with a lower output (closer to the event location)
are presented in lighter color. In both cases, the
SOM produced correct results.

4. SIMULATIONS AND RESULTS
In order to validate and evaluate the
effectiveness of the proposed solutions, a set of
simulation-based analyses was conducted. As
when outlining the theoretical concepts, we first
present the simulation details and results for the
basic case, and then follow with the extended
approach.
4.1 Basic approach
A WSN network consisting of 100 motes was
simulated. The motes were arranged in regular
two-dimensional (10x10) grid topology. Each
node contains one sensor.
The environment in each simulation step is
simulated by drawing from a Gaussian
distribution with a fixed mean and variance. The
location of the point of origin of the event defining
the environment state is taken at random in each
step. From this point, the event effects propagate
through the environment with a linear weakening.
To simulate the presence of a background noise
in the sensor readings, white noise is added, with
the maximum value of 0.15 (15% of the
maximum value of the event effect). More
specifically, one iteration of the simulation
procedure included the following:

Fig. 2. The outputs of the SOM nodes, for two different
simulated events. Nodes with a lower output (closer to the
event location) are presented in lighter color.

Fig. 3. Estimated values (full line) and the estimation error
(dotted line) as a function of the actual distance to the winning
node

 Simulate an event by drawing the magnitude
from a Gaussian distribution, and the location
from a two-dimensional uniform distribution
 Calculate the propagation of the event effects in
the entire environment
 Add noise in each point in the environment
 For each mote, take the sensor reading (the
event effect with the noise added at the mote’s
location)
 Calculate the SOM nodes’ outputs and update
the network, as described in Section 3.1.

Finally, Figure 3 illustrates the effects of
using the estimation of the distance to the
“perfect winning” node, rather than the actual
distance to the actual winning node. The
estimated distances follow the actual ones fairly
closely.
4.2. Extended approach
Network of the same size and topology as for
the simulations related to the Basic approach
was used to simulate the operation of the
algorithm described in the extended approach
(100 motes, 10x10 grid topology).

The presented results are averages from
running the simulation procedure 100 times, with
5000 steps in each simulation.
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As the extended approach deals with
categorization of events, on top of localization,
the environment state was extended to belong to
one of several types, rather than be defined only
by the location of the event origin. Concretely, it
was assumed that the environment is described
by two independent parameters, variable1 and
variable2. Each mote is assumed to be equipped
with two sensors, each directly measuring the
value of one of the two parameters. Each
parameter is independently drawn from one of
two possible Gaussian distributions, with different
means and variances. The environment
(category of the occurring event) takes one of
four possible values, depending on the
distributions the two parameters are taken from,
as described in Table 1:
Background noise is added in the same
manner as with the basic approach simulations.
Thus, one iteration of the simulation procedure
included the following:
 Select an event type, by randomly drawing from
the set {1,2,3,4}
 Simulate an event by drawing the parameter
magnitudes from the appropriate Gaussian
distributions (depending on the event type
selected in the previous step, as defined in
Table 1), and the location from a twodimensional uniform distribution
 Calculate the propagation of the event effects in
the entire environment
 Add noise in each point in the environment
 For each mote, take the sensor readings (the
event effects with the noise added at the mote’s
location)
 Calculate the global SOM nodes’ outputs and
update the network, as described in Section
3.2.
 Calculate the local SOMs nodes’ outputs and
update the network, as described in Section
3.2.
Local SOMs are linear, and contain four nodes
each.
Environme
nt state
1
2
3
4

Parameter1
distribution
Gauss1
Gauss1
Gauss2
Gauss2

Fig. 4. Outputs of the system for a simulated event: Colors
denote the winning node of the local SOM at a mote, and the
shade represents the global output (darkest color denotes the
winning node)

Figure 5 shows the error in the wining node’s
local SOM (the output of the local winning node)
during the training procedure. A sharp decrease
in the early period of the training procedure,
followed by a relatively stable error can be
observed. This behavior is characteristic to
Kohonen SOMs.

Fig. 5. Training error (distance between the inputs and the
local winning node’s weight vector at the mote containing the
global winning node) during the simulation procedure

5. DISCUSSION AND CONCLUSION
Two approaches of adopting the Kohonen
Self Organizing Maps to distribute operation in a
Wireless Sensor Network have been presented in
this paper.
The Basic approach is capable of correctly
localizing an event taking place in the
environment. For this approach, it is sufficient
that each node exchanges data with a low,
predetermined number of direct neighbors (the
exact number being defined by the topology of
the Kohonen SOM, for a 2D grid, this number is
4).
The extended approach is further capable of
categorizing the events into different types, while
not requiring additional communication in the
network. This extended approach introduces
local SOMs at each mote. It should be noted that
the local SOMs at each mote are trained
independently of each other. As the region of a
SOM is dependent on the order the network sees
data, and the initial choice of weight values (here
chosen randomly), there is no guarantee that the
local SOMs will map the same types of events to
same regions. In fact, most often this will not be

Parameter2
distribution
Gauss1
Gauss2
Gauss1
Gauss2

Table 1: The values of the environment parameters
defining the environment state in the simulations

Figure 4 shows the output of the systems for a
simulated event, at the end of the simulations
procedure. Shade of the filed depicts the global
output value, and the color depicts the winning
node in the corresponding local SOM.
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the case (in our simulations some of the local
SOMs mapped the events of type 1 to the “left
most” node, others to the “right most”). This effect
does not compromise the correct operation of the
system, but should be taken into account when
interpreting the outputs from different local
SOMs.
Furthermore, it should be noted that the
extended algorithm is based on the assumption
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that the motes closest to an event origin is the
mote best capable of observing defining patterns
in its readings. While often true, this assumption
does not hold in some cases (i.e. different
propagations of different types of effects may
make the patterns clearer at some distance to the
event). For these cases an additional extension
to the algorithm may be required (a topic not
examined by this paper).
Computationally, both approaches are
relatively cheap and suitable for use in resourceconstrained WSN motes. The Basic approach
requires only one weight vector to be maintained
at the mote’s memory. The computational cost
related determining the output and updating the
weight is low, dependent on the number of
sensor on each mote as O(n) (n being the
number of sensors). The extended approach
requires each mote to maintain an additional
local SOM. The complexity (both in terms of
space and computation) is thus O(m*n), where n
is the number of sensors at each mote, and m
being the size of the local SOMs (depends on the
number
of
categories
into
which
the
events/environment states are to classified).
However, as both n and m can reasonably be
expected to be relatively small, the extend
approach should be suitable for most WSN
applications.
The presented algorithm could also be
extended to include knowledge available through
(manual) labeling of data. The labels would be
introduced for some of the classified events,
denoting the correct event type (this could be
done after an event has been detected and
categorized by the network). Such an approach
could be used to assign the physical types of
events to the corresponding regions of the local
SOMs (thus solving the issue of different SOMs
mapping the events to different areas). Rather
than only looking at the winning mote, the
algorithm could then be modified to make
decisions by a weighted majority vote, of the
motes in the entire network, or the regions with a
high global response. The choice of weights
could be related to the output values of the global
SOM nodes, or be based on some performance
statistics, as in some of the other approaches to
embedding the data mining algorithms into WSNs
[6], [7]. Such an approach may also lead to a
solution suitable for alleviating the issue with the
patterns defining the events becoming more
clearly visible at some distance to the events.
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Abstract — Existing routing and broadcasting
protocols for ad-hoc networks assume an ideal
physical
layer.
In
reality,
an
accurate
representation of the physical layer is required for
analysis and simulation of multi-hop networking in
sensor and ad-hoc networks. This paper describes
a model for the lognormal correlated shadow
fading loss from first, and investigates the
importance of the correlation length when
designing protocols for ad-hoc and sensor
networks. Geographically proximate nodes often
experience similar environmental shadowing
effects and can thus have correlated fading. We
consider the overall path loss (shadow fading &
median path loss) based on antennas working at
2.4 GHz with heights ranging from 0.5 meters to 1.8
meters. Finally, we analyze and compare the
performance of localized position-based greedy
algorithm used for Unit Disk Graph (UDG) and a
probabilistic progress algorithm based on the
proposed shadowing model for different values of
standard deviation (σ) of shadow fading to
demonstrate the importance of both the shadow
fading and correlation length.
Index Terms — fading, physical layer, radiowave
propagation, wireless ad hoc networks

1. INTRODUCTION

A

networks have recently emerged as an
important research topic, due to their
potential application in various situations such as
battlefield,
emergency
relief,
environment
monitoring etc [1-4]. They are decentralized, selforganizing wireless networks. Such networks
consist of hosts that communicate without a fixed
infrastructure. Communication takes place over a
wireless channel. Since there is no infrastructure,
every node has to determine its environment
when the network is formed [5]. We assume that
each node has a low-power Global Position
System (GPS) receiver, which provides the
position information to the node itself [5]. If GPS
is not available then the distance between the
nodes can be estimated on the basis of incoming
signal strength [5]. In [6] it has been shown that
relative coordinates of neighboring nodes can be
D HOC
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obtained by exchanging such information
between nodes. The task of routing implies that a
message has to be sent from a source node to a
destination node.
Existing network layer protocols for ad-hoc
networks assume an ideal physical layer model,
where two nodes communicate, if and only if the
distance between them is at most R. This model
where the two nodes within transmission radius
can exchange correctly bits, packets and
messages is known as the ‘Unit Disk Graph’
(UDG) model [5]. However, current physical layer
models do not accurately represent radio
channels in multi hop wireless networks [7], and
as a result, there is a significant disconnect
between simulation and real world deployment
[8]. Channel models used in multi-hop networks
have considered path losses to be independent,
but they are correlated through shadowing effects
[8]. The shadowing model is derived from the first
principle of probability theory, which is then
combined with the mean path loss model in [9] for
low height antennas ranging from 0.5 meters to
1.8 meters working at 2.4 GHz to give an overall
path loss model with correlated shadow fading.
This shadowing model is then used for accurate
representation of the physical layer, which is
required for analysis, and simulation of multi-hop
networking in sensor and ad-hoc network.
The next step is to compare and evaluate the
performance of geographic routing algorithms
over an ideal and a more realistic physical layer.
For comparison purposes, localized position
based greedy algorithms have been chosen
where nodes do not require complete network
topological information to perform the routing
task. More precisely, nodes only require
knowledge of the positions of itself, its one hop
neighbors and the destination [5]. The ideal
physical layer (UDG) uses a localized position
based greedy algorithm as proposed by Finn in
[10], while the shadowing model considers the
probabilistic progress based greedy algorithm that
does not have hop-by-hop acknowledgements as
in [11]. The ideal and the more realistic models
are then evaluated in terms of average hop count
(number of forwarding steps) over various
average node densities, to show the dramatic
difference of the two algorithms when using
correlated shadow path loss model with different
correlation lengths.

The rest of the paper is organized as follows. In
Section 2, we present related work and offer
some critical comments. In Section 3, we discuss
the proposed correlated shadow-fading model
with its derivation. Section 4 explains the overall
path loss model for low height antennas used for
2.4 GHz range. Section 5 gives the background
knowledge on the localized greedy algorithms.
Section 6 discusses the measurement set up that
is used to carry out the required experiment to
compare the greedy algorithm used on UDG with
the probabilistic progress algorithm used on
shadowing model. Section 7 discusses the results
that are obtained for average hop counts for the
two algorithms (greedy and probabilistic progress)
over range of node density. In Section 8, we
provide concluding remarks and outline some
open problems.

3. DERIVATION OF CORRELATED SHADOW FADING
MODEL

2. RELATED WORK FOR PROPOSED MODEL
The long-term energy variability in multipath
fading channels is widely accepted as being well
described by lognormal statistics [12-14]. This
phenomenon is commonly referred to as
shadowing. While techniques such as power
control may be successful in mitigating the effects
of shadowing, an understanding of the
phenomenon is important to a variety of
techniques [15]. Not only shadowing but also its
spatial correlation have been measured and
shown to be significant in other wireless
networks. For example in digital broadcasting,
links between multiple broadcast antennas to a
single receiver have correlated shadowing, which
affects the coverage area and interference
characteristics [17]. In cellular radio, the model of
Gudmundson [18] is used to predict shadow
correlation for the link between a mobile station
(MS) and a base station over time as the mobile
station moves. Gudmundson’s model [18] is
based on the assumption that the distance
between the base station and mobile station is
large compared to distance moved by the mobile.
The reason why Gudmundson’s model [18] is not
appropriate to ad-hoc networks is because it can
only be applied to pairs of links, which share a
common node [8]. The other limitation is that it
ignores the location of the common node [8].
The closest study which was useful in order to
derive the shadow fading from first principles was
presented in [8]. It studies the correlation of many
disparate links at the same time, and uses
multiple measured networks to examine many
pairs of links with identical geometry, both with
and without a common node. The other study,
which was very useful in calculating the overall
path loss model, is presented in [9]. This paper
calculates the mean path loss model for low
height antennas (0.5 metres to 1.8 metres) at 2.4
GHz, and it takes into account the effect of
transmitter height, receiver height, receiver
location and environmental parameters.
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In radio communications, the received signal
level decreases as the distance between the
transmitter and receiver increases. This
phenomenon is described as ‘path loss’ in [12,
19]. Attenuation of radio signals due to path loss
effect has been modeled by averaging the
measured signal powers over long times and over
various locations with the same distance to
transmitter [12]. The mean value of signal power
is referred to as the area mean power.
The most commonly used radio model in adhoc networks is based on path loss phenomenon
alone and assumes that the received power at
any distance to the transmitter is equal to the
area mean power. If we assume that the
transmitted signal is received correctly when the
received signal power is more than a minimum
required threshold value, this model result into a
circular coverage area around the transmitting
node (UDG). The area mean path loss model is
inaccurate because the received power level
shows significant variations around the area
mean power value due to the shadowing effect of
terrain, height variation or the presence of midpath obstacles [12]. In this paper we propose a
more realistic radio model for the study of
wireless ad-hoc networks. This model is based on
the lognormal shadowing radio propagation
model and allows for a spatially correlated
random variation around the mean power. In
lognormal radio model, the mean received power
taken over all possible locations that are at a
particular distance from the transmitter is equal to
the area mean power calculated on the mean
path loss model. However, it is further assumed
that the average received power varies from
location to location in an apparently random
manner, which implies that variations in the path
loss changes in a random manner as well. The
standard deviation (SD) of fading is larger than
zero, and in the case of severe signal fluctuations
due to irregularities in the vicinity of the receiving
and transmitting antennas, measurements
indicate that it can be as high as 12dB. For
outdoor models, SD of correlated shadow fading
can lie in the range of 6 to 12dB.
We start first from generating independent
Gaussian random variables, using the Box-Muller
method [20] in order to generate instances of a
log-normally distributed random variable which
describes shadow fading. There are a few
methods to achieve this defined in [16].
Starting with two uniform deviates y1 and y2 on
(0, 1), the transformation
x1 

 2 ln y 1 cos  2  y 2 

x2 

 2 ln y 1 sin  2 y 2 

(1)

generates two Gaussian random deviates x1 and
x2 with zero mean and unit variance, as can be
seen from the Jacobian of the transformation,

 y1
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Scaling each of the Gaussian random deviates by
2
the required variance σ results in the generation
of a pair of independent Gaussian random
variable instances, x1 and x 2 , used directly to
model lognormal shadow fading,
x 1    x 1
(3)
x 2    x 2
The next step is to produce a Gaussian
random field bearing in mind that the
transformation
from
uncorrelated
random
variables to suitably spatially correlated ones
needs to preserve the Gaussian statistics [23]. An
important function, closely related to the
covariance of the correlated Gaussian random
variables, is the correlation coefficient,  [22]
cov(xi x j )
( xi  mi )(x j  mj )


.
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The correlation coefficient  is the range (-1, 1).
The covariance matrix C for the multidimensional
Gaussian process can be written in terms of 
assuming that the two random variables have
same standard deviation σ, by using Equation (4)
[23]
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a square grid and a few other geometrical shapes
are chosen depending on the research criteria.
The grid chosen in this paper is a circle with
radius from 50 m to 300 m. In Figure 1, each
circle in the grid is 50 m apart, and each point on
the same circle is 50 m apart. The reason for
choosing 50 m apart is that if we choose the
value of dc = 70 m and use Equation (6), s(d) is
approximately 0.5. If the node which is used for
the networking lies in the region of 4 grid points
then the weighted average of the grid point values
can be taken as the correct shadowing value. The
area between the four points can easily be found
as every side is 50 m apart which will help in
interpolation rather than having irregular
distribution of points. The angles from the inner
most circle to the outer circles are 60, 30, 20, 15,
12 and 10 degrees, respectively.

0

Figure 1: Circular Grid Plot.

4. OVERALL PATH LOSS
The overall path loss in terms of distance can
be calculated by adding the mean path loss
between the transmitter and the receiver, the
shadow fading loss and the loss from fast fading
model, and is represented by (9) in logarithmic
units [12]
PL(d )  L( d )  X   20log10 Y .
(9)
Y is random variable which describes the fast
fading, and is neglected since we are considering
the nodes fade mitigation measures, such as
diversity antennas. Equation (9) then reduces to:
PL(d )  L(d )  X  .
(10)
L(d) can be calculated from Konstantinou’s model
for low height antennas as explained in [9], while
Xσ is the element of Xs corresponding to each grid
location and can be calculated from Section 3,
and plotted in Figure 2. Xσ is a zero-mean
Gaussian distributed random variable (in dB) with
standard deviation σ, also in dB. The lognormal
distribution describes the random shadowing
effects, which occur over a large number of
measurement locations, which have the same
transmitter–receiver separation, but have different
levels of clutter on the propagation path. The LOS
and NLOS equations are obtained by the least
square criterion [9]:
4
PLLOS  4.62  20log10
 2.24ht  4.9hr  29.6log10 d

(5)






The covariance matrix C is called an
‘Autocovariance Matrix’ and the corresponding
correlation matrix Pn is called an ‘Autocorrelation
Matrix’. The values inside the autocorrelation
matrix can be replaced by the relevant
autocorrelation function as shown in [9]
 S (  d )  exp(   d d ).
(6)
c
The autocorrelation function is an isotropic
correlation function. A stationary random field is
an isotropic random field (in the wide sense) if the
covariance function depends on the separation
distance alone [24]. Isotropic correlation functions
only depend on the distance between the two
points [24].
Using Cholesky’s algorithm for symmetric,
positive-definite matrices, the covariance matrix
can be decomposed into a lower triangular matrix
L and an upper triangular matrix U [20]:
C = LU, where U = LT.
(7)
Xs = L is a simulated random field (i.e. a n1
column vector of suitably correlated log-normal
random variables on the constructed grid), where
 consists of random, uncorrelated, univariate
normally distributed random numbers αi, i = 1,...,n
with zero mean and unit variance [20].
(8)
There are a few possible ways of choosing a
grid to produce Gaussian field, for example in [24]



(11)

PLNLOS
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  2hr  40 log10 d  q (12)

node currently holding the packet, will forward it
to its one-hop neighbor which is closest to the
destination. This algorithm fits well with the
existing definition of transmission radius in Unit
Disk Graph Model (UDG) [5]. All the nodes that
lie within the transmission radius R of UDG are
called ‘One Hop Neighbors’ to that particular
node. The probability of packet reception, which
is defined as the success of receiving a packet is
1 inside the transmission radius R while 0 outside
it. The transmission radius of UDG is chosen on
the basis of IRIS mote receiver sensitivity and is
found to be around 61 meters.
The UDG model is not realistic because it
ignores random variations in received signal
strengths and was demonstrated to have a
significant
impact
on
ad-hoc
network
performance [11]. So UDG model will then be
compared to the shadowing model, which shows
the random variation in signal strength by
correlated shadow fading model. The correlated
shadow-fading model will use the probabilistic
progress (PP) algorithm that does not have hopby-hop acknowledgements. In PP algorithm, a
node currently holding the message will forward it
to one hop neighbor that maximizes the expected
progress, which is the product of the probability of
packet successful reception (ppr) and the
progress (difference in distance to destination of
current and next node on the route) made by
forwarding the packet to that node [11]. If we
assume fixed signal to noise ratio (no shadow
fading) then ppr, which depends on the distance,
can be shown in Figure 3.

where  is the free space wavelength, ht and hr
are the transmitter and receiver heights above
ground respectively, and q is an environmentdependent parameter given in [9].
Polar coordinates from circular
grid converted into cartesian
x& y
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Figure 2: Polar plot representation for shadow fading
losses in circular field (Note: - For further detail about
this plot consult [26]).

If the terrain over which the path loss is
modelled is not given then it is fairly difficult to
use the Equations (11) and (12). Instead the
probability α that is the ratio of LOS and NLOS
can be used to calculate the overall path loss
given by [9]:
PL   PLLOS  (1   ) PL NLOS .
(13)
Equation (13) can be used for statistical treatment
of path loss in typical urban environments. It
approximates the LOS case in short distances,
whereas it is practically the same with NLOS case
at large distances from the transmitter. The
probability α, which does not depend on antenna
height, is [9]:
exp   d  a f  b f
if d  a f
(14)
 d   
if d  a f
1
where af and bf are environment-dependent (e.g.
urban, suburban, open) threshold distances [9].
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Figure 3: Probability of Packet Reception vs. Distance.



Packet reception probability (ppr), which is
based on the calculation of bit error rate and
packet length, is used to define one hop
neighbors for the probabilistic progress algorithm.
Two nodes are defined as neighbors if the ppr
between them is above a certain minimum
threshold [11] and for this study the transmission
range R of the probabilistic progress algorithm
scheme is chosen if ppr  0.5. The two metrics
that has been calculated on the UDG and
shadowing model are the ‘network density’ and
the ‘hop count’. Network density is defined as the
average number of neighbors per each node that
lies within the transmission radius of each node.
Hop count is defined as the number of hops
taken to reach from source to destination.

5. BACKGROUND KNOWLEDGE OF LOCALIZED AND
PROBABILISTIC GREEDY ALGORITHM
In this section, we discuss the localized position
based algorithms which have been used to
compare the UDG model versus the model
proposed in the above sections for low height
antennas working at 2.4 GHz and having
correlated shadow fading.
Localized greedy position based algorithm [10]
is a well known greedy routing scheme, where the
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6. NUMERICAL EXPERIMENT SET UP
We place n nodes in x  x area, uniformly and
randomly distributed. The x and n were varied to
cover wide range of neighboring node densities.
We took the parameters of IRIS motes which
work at 2.4 GHz and each node was assumed to
have fixed transmitted power 3 dBm (‒27 dBW)
[26]. Channel parameters are assumed fixed
during transmission of a single packet [27].
Quadrature Phase Shift Keying (QPSK) is
assumed as the modulation scheme for
communication system, which can be used to
calculate ppr, for packet length 128 bits. Without
using any forward error correction codes, the ppr
can be calculated by ppr = (1-pe)L , where pe is the
bit-error-ratio (i.e. the probability of one bit being
detected erroneously at the receiver) (15). Before
running the greedy and the probabilistic progress
algorithms, Dijkstra shortest path scheme was
used to test the network connectivity and only
connected graph were used in measurements [5].
The proposed circular model as shown in
Figure 1, which contains correlated shadow
fading on all the points of the circular grid, will be
produced on every node in the area. Each node
will be placed in the centre of the circular field and
the correlated shadow fading can be produced as
described in Section 3. Figure 4 shows how the
circular proposed field has been plotted on the
first few nodes.
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Table 1: Parameters Used In Extensive Simulations

(a) low value of ψ

(b) high value of ψ

(c)
Figure 5: Typical ppr contours (solid lines);(a) a low
value of ψ < 1, (b) a high value of ψ > 1; (c) For ψ  1,
the ratio ψ is approximately equal to the angle in
radians, as observed at the transmitting node, where
d > d50% = R = 70 m for its ppr = 0.5 contour (maximum
error of 4%), since   L R  2 sin  2   for   1c .

7.1 Definition of Parameters
Parameter 1:- Correlation Length to UDG
Transmission Radius Ratio
The correlation length is defined as correlation
distance d in (6) corresponding to 50%
correlation coefficient for the log-normal shadow
fading spatial field. If the distance between the
two receivers that are equidistant from a
transmitter is less than the correlation length, the
power received by the two nodes will be similar.
This argument implies that the ratio of correlation
distance to an equivalent UDG transmission
radius can be employed to characterize the
angular separation of receivers at the edge of the
reception area of a transmitting node, as seen at
the transmitter. The ratio ψ signifies the
importance of the correlation length of the
proposed shadowing model
Shadow fading 50% decorrelation dist d 50%


.
Equivalent UDG Transmission Radius
R
(16)
We may define an equivalent UDG
transmission range R by two methods, either by
setting σdB = 0 dB and taking ppr = 0.5 as it will
give a fully deterministic, circularly symmetric
model for the probability of packet reception, or
on the basis of the node receiver sensitivity where
the transmission radius is calculated only on the
basis of mean path loss (i.e. σdB = 0 dB). The
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node with the largest x-axis coordinate is selected
to be the destination.
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Figure 4: Shadow fading circular model on first four
nodes in an area of 200 by 200 meter square; (a) node1 as centre (b) node-2 as centre

7. EXTENDED SIMULATION RESULTS
Table 1 lists all parameters used in the
simulation. The values 0, 6 and 8 dB are chosen
for σ. The error bar graphs in Figures 6, 7 & 8
(which use different correlation lengths) show an
average number of hops for particular densities.
For collecting first set of results an area of 400 m
by 400 m was chosen and the numbers of nodes
used were 100, 125, 135,150, 200, 250, 275 and
300. For the second set of results the area was
increased to 500 m by 500 m and the numbers of
nodes used were 250, 275, 300 and 325. In all
simulations the node with the smallest x-axis
coordinate is selected to be the source and the
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parameter ψ, schematically shown in Figure 5
determines whether the correlated shadow fading
ppr contour “amoeba” has many protrusions/legs
(low ψ value) or few such features (high ψ value).
Parameter 2:- Standard Deviation of Shadow
Fading
The standard deviation of shadow fading
represented by σ is an important parameter as it
measures the spread of the probability density
function of the random variable and will help to
increase the range of the shadow fading.
Parameter 3:- Network Density
The third parameter used for evaluation is the
‘Network Density’, which is defined as the
average number of neighbors per node that lies
within the transmission radius of each node and
is represent by κ. Varying the number of nodes
and the size of the simulation area controls the
average density
Average number of neighbouring nodes(ppr  0.5)

.
Area of UDG
(17)
7.2 Interpretation of Extensive Simulation Plots
The greedy algorithm has a hop count close to
the optimal (found by Dijkstra’s algorithm); local
knowledge prevents it from finding always an
optimal path, and sometimes it does not find a
path at all in a connected network. When there is
no shadow fading involved (σ = 0), the
transmission range which is still circular in this
model was found to be approximately around
64 m as shown in Figure 4, which is not much
different from the transmission radius of UDG
found by receiver sensitivity (61 m) and that’s why
the black line representing the probabilistic
progress used for shadowing model with σ = 0,
follows very closely to greedy algorithm on UDG.
The performance of Dijkstra’s algorithm, the
greedy algorithm applied on the UDG and the
partially physically “realistic” model with no
shadow fading σdB = 0 dB can be seen to be
comparable throughout in Figures 6, 7 & 8.
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Figure 6: Average Hop Count vs. Node density of
Dijkstra, greedy on UDG and Probabilistic progress on
realistic physical layer with correlation length of 100 m
(ψ = 1.63)
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Figure 7: Ibid, correlation length 30 m (ψ = 0.49)
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Figure 8: Ibid, correlation length 150 m (ψ = 2.45)

Average hop counts for σ = 6 dB are shown in
lime green color in Figures 6, 7 & 8. σ = 6 dB
means that 99.7% of the shadow fading values
produced on the circular field are within the range
of +18 dB to –18 dB. At lower node densities
(κ < 14), the difference between the greedy on
UDG and probabilistic progress algorithm with
σ = 6 dB is quite visible, while at higher node
densities (κ > 18), the average hop count is very
similar. Probabilistic progress algorithm performs
quite well on the shadowing model with shadow
fading (σ = 6 dB) for lower node densities. This is
because PP may choose forwarding neighbour
with ppr < 0.5 while the greedy algorithm may be
left with neighbours with small progress (among
those with ppr > 0.5). For higher node densities,
PP algorithm does not have the same advantage
over greedy on UDG hop count, for all the
different values of ψ. The reason is that at higher
node densities, the greedy on UDG will have
more chance of utilizing its transmission radius of
61 m. The shadowing model with σ = 8 dB is
represented by the magenta color and has 99.7%
of shadow fading in the range from ±24 dB. The
following observations have been made at
different values of ψ:
1. When ψ = 1.63 (Figure 6), due to higher
standard deviation of shadow fading at σ = 8 dB,
the hop count of the PP on shadowing model is
found to be approximately half the hop count on
the same topology as compared to greedy on
UDG. The correlated shadow fading with σ = 8 dB
contains more neighboring nodes compared to
the fixed neighboring nodes in the case of greedy
on UDG, and thus the hop count to destination is
far less. The explanation of reduced hop count
compared to greedy on UDG can also be related
to the fact that the neighbors lying roughly along
the preferred direction of message forwarding are
effectively either “good” candidates for message

forwarding or either they are all bad candidates,
which depends on the produced shadow fading
values. PP algorithm effectively favors forwarding
nodes with predominantly “good” candidate
neighbors, because the shadow correlation length
of 100 m is such that these clusters of neighbors
sit over angular domains of the order of about
one radian as seen by the forwarding node, which
will result in choosing the next forwarding hop in
the direction of destination. Since the next hop is
chosen in the direction of destination then the hop
count is reduced as compared to greedy on UDG
and this advantage of the probabilistic progress
algorithm is quite clear in Figure 7 for all node
densities.
2. When the correlation length has been
decreased to 30 m (ψ = 0.49; c.f. Figure7),
probabilistic progress algorithm holds its
advantage over UDG model at lower node
densities in terms of hop counts. At medium and
higher node densities the values of average hop
count are found to be very similar between the
probabilistic progress algorithm using shadow
fading and UDG model. Decreasing the
correlation length means that the probability of
having nodes with high values of ppr closest to
the destination decreases. Since the correlation
length has been decreased in length as
compared to Figure 6, the probabilistic progress
algorithm which chooses “good” candidates in the
preferred direction of the destination will have
higher hop counts because of the length of
correlation, as the power received will not be
dependent (correlated) between the two nodes
beyond 30 m, which will reduce the probability of
finding clusters of neighbors sitting over angular
domains of the order of about one radian as seen
by the forwarding node in comparison to the
correlation length of 100 m. Since the probability
of having clusters of neighbors with the similar
received power in the direction of destination is
reduced therefore the hop count is increased as
shown in Figure 7.
When the correlation length has been
increased to 150 m (ψ = 2.45; c.f. Figure 8), the
PP algorithm again holds its advantage over
greedy on UDG model at lower node densities
(κ), in terms of hop counts. At medium and higher
node densities the values of average hop count
for the PP and greedy algorithms are found to be
very similar. Since the correlation length has been
increased in length as compared to Figure 6
(100 m), the PP algorithm which chooses “good”
candidates in the preferred direction of the
destination will have higher hop counts because
of the correlation function which is an exponential
function and the power received will decrease
between the two nodes exponentially as the
distance between the two nodes increases, which
will reduce the probability of finding neighbors
with high values of metric (ppr*progress made) at
larger distances over angular domains of the
order of about one radian as seen by the
forwarding node in comparison to correlation
length of 100 m.
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8. CONCLUSION
In this work we have shown that a meaningful
assessment of a geographic, position-based
routing protocol can only be achieved through
careful incorporation of the physics of radiowave
propagation in simulations. We demonstrate that
UDG based models, and models that fail to take
into account the fully correlated spatial distribution
of link reliability, significantly over-predict the endto-end path hop count. The only geographic
routing algorithm that has been found to be
capable of exploiting the distant neighbour
forwarding opportunities that occur in physically
realistic radiowave propagation environments,
and thus exploited end-to-end paths requiring
fewer hops, is the localised probabilistic progress
algorithm [11]. In [11] it was derived, analytically
and experimentally, that the expected hop count
(where the expected number of retransmissions
per hop is 1/prr) for PP algorithm is superior to
the one offered by greedy algorithm (applied as in
this article). This article makes a step further, to
show that, surprisingly, even the simple hop count
of PP can be superior to the one of the greedy
algorithm. The simplification of using hop count
rather than expected hop count can only favour
the greedy algorithm unless PP chooses
consistently hops of low ppr << 0.5, which is an
impossibility given that the next hop selection
algorithm for PP is based on maximising the ppr 
progress criterion amongst candidate next-hop
neighbouring nodes. Therefore, PP is highly
unlikely to have its EHC = {i = 1,h}ppri-1 dominated
and increased in size by even a single small ppr
value for any one of the h selected hops, and this
has been consistently observed to be the case in
all the numerical experiments carried out in this
study.
We have provided a complete overview of the
manner in which the physical radio environment
needs to be modelled. Furthermore, we have
identified three parameters that are required in
order to meaningfully characterise position-based
routing and provided a geometric interpretation
for these:
 The angular spread of regions of higher than
average range for a given probability of packet
reception, ψ, which is determined by the shadow
fading de-correlation length and the notional node
transmission radius,
 The extent to which such regions are
pronounced, given by the shadowing standard
deviation σdB, and
 The average local node density,  which
ultimately determines the probability with which
such regions are populated by neighbouring
nodes.
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Multi-functionality of Wireless Body Sensors
Trobec, Roman; Avbelj, Viktor; and Rashkovska, Aleksandra



issue of intermittent monitoring of vital functions
in non-intensive wards, there are other
weaknesses in the current health care system.
The interpretation of the patient’s condition and
the consequent actions depend on the personnel,
who could be, in certain conditions, overwhelmed
with work or busy with other patients. The
measured indicators can also be inaccurate,
sometimes biased by the presence of medical
personnel or similar subjective factors.
Body sensor networks for monitoring of biosignals are technically feasible and economically
relevant; however, their acceptance by patients
and by medical experts is still not adequate. For
patients, sensors are often too obstructive,
require technical skills and introduce a perception
of diminished safety and privacy. For medical
experts, sensors and accompanied equipment
introduce changes in the established treatment,
and a new and still unapproved diagnostic
approach.
In proposed systems for remote monitoring of
vital functions [3, 4], patients or monitored
subjects are fitted with several body sensors for
vital functions, which communicate with personal
terminals (size of a mobile phone) via wireless
connections. The measurements are stored in
the personal terminal for monitoring and
processing with automated procedures based on
comparison with threshold values, predetermined
rules and automatic learning. The data are sent,
either periodically or because of unusual events,
to a computer server that maintains a database
and is responsible for presentation, alerts and
necessary actions.
Taking into account that unobtrusiveness and
robustness might be decisive factors for the
success of future bio-monitoring systems, we
concentrate on these two issues. We investigate
options for the development of a multi-functional
wireless body sensor and its integration in a final
monitoring system that can fulfill both
requirements. We propose a multi-functionality
concept with a small number of wireless body
sensors, ideally a single wireless body sensor
that can replace a complex network and is
therefore a step towards better acceptance of the
body sensor technology.
We analyze three main aspects of multifunctionality. First is a fusion of different sensors,
e.g., ECG, light, voice, acceleration, etc., on a
single wireless device placed on a strategic place
on the body. Further step in the multi-functionality
is the development of advanced algorithms for

Abstract — Body sensor networks for
monitoring of bio-signals are technically feasible
and economically relevant; however, their
acceptance by patients and by medical experts is
still not adequate. For patients, sensors are too
obstructive, require technical skills, and introduce
a perception of diminished safety and privacy. For
medical experts, sensors and accompanied
equipment introduce changes in the established
treatment, and a new and still unapproved
diagnostic approach. We propose a multifunctionality concept on a small number of
wireless body sensors that can replace a complex
network and is therefore a step towards better
acceptance of the body sensor technology. The
multi-functionality is related to the fusion of
different sensors, the development of advanced
algorithms for extraction of hidden information
from a basic bio-signal, and improved information
about the medical status obtained from a few
sensors placed on strategic positions on the body.
We confirmed with demo applications that the
proposed multi-functionality of body sensors
contributes in elevated quality, unobtrusiveness
and robustness of the health care monitoring.
Index Terms — body sensor, health care, mobile,
monitoring, multi-functional, wireless

1. INTRODUCTION

T

he introduction of modern information and
communication technologies (ICT), as
support to medical activities, is one of the
possibilities to increase the efficacy of the health
care system and to decrease its costs. Numerous
studies have confirmed the benefit of the
development of telemedicine/telecare systems [1,
2]. The proposed mobile approaches of telecare
systems rely on body sensor networks that
collect and manage recorded vital data.
Wireless body sensors are already moderately
priced and use user-friendly technology solutions.
They are appropriate as building blocks in
systems for continuous monitoring of hospitalized
patients, post-hospital care, or diagnostic longterm monitoring of vital functions, e.g., heart beat
rate, blood pressure, body temperature, etc.
Classically, these measurements are performed
by nurses several times a day and then manually
entered in the patient’s charts. In addition to the
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extraction of hidden information from a basic biosignal. For example, the ECG signal holds
information about the respiration rate, nervous
system, etc. Finally, reduced number of
combined sensors, placed on different positions
on the body, can provide improved information
about the medical status.
We confirmed with demo applications that the
proposed multi-functionality of body sensors
contributes in significantly elevated quality,
unobtrusiveness and robustness of the health
care and patient safety.
The rest of the paper is organized as follows.
First, all three multi-functionality aspects are
described and supported by already published
results. Next, the implementation of a
demonstration mobile telecare system is
described, elaborating the platforms for
transmission, representation and collection of
data. Finally, the performances of the wireless
multi-functional body sensor based on first
experimental measurements are presented. The
paper concludes with a summary of our findings
and potential future extensions of the proposed
multi-functionality of body sensors.

nominal cell capacity is 220mAh at discharge
current of 200uA, but due to pulse operation, a
lower capacity (approximately 180mAh) is
expected.
The body sensor of skin potential, termed also
differential lead (DL), with ECG as the main
functionality and with other sensors (temperature,
3-axis acceleration and others), can support the
decision for the conditions in which the signals
are measured (running, walking, lying, etc.), and
also the decision about dangerous situations and
alarming.
2.2 Extraction of hidden information from a body
surface potential
It is known that body surface potentials include
a lot of information that can be used for the
estimation of personal medical status. As a
successful case, we refer to the respiration rate
extraction directly from body surface potential
sensors [6]. We confirmed that several DLs on
positions near the center of the chest provide
adequate signals for ECG-derived respiration
(EDR) algorithms that can reliably extract
respiration rates from variations in the R-peak
amplitudes (see Fig 2). The proposed
methodology is accurate enough for most
practical cases and therefore useful for mobile
health applications based on body sensors.

2. MULTI-FUNCTIONALITY CONCEPTS
2.1 Description of multi-functional body sensor
The multi-functional wireless body sensor is
designed of two self-adhesive ECG electrodes
positioned 5 cm apart, analog front-end, ultralow-power (ULP) microcontroller and ULP
Bluetooth V4.0 radio, ceramic chip antenna, and
lithium coin battery, is shown in Fig.1 [5].

[×10 s]

Fig. 2: 53 seconds interval of an ECG (red) measured
with a DL positioned in the chest center and 11
respiration intervals (black) measured by a thermistor
near the front of the nose. 58 R-peaks (blue filled
points) are detected and all 12 respiration interval are
identified (blue circles).

Fig. 1: A prototype of multi-functional wireless body
sensor.

The analog front end is designed to suppress
radio frequency interference. Signal amplification
and filtering is made with a band-pass filter
(0.15 Hz to 250 Hz, -3dB) before entering the
microcontroller's 10-bit A/D converter. The 16-bit
microcontroller
(Texas
Instruments,
MSP430F2274) has 32kB of FLASH, 1kB of RAM
and on chip temperature sensor, all with an
average power in active mode of 270uA at 1MHz.
The microcontroller has enough peripheral lines
to support other on board sensors, like 3-axis
accelerometer, skin temperature sensor and
others. The Nordic Semiconductor's chip
nRF8001 was used to support Bluetooth radio
connectivity as peripheral (slave) role. We have
chosen lithium coin battery CR2032 as power
source for our multi-functional body sensor. The

The measurement of ECG with sufficiently high
amplitude and time resolution can support heart
rate variability analysis [7], repolarization
variability in the ST-segment of ECG (STdenivelation) [8], characterization of arrhythmias,
syncopes, sleep apneas and other.
2.3 Few synchronized sensors on strategic
positions
We have shown [9] that a small number of DLs
can reliably reproduce a standard 12-lead ECG
and are, therefore, suitable for real wireless
applications. An algorithm that finds the best
combination of electrodes and evaluates all other
combinations in terms of correlation coefficients
with a measured standard 12 lead ECG is
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Fig. 3: Standard 12-lead ECG (blue) and synthesized 12-lead ECG (red).

proposed. This enables other combinations of
DLs to be selected if, for some anatomic or
ergonomic reasons, the best combination is
inconvenient for placement.
While many standard ECG systems with
reduced number of electrodes exploits fixed and
easy to locate anatomic landmarks, we elaborate
that the body sensor can be placed at arbitrary
positions on a body surface, improving patient
mobility and comfort.
We have demonstrated that just three sensors
suffice for reliable synthesis of the 12-lead ECG.
This result confirms the assumption that a single
fixed-location dipole provides an adequate
representation of the heart’s electrical activity. An
example of a measured and synthesized ECG is
shown in Fig. 3.
The proposed approach is personalized in the
sense that optimal positions of sensors and
transformation matrices can be calculated for
each individual. We compare in [10] the
personalized approach with two alternatives:
combined approach with universal (equal for all
subjects) positions of sensors and personalized
transformation matrix; and universal approach
with universal positions and transformation
matrix. The results indicate that the best
methodology is personalized; however, the
combined or even the universal approach can
also be applied in some urgent cases.
We know that a single electrode is enough for
the extraction of the respiration rate. However, if
ECG electrodes are available they can be applied
for improving the reliability. Three independent
measurements of the respiration rate can be
done concurrently and analyzed in parallel to
obtain more reliable and accurate results.

application
for
mobile
and
comfortable
telemonitoring of the heart activity on a
Smartphone using ECG data from wireless body
sensors [11]. The proposed wireless ECG system
(Fig. 4) consists of three units: Wireless Bipolar
Body Electrode/s (WBBE) as described in [12]; a
communication gateway that receives the
packets sent by the WBBEs and, at the same
time, serves as a SimpiciTi-to-Bluetooth
converter; and lastly, the Smartphone which
receives the ECG data through Bluetooth.
The goal was to develop an application for
graphical representation and interpretation of the
received ECG data on the Smartphone. This
wireless ECG system can have an important role
for the goals of telemedicine and homecare. Its
application is greatly endorsed with the
increasing availability and performances of smart
phones on today’s market.

Fig. 4: Mobile application demonstrator.

Moreover, the previously described system can
be considered as a part of a more encompassing
system for remote monitoring of vital functions
[13]. The proof-of-concept system takes into
account: existing technical standards for easy
connection of various body sensors; transmission
of
the
measurements
using
standard

3. DEMONSTRATION MOBILE APPLICATION
We have also demonstrated a telemedicine
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technologies (Ethernet, Bluetooth, Wi-Fi, the
Internet); and later, representation of the data
from the sensors. The transmission and
representation of data are planned on two levels:
to the patient using personal terminals, like
Smartphones or other portable smart devices;
and to the medical personal for diagnostic
purposes or alarm situations, using appropriate
visualization of the data transferred on a server.
On the server side, the data is also collected in a
database for further analysis. The proposed
system for remote monitoring of vital functions
could act as a test ground for medical staff and a
basis for the future Telemedicine/Telecare
services.

that the position of the electrodes should be
selected according to the goal we want to
achieve, either information about the heart rate is
needed only, or detailed analysis of the ECG
signal is made for arrhythmia identification and
characterization, measurement of amplitudes and
time intervals of ECG waves, tracking the
variability of repolarization (ST segment
denivelation), etc.
4.2 Power consumption and autonomy
In our previous study [5], we measured the
supply current of a wireless sensor in raw data
transmission mode. The main part of the current
is caused by transmission of data packets, which
is evident from Fig. 7. Radio circuit uses much
more
energy
for
transmission
than
microcontroller for sampling and data processing.
This means that we have to hold the frequency of
transmissions as low as possible.

4. PERFORMANCE RESULTS
4.1 Signal quality
ECG signals from proximal electrodes have
different appearance than the signals from
standard ECG. An example is shown in Fig. 5,
where ECG is measured from a pair of
electrodes, with positions optimized for good
presentation of all ECG waves.

Fig. 7: Supply current due to sampling (125 Hz) and
processing of ECG signal, and transmission of data
blocks from wireless electrode. Huge current spikes
are present during transmissions (over 12 mA) and
Bluetooth protocol overhead, while sampling and
signal processing produce low amplitude, but dense
current spikes.

Fig. 5: Raw ECG signal from electrodes at a distance
around 15 cm. The person is seating. All ECG waves
are clearly visible (right: P, Q, R, S, T and U waves of
the first heart beat). R and especially T waves are
amplitude modulated due to breathing that modifies the
geometry of the thorax.

Raw ECG data transmission with sampling rate
of 125Hz and 8.33 transmissions per second,
shown in Fig. 7, demands an average current of
480μA. At this load, a battery with 160mAh
capacity (CR2032) will run for 13 days. With
sampling rate of 1000 Hz, the battery will still run
56 hours in raw data transmission mode.

Another example of ECG from the same
person recorded with proximal electrodes is
shown in Fig. 6.

5. CONCLUSION
We believe that multi-functionality is a key
concept in the further developments of body
sensor technologies. First, it was confirmed that
with a single body sensor a lot of medical
information can be obtained. In some more
demanding cases, a few sensors may cover the
professional requirements, e.g., three sensors
placed on strategic places may suffice for the
synthesis of a standard 12 channel ECG. Next,
the necessity for wireless sensors is an important
driving force for merging several functions into a
single or a small number of sensors. Finally, low
cost and simplicity of operations, e.g., only a
single battery must be managed, contribute
additionally to the value of the multi-functional
body sensors. The published research work has
confirmed that multi-functionality of wireless body

Fig. 6: Raw ECG signal from electrodes at a distance
of 5 cm. The same person as in Fig. 5 is walking
around. The third heart beat has ventricular extra
systole with large amplitude and prolonged timing of
the QRST complex.

The baseline is wandering and complete
disappearance of the P, S and U waves can be
observed. Note that the R and T waves have
opposite polarity, which is rarely seen in standard
ECG leads. From the above two cases it is clear
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sensors is applicable and relevant, while several
emerging innovative companies confirmed with
their products that body sensors will play a major
role in the future penetration of ICT in the medical
field.
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Sensor Nets and Data Mining in Medical
Applications
Emina Savić, Jelena Potić, Zoran Babović, Goran Rakočević,
Vladimir Strineka, and Veljko Milutinović
Abstract — Modern day medicine can significantly
benefit from use of state-of the art technology such
are Wireless Sensor Networks and data mining. Both
can be applied in a variety of scenarios, ranging from
hospital care and screenings, to patent treatment. A
general architecture of a system, which allows
combined use of these two technologies, can be
defined. Two case studies, multiple sclerosis, and
retinal detachment are presented and analysed.
Important issues, from the engineering and medical
standpoints are discussed.
Index Terms — Data mining in medicine, Sensor
nets, Wireless Sensor Networks.

1. INTRODUCTION
Medicine, a science and art of healing, largely
relies on abstracting information from numerous data.
Nowadays, application of electronic sensors brought
novel approach that complements clinical data (anamnesis
and physical examination signs), followed by diagnostic
procedures, such as imaging techniques, and therapy.
Though yield of myriad of information is necessary for
progress of aspects of patient management, it becomes
overwhelming for a physician to analyze and draw
conclusions from. Therefore, data mining comes in focus
as a mean of identifying significant patterns concerning
health care.
With today’s technological progress in sensing
devices, integrated, low-powered electronics, new
frontiers are opened for using sensors that became
smaller, more accurate, using less energy. Typical sensing
device is capable not only to measure some physical
parameters, but also to perform some signal processing,
and to communicate with other similar devices in order to
build a wireless network. Embedded in the physical world
for sensing and measuring various physical phenomena
like temperature, light, humidity, pressure, with
possibility to be spread throughout some environment,
such networked sensors are used in various applications in
different domains like environment monitoring, traffic
control, personal or public health protection.
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In the case of medical applications, there are numerous
sensors available on the market for measuring blood
pressure, glucose monitoring, pulse oximetry, ECG, EEG
[1]. Typically, such sensors are wirelessly connected with
one central device also attached to the human where all
sensed data are collected, and after initial analysis and
processing, forwarded to the central server. This network
of a central device and human attached sensors is called
Personal Body Area Network (PBAN) and could be used
for treatment of various diseases, or healthcare scenarios.
The field of biomedical informatics has seen a
rapid expansion over the past two decades. Following the
advances in biomedical, molecular, and genetic
technologies and applications such as genome
sequencing, protein identification, medical imaging,
patient medical records, and continuous vital parameter
monitoring, large amounts of biomedical data are
generated in the processes of treatment and research.
Currently, the rate of data accumulation surpasses the rate
of data interpretation. Data mining, relying on machine
learning techniques, presents itself as an approach to
identify various biological relations, drug discovery, and
patient care knowledge and patterns. With an expansion
of WBAN systems aimed at medical applications, a
substantial further increase in available medical data can
be expected, thus making the application of data mining
ever more important. Additionally, continuous nature of
data gathered, opens possibilities for fine-grain, real time
monitoring and predictions.
Statistical Office of the Republic of Serbia
provides the real situation of social trends in the country,
as well as statistics about most common diseases and
causes of death. Just in Belgrade, over 3 200 000 physical
exams per year are realized in centers for Primary health
care. Statistics from year 2009 and 2010 have shown a
6% rise of the use of Primary health care comparing to
former years. Hospital care increased for about 20%.
Mortality in Belgrade is 18,500 citizens of all ages per
year, which is around 20% of mortality at the state level.
Cardiovascular diseases cause 50% of deaths in Belgrade,
this is slightly lower percentage comparing to Serbia,
which is one of the leading countries in the region with
this cause of mortality.
We can conclude that Serbia needs many
initiatives in order to improve the health care of its
citizens. Utilization of the WSNs, together with data
mining applied on collected data about patients state, is
one possible way to support this improvement. Usage of
these technologies could also contribute to the

development of Clinical Data Repositories, and Central
Patient Data System, which is not yet operable in Serbia.
This paper proposes real use cases for
improvement of healthcare with analysis from various
aspects. Section 2 describes general scenarios for medical
applications with WSN and data mining as a main
technology behind them. Section 3 gives a brief overview
of the existing solutions. The typical system architecture
for this environment is described in Section 4. In Section
5 two case studies of interest are described. In Sections 6
and 7 the analysis from the engineering and medical
perspective is given.
Issues related to statistical analysis are given in
the web appendix at www.etf.bg.ac.rs/~vm/appendix.

2. PROBLEM STATEMENT
WSNs with attached data mining uncover a
number of possibilities, from theoretical to practical
aspects. Generally, we can identify several main
healthcare scenarios:
Hospital care scenarios include pre-hospital
care, in-hospital care, post-hospital care, and continuous
care. Pre-hospital care refers to situations of mass
accidents or any other kinds of emergency help situations,
when physicians are faced with the lack of time. For
them, it would be very useful to have an insight into the
real state of injured people, and sensor nets can provide
this kind of control. In-hospital care implies continuous
monitoring of patients’ vital parameters, and appropriate
data transfer to persons in charge. Post-hospital care
includes post-surgery parameter tracking or any other
situations where people face illness recovery. Continuous
care involves all three previous patterns, but also refers to
smart homes and elderly care.
Screening scenarios involve situations when
risk group individuals are monitored during some period
of time, some parameters gathered via sensors attached to
them, and then data mining algorithms applied on
collected data in order to find some anomalies. Another
approach could combine sensor data with other biochemical, genetic, and epidemiologic data in order to
extract new information, which can help doctors in early
disease detection.
Treatment scenarios would assess responses of
patients’ to various therapies with different drugs, specific
life regimes, and certain diets. Huge amount of patients
parameters collected from sensors could provide more
qualitative information to doctors about efficiency of new
therapy methods, or to better compare influences of
different methods. Applying data mining algorithms
enable finding optimal methods in this situation.
Currently, we can find some systems for health
protection and treatment on the market, which
encapsulated some functions of systems necessary for
tomorrow. Some of those systems will be described in the
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next section as well as system architecture suitable for
supporting different health care scenarios.
3. EXISTING SOLUTIONS
In the following section an overview of several
selected application of the wireless sensor networks in the
medical domain is presented. For a more extensive survey
see [1].
CodeBlue: Project CodeBlue, developed at
Harvard University aims at apply WSN technology in
providing support for response and treatment of victims in
disaster and emergency scenarios. Key goal of the project
is the development of protocols for ad-hoc
communication between diverse sensors. The software
framework includes service discovery protocols, multihop
routing, and a query interface for accessing the data.
Furthermore, data obtained from sensors can be used for
“decision support”, either by direct availability to the
medical personnel, or through decision support system
software.
AMON (Alert Portable Telemedical Monitor), is
an EU-sponsored project whose aim is to develop a wrist
worn device encapsulating many sensors. Currently,
blood pressure, pulse oximetry, ECG, accelerometer, and
skin temperature sensors are available. The device
communicates directly to a telemedicine center via a
GSM network, allowing direct contact with the patient if
necessary. AMON enables patients which are not
confined to a hospital to be monitored continuously and
their vital signs to be analyzed.
IBM Personal Care Connect: IBM’s PCC
(www.zurich.ibm.com/pcc/) is a standardization platform
for interfacing to biomedical devices and sensors, and for
collecting, storing, and making available the data received
from them. PCC is meant to be open and extensible so
that new technologies can leverage the PCC architecture.
4. SYSTEM ARCHITECTURE
In a typical system architecture that should achieve
necessary functions for efficient health care, we can
identify several blocks: sensor nodes, which sense certain
human parameters or signals; personal device that collects
data measured by sensors, usually denoted as personal
server, or personal base station; central data server which
is connected with many personal servers, and stores data
from many patients in the format that is suitable for data
mining.
Sensors: Advances in microelectronics has
enabled creation of many sensors that are small, with low
power requirement. Current sensors market ranges from
sensors for measuring blood pressure, glucose monitoring,
pulse oximetry, to more complex like an
electrocardiogram sensor (ECG) used for sensing heart
activity,
an electromyogram sensor (EMG) for
monitoring muscle activity, an electroencephalogram
sensor (EEG) for monitoring brain electrical activity, and
more. Sensors could be off-the-shelf or embedded in a
wear. One sensor node typically contains few sensors and

it is capable to process sensor data and to communicate
with personal base station over wireless connection. It
runs its application on TinyOS operating system. Most
common protocol for this short range communication is
Bluetooth. Working mode is so defined that sensor
device is idle most of the time, and only during short
periods it takes a snapshot of a certain human parameter
or signal, processes it, and sends it to the base station.
Personal Station is a device located close to the
individual, and it is connected over wireless connection
with all attached sensors, collects measured sensor data,
and forwards this data to the central patients’ data server.
The central device is either mobile phone or Personal
Digital Assistant (PDA), and together with other sensors
form Wireless Body Area Network (WBAN), or Personal
Body Area Network (PBAN). Applications that run on the
personal server are enriched with complex set of functions
and algorithms for analysis and displaying data, with
possibility to alarm the patient if it is necessary. Online
monitoring and intervention by doctor is also a desirable
feature, when doctor can send some suggestions to
patient. Processed data could be sent to the central server
over Internet (3G/GPRS network, WiFi). In the case when
there is no available Internet connection, data should be
stored in the local memory, and sent to the server later.
This device should work with as many as possible
different sensor nodes, which implies existence of sensor
data interoperability.
Central Data Server stores sensor data received
from personal patients’ servers in the appropriate format
for processing. This server often contains other patients
data that can be used in combination with latest measured
parameters from the sensors. Data mining techniques are
powerful tool for processing this huge amount of data, but
it is also important to have sophistication of visualisation
tools that interpret results of data mining algorithms in the
most suitable format for doctors.
Data mining: The methods listed below are
included in most of the modern data mining suites and are
usually used in combination with data pre-processing. The
biggest differences may arise in the predictive
performance and interpretability of results. Both of these
are important and if methods perform similarly with
respect to accuracy, those that offer an explanation and
interpretable models should be preferred.
Decision trees use recursive data partitioning,
inducing transparent classiﬁers. The computational
complexity of the induction algorithms is low due to use
of powerful heuristics. Most current data mining suites
include variants of C4.5 and its successors See5 and
CART decision tree induction algorithms. Their
performance may suffer from data segmentation: the
leaves in decision trees may include too few instances to
ascertain reliable predictions.
The Naïve Bayesian classiﬁer is a probabilistic
classifier applying the Bayesian theorem with strong
independence assumptions. This implies that the input
parameters take values independently from each other, an
assumption that significantly reduces the computational
complexity. Despite its simplicity, its performance is
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often at least comparable with other more sophisticated
approaches. When they are surpassed in predictive
performance by other more sophisticated algorithms, it
usually indicates the presence of non-linear interactions
between attributes.
Logistic regression is a well-established and
powerful method from classical statistics. It is an
extension of ordinary regression and it can be used to
model a two-valued outcome, which usually represents
the occurrence or non-occurrence of some event. As with
the naıve Bayesian classiﬁer, the underlying model for
probability is multiplicative, but it uses a more
sophisticated method based on a maximum likelihood
estimation to determine the coefﬁcients in its probability
formula. The model can be nicely represented through a
nomogram.
Support vector machines (SVM) are perhaps
today’s most powerful classiﬁcation algorithms in terms
of predictive performance. They are based on a complex
mathematical foundations and statistical learning theory.
Central to the method is ﬁnding a hyper-plane that
separates the examples of different outcomes. The hyperplane with the largest distances from the closest points of
the classes is designated as the optimal hyper-plane. A set
of instances that is closest to the optimal hyper-plane is
called a support vector. Besides this linear approach,
SVMs are also frequently used with other, non-linear
kernels that in essence transform the original attribute
space into a new, higher dimensional space in which a
linear classiﬁer is inferred. Support vector machines are
becoming increasingly popular in medicine and, in
particular, in bioinformatics, partially due to their ability
to deal with large amounts of data. However, SVMs
provide models that are difficult to interpret.
5. CASE STUDIES OF INTEREST FOR WB
This section sheds more light on different
medical fields that benefit from existence of a system that
includes, synergistically, the elements of WSN, data
mining, and large medical databases, related to all
relevant aspects of medical information system
(anamnesis, analysis, diagnosis, and treatment).
5.1. Case Study No. 1 - Multiple sclerosis
Multiple sclerosis (MS) is a chronic autoimmune
disease of the central nervous system (CNS). The
pathologic basis for clinical signs of motor, sensorial, and
autonomous neuron affection such as paresis, paralysis,
incontinence, or sensitive impairments is demyelination,
due to inflammation and neuro-degeneration. There is a
consensus that environmental trigger provokes innate
and/or adaptive immune system turning against itself in a
susceptible
genetic
background.
Genome-Wide
Association Studies (GWAS) reveal association between
common human single nucleotide polymorphisms (SNP)
and MS.
The MS is characterized with spatial and
temporal dissemination of lesions resulting in disability

accumulation, eventually with lethal outcome. Lesion
location and time of appearance is irregular and
unpredictable. For diagnosis of MS at least two events are
necessary. Initial attack is termed clinically isolated
syndrome (CIS). Anti-inflammatory and disease
modifying drugs improve patients’ condition but there is
no curative therapy.
Despite great endeavours, susceptibility to MS
remains elusive. The GWAS data suggest the role of
genes coding for molecules that control differentiation of
functionally distinct lineages of helper T lymphocytes,
key players in chronic inflammation and autoimmunity
[2]. Finding marker/s that would predict relapse is
essential considering that CNS tissue destruction precedes
clinical signs that urge the patients ask for medical help.
Therefore, recognition of this preclinical stage is one of
the major goals in the field, as an early treatment might
reduce or prevent the attack. In line with these, once a
patient is diagnosed with MS, it would be important to
predict new relapse before neurological manifestations.
Another intriguing question in MS research is treatment
response. Bearing in mind that only about 40% of patients
treated by costly interferon (IFN)-β benefit from this
treatment, it would be crucial to identify responders [2].
Study would include MS patients and patients
with CIS. Neuronal activity in MS can be monitored by
electroencephalography (EEG). Modifications of EEG
including evoked potentials might reveal neuronal signal
transduction patterns [3; 4]. It would be of interest to
define patterns in relapse compared to steady state and
depending on the response to the treatment. Based on
their clinical status, they would be compared with healthy
controls for risk predictors on DNA and RNA level and
scanned for CNS activity. The follow-up of CIS patients
and responders and non-responders to therapy would help
classify patterns that might distinguish specific groups.
Identification of CNS activity changes associated
with relapse might be useful in relapse prediction before
the neurological impairments occur. Along with highthroughput molecular studies, it would help defining MS
predisposition in CIS or therapy response in patients with
MS.
5.2. Case Study No. 2 - Retinal detachment
Retinal detachment (RD) is separation of the
sensory retina from the retinal pigment epithelium (RPE)
by accumulation of subretinal fluid. Regarding
pathogenesis, there are several types of RD.
Rhegmatogenous RD occurs secondary, due to defect in
the sensory retina that permits fluid derived from
liquefied vitreous to gain access to the subretinal space. In
tractional RD, sensory retina is pulled away from the RPE
in the absence of a retinal break, caused by the formation
of fibrous or fibrovascular bands that exert traction on the
retina and elevate it from the RPE. This process is
typically seen in conditions such as proliferative diabetic
retinopathy and proliferative vitreoretinopathy. In
exudative RD, subretinal fluid is derived from fluid in the
vessels of the sensory retina or choroid.
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The pathologic basis for RD is retinal break
caused by interplay between dynamic vitreoretinal
traction and an underlying weakness in the peripheral
retina (predisposing degeneration). Symptoms of
rhegmatogemous RD are photopsia and vitreous floaters,
peripheral visual field defects which may progress to
involve central vision. Prophylaxis treatment modalities
are laser photocoagulation using slit lamp or indirect
ophthalmoscopic delivery system or cryotherapy around
the tear. If the RD develops, treatment is strictly surgical.
Incidence of RD in the world is 1 : 10 000, including all
ages.
What determines a person who will develop RD
is still unknown. When the retina becomes separated from
the RPE, there is a disruption in the normal homeostasis
of the retina. This results in significant morphologic,
biochemical, and functional changes, such as
photoreceptor cell death, Müller cell hypertrophy, and
neuronal rewiring, all of which can contribute to
permanent visual loss, even if the retina is reattached [5].
One way in which cells respond to alterations in their
homeostatic condition is by altering the types of genes
they express. AOS thesis suggest that these genes may
code for stress-response proteins or for enzymes that can
help the cell cope with the new surrounding conditions
[5]. Retinal-RPE separation also increases the levels of
excitotoxic amino acids in the microenvironment
surrounding photoreceptors. Supplemental oxygen can
prevent some of the separation-induced photoreceptor
death and glial cell changes, but the mechanisms
responsible for this effect are unknown [6]. Recognition
of this preclinical stage is one of the major goals in the
field, as an early treatment or prophylaxis might reduce or
prevent visual loss.
Neuronal activity in RD can be monitored by
electroretinogram (ERG). Modifications of ERG
including evoked potentials might reveal neuronal signal
transduction patterns. It would be of interest to define
patterns in relapse compared to steady state.
Our
planned
study
would
include
rhegmatogenous RD patients, and those with just a retinal
tear. Based on their clinical status, they would be
compared with healthy controls for risk predictors on
DNA and RNA level and scanned for neuroretinal
activity. Complex genetic and biochemical changes occur
within the cells of the retina in response to separation
from the RPE. Defining the specific signals that initiate
activation of these early stress-response pathways;
ascertaining the specific retinal cell types within which
different transcriptional changes are occurring; and
further characterizing the role the differentially expressed
genes play in the morphologic and functional changes that
occur after retinal detachment.
The follow-up of both groups, patients with RD
and control group and measuring “new” proteins and
enzymes maybe would help classify patterns that might
distinguish specific group.
Identification of neuroretinal activity changes
associated with RD, finding “new” proteins, defining the
stress – response pathways, might be useful in screening

the risk group and develop system for prevention. Along
with high-throughput molecular studies, it would help
how to intervene at the molecular level to improve visual
outcomes for patients with RD.
5.3. General remarks
Once the entire system is implemented
(including a wireless sensor network, database with
information, which grows over time, a piece of data
mining software which does the analysis, and new cases
that are analysed), several useful activities can be
organized around the implemented technology:
Predictions on the individual and on the population levels,
forming of statistics on the national level, and
classification of patients, which is potentially of interest
for the legislature level.
6. ANALYSIS: ENGINEERING ASPECTS
6.1. WSN
Utilization and adaptations of WSN technology
for widespread use in the selected use-cases present
several important challenges that need to be properly
addressed in the process of system design and
development:
Safety: Sensors in the contact with the patient’s
body (both wearable and implanted) will need to be biocompatible and unobtrusive. Critical applications must
have fault-resistant and fault-tolerant operation.
Security: Unauthorized access or manipulation
of system function could have severe consequences. This
is especially the case with systems that offer actuation of
any form (systems capable of producing some influence
on the patient, rather than simply collection data).
Security measures such as user authentication will prevent
such consequences.
Compatibility: WSN nodes need to be capable
of interoperating with other nodes, existing networks, and
even with electronic health record systems. This requires
standardizations of communication protocols and data
storage formats.
Ease of use: Wearable BASN nodes will need to
be small, easy to equip, non-obtrusive, and ergonomic.
6.2. Data mining
The following section gives an overview of
issues that need to be taken into account and addressed
when applying data mining to medical data.
Assessing the performance: Choosing the besttrained model is often a non-trivial task. Simple classifier
accuracy might seem like the most logical, and certainly
the most intuitive measure. However, accuracy is very
robust, and can often be misleading. Alternative measures
have explored, including kappa statistic and F-score.
Dealing with missing data: In medical diagnosis
often descriptions of patients in patient records lack some
of the parameters. These need to be addressed with, either
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through data mining algorithms able to appropriately deal
with such incomplete descriptions of patients, or by using
data preprocessing techniques.
Dealing with noisy data: Medical data typically
suffer from uncertainty and errors. Therefore machinelearning algorithms appropriate for medical applications
need to be capable of efficiently handling noisy data.
Alternatively, data preprocessing techniques can be used
to reduce/eliminate noise.
Transparency of diagnostic knowledge: The
extracted knowledge and the explanation of decisions
need to be transparent to the physician. Ideally, the
automatically generated knowledge will provide to the
physician a novel point of view of a given problem, and
may reveal new interrelations and regularities that
physicians did not see before in an explicit form.
Patient privacy: Medical records and biological
data generated from human subjects contain private and
confidential information. In biomedical data mining,
under most conditions patient data should not be
individually identifiable, i.e., no record should provide
sufficient data to identify the individual related to the
record.
7. ANALYSIS: MEDICAL ASPECTS
Anamnesis-related issues: Anamnesis provides
clinicians with plenty of data, but it is necessary to set the
standards and organise it in a database that will enable
extensive analysis by data mining. Health system in
Serbia does not have a unique electronic support and
therefore the analysis for making decisions is based only
on local databases. These local (“personal”) data systems
are usually focused on specific disease, a narrow field of
medicine or customized for certain managerial decisions.
It would be of interest to organize those partial banks of
knowledge on a state-level system with uniform records.
One of the major advantages of WSN application would
be patients’ follow-up in real time conditions. Therefore,
based on the patients’ interview, values detected by WSN
could be related to specific daily activities.
Analysis-related issues: To reveal hidden
information assumed to help in solving medical problems,
data mining would utilize several sources: anamnesis
given by a patient, physical exam findings, laboratory and
imaging results and genetic studies with data obtained by
wireless sensor systems. Data mining identified
associations would represent new knowledge that could
not be discovered otherwise. Presentation of the analyzed
data is one of the emerging issues concerning analysis.
Key point is to develop software for optimal graphical
presentation of combined data from clinical record,
genetic studies and WSN so that medical personnel could
use it efficiently on a daily basis.
Diagnosis-related issues: On one hand, clinical
decisions have to be made promptly for optimal
treatment. On the other hand, number of inputs in clinical
records is constantly growing. The complexity of analysis
of parameters obtained by WSN for a single patient and a
goal to scan patients in large cohorts would complicate

decision making even more. Taking these into account,
multidimensional data screening without data mining
solutions in a short period of time would be virtually
impossible.
Treatment-related issues: For each patient the
most comfortable and psychologically most acceptable
treatment is the one at home. The rationale for outward
therapy is also economically justified since the costs of
hospital stay are cut. With devices available for home
care, patients would also be comfortable to use them in
most convenient time for them. What certainly will be a
problem is reducing patients’ compliance to continuous
wearing of WS and patient conformity should be an
imperative in design of such a device. Furthermore,
Wireless Sensor Networks could invade patients` social
life in the sense to imperil the privacy, the usual daily
activities and to stigmatize persons with specific
problems. Additionally, ethical issues might emerge
concerning application of large scale population screening
and Wireless Sensor Networks. What to do with findings
of genetic studies saying that a particular person harbours
predisposition to some disease, i.e. whether to inform
otherwise healthy person on having a risk is an open
question. Public availability of obtained data could
endanger privacy policy since data mining gives plenty of
information about certain person. Protection of data from
the abuse that could identify participants should be kept in
mind.
8. CONCLUSION (VM)
This paper presented a summery of WSN
technologies and data mining, from the perspective of
their applications in the medical domain. It has been
shown that both WSN and data mining poses the capacity
to significantly reinforce medical knowledge and improve
the quality of health-care services. Further, major,
benefits can, however, be gained from using WSN and
data mining together.
A general architecture for a system, which would
allow for combination and application of these
technologies, was proposed. Two possible use cases have
been selected and examined from the medical and
engineering points of view.
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The paper does not present or analyse an already
implemented system. It is intended as a “proposal” for
future research and development, with a discussion of
relevant issues, identified by the authors, based on an
extensive experience in their respective fields.
Finally, if a system, such as is proposed in this
paper, is to be implemented, this would need to be done
by a highly multidisciplinary team.
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