
http://www.sensorsportal.com/HTML/DIGEST/Submission.htm


  
SSeennssoorrss  &&  TTrraannssdduucceerrss  

  
  

IInntteerrnnaattiioonnaall  OOffffiicciiaall  JJoouurrnnaall  ooff  tthhee  IInntteerrnnaattiioonnaall  
FFrreeqquueennccyy  SSeennssoorr  AAssssoocciiaattiioonn  ((IIFFSSAA))  DDeevvootteedd  ttoo  

RReesseeaarrcchh  aanndd  DDeevveellooppmmeenntt  ooff  SSeennssoorrss  aanndd  TTrraannssdduucceerrss  
  
  

VVoolluummee  119944,,  IIssssuuee  1111,,  NNoovveemmbbeerr  22001155  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Editor-in-Chief 
Prof., Dr. Sergey Y. YURISH 
 
 
 
 
 
 
 
 
 

 

 
 

IFSA Publishing: Barcelona    Toronto 

http://www.sensorsportal.com/


 
Copyright  2015 IFSA Publishing, S. L. All rights reserved. 
 
This journal and the individual contributions in it are protected under copyright by IFSA Publishing, and the 
following terms and conditions apply to their use: 
 
Photocopying: Single photocopies of single articles may be made for personal use as allowed by national 
copyright laws. Permission of the Publisher and payment of a fee is required for all other photocopying, 
including multiple or systematic copyright, copyright for advertising or promotional purposes, resale, and all 
forms of document delivery. 
 
Derivative Works: Subscribers may reproduce tables of contents or prepare list of articles including abstract for 
internal circulation within their institutions. Permission of the Publisher is required for resale or distribution 
outside the institution.  
 
Permission of the Publisher is required for all other derivative works, including compilations and translations. 
 
Authors' copies of Sensors & Transducers journal and articles published in it are for personal use only. 
 
Address permissions requests to: IFSA Publisher by e-mail: editor@sensorsportal.com 
 
Notice: No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a 
matter of products liability, negligence or otherwise, or from any use or operation of any methods, products, 
instructions or ideas contained in the material herein. 
 
Printed in the USA.    



  
  

SSeennssoorrss  &&  TTrraannssdduucceerrss  
  

  

Volume 194, Issue 11, 
November 2015 www.sensorsportal.com  

e-ISSN 1726-5479  
 ISSN 2306-8515

 

Editors-in-Chief: Professor, Dr. Sergey Y. Yurish, tel.: +34 93 4137941, e-mail: editor@sensorsportal.com 
 

Editors for Western Europe 
Meijer, Gerard C.M., Delft Univ. of Technology, The Netherlands 
Ferrari, Vittorio, Universitá di Brescia, Italy 
Mescheder, Ulrich, Univ. of Applied Sciences, Furtwangen, Germany 
 

Editor for Eastern Europe 
Sachenko, Anatoly, Ternopil National Economic University, Ukraine 
 

Editors for North America 
Katz, Evgeny, Clarkson University, USA 
Datskos, Panos G., Oak Ridge National Laboratory, USA 
Fabien, J. Josse, Marquette University, USA 
 

Editor for Africa 
Maki K., Habib, American University in Cairo, Egypt 

Editors South America 
Costa-Felix, Rodrigo, Inmetro, Brazil 
Walsoe de Reca, Noemi Elisabeth, CINSO-CITEDEF 
UNIDEF (MINDEF-CONICET), Argentina 
 
Editors for Asia 
Ohyama, Shinji, Tokyo Institute of Technology, Japan 
Zhengbing, Hu, Huazhong Univ. of Science and Technol., China 
Li, Gongfa, Wuhan Univ. of Science and Technology, China 
 
Editor for Asia-Pacific 
Mukhopadhyay, Subhas, Massey University, New Zealand 
 
 

 

Editorial Board 
 

Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia 
Abramchuk, George, Measur. Tech. & Advanced Applications, Canada 
Aluri, Geetha S., Globalfoundries, USA 
Ascoli, Giorgio, George Mason University, USA 
Atalay, Selcuk, Inonu University, Turkey 
Atghiaee, Ahmad, University of Tehran, Iran 
Augutis, Vygantas, Kaunas University of Technology, Lithuania 
Ayesh, Aladdin, De Montfort University, UK 
Baliga, Shankar, B., General Monitors, USA 
Barlingay, Ravindra, Larsen & Toubro - Technology Services, India 
Basu, Sukumar, Jadavpur University, India 
Booranawong, Apidet, Prince of Songkla University, Thailand 
Bousbia-Salah, Mounir, University of Annaba, Algeria 
Bouvet, Marcel, University of Burgundy, France 
Campanella, Luigi, University La Sapienza, Italy 
Carvalho, Vitor, Minho University, Portugal 
Changhai, Ru, Harbin Engineering University, China 
Chen, Wei, Hefei University of Technology, China 
Cheng-Ta, Chiang, National Chia-Yi University, Taiwan 
Cherstvy, Andrey, University of Potsdam, Germany 
Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan 
Cortes, Camilo A., Universidad Nacional de Colombia, Colombia 
D'Amico, Arnaldo, Università di Tor Vergata, Italy 
De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy 
Ding, Jianning, Changzhou University, China 
Djordjevich, Alexandar, City University of Hong Kong, Hong Kong 
Donato, Nicola, University of Messina, Italy 
Dong, Feng, Tianjin University, China 
Erkmen, Aydan M., Middle East Technical University, Turkey 
Fezari, Mohamed, Badji Mokhtar Annaba University, Algeria 
Gaura, Elena, Coventry University, UK 
Gole, James, Georgia Institute of Technology, USA 
Gong, Hao, National University of Singapore, Singapore 
Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain 
Goswami, Amarjyoti, Kaziranga University, India 
Guillet, Bruno, University of Caen, France 
Hadjiloucas, Sillas, The University of Reading, UK 
Hao, Shiying, Michigan State University, USA 
Hui, David, University of New Orleans, USA 
Jaffrezic-Renault, Nicole, Claude Bernard University Lyon 1, France 
Jamil, Mohammad, Qatar University, Qatar 
Kaniusas, Eugenijus, Vienna University of Technology, Austria 
Kim, Min Young, Kyungpook National University, Korea 
Kumar, Arun, University of Delaware, USA 
Lay-Ekuakille, Aime, University of Lecce, Italy 
Li, Fengyuan, HARMAN International, USA 
Li, Jingsong, Anhui University, China 
Li, Si, GE Global Research Center, USA 
Lin, Paul, Cleveland State University, USA 
Liu, Aihua, Chinese Academy of Sciences, China 
Liu, Chenglian, Long Yan University, China 
Liu, Fei, City College of New York, USA 
Mahadi, Muhammad, University Tun Hussein Onn Malaysia, Malaysia 

Mansor, Muhammad Naufal, University Malaysia Perlis, Malaysia 
Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados, Mexico 
Mishra, Vivekanand, National Institute of Technology, India 
Moghavvemi, Mahmoud, University of Malaya, Malaysia 
Morello, Rosario, University "Mediterranea" of Reggio Calabria, Italy 
Mulla, Imtiaz Sirajuddin, National Chemical Laboratory, Pune, India 
Nabok, Aleksey, Sheffield Hallam University, UK 
Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria 
Passaro, Vittorio M. N., Politecnico di Bari, Italy 
Patil, Devidas Ramrao, R. L. College, Parola, India 
Penza, Michele, ENEA, Italy 
Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal 
Pillarisetti, Anand, Sensata Technologies Inc, USA 
Pogacnik, Lea, University of Ljubljana, Slovenia 
Pullini, Daniele, Centro Ricerche FIAT, Italy 
Qiu, Liang, Avago Technologies, USA 
Reig, Candid, University of Valencia, Spain 
Restivo, Maria Teresa, University of Porto, Portugal 
Rodríguez Martínez, Angel, Universidad Politécnica de Cataluña, Spain 
Sadana, Ajit, University of Mississippi, USA 
Sadeghian Marnani, Hamed, TU Delft, The Netherlands 
Sapozhnikova, Ksenia, D. I. Mendeleyev Institute for Metrology, Russia 
Singhal, Subodh Kumar, National Physical Laboratory, India 
Shah, Kriyang, La Trobe University, Australia 
Shi, Wendian, California Institute of Technology, USA 
Shmaliy, Yuriy, Guanajuato University, Mexico 
Song, Xu, An Yang Normal University, China 
Srivastava, Arvind K., Systron Donner Inertial, USA 
Stefanescu, Dan Mihai, Romanian Measurement Society, Romania 
Sumriddetchkajorn, Sarun, Nat. Electr. & Comp. Tech. Center, Thailand 
Sun, Zhiqiang, Central South University, China 
Sysoev, Victor, Saratov State Technical University, Russia 
Thirunavukkarasu, I., Manipal University Karnataka, India 
Thomas, Sadiq, Heriot Watt University, Edinburgh, UK 
Tian, Lei, Xidian University, China 
Tianxing, Chu, Research Center for Surveying & Mapping, Beijing, China 
Vanga, Kumar L., ePack, Inc., USA 
Vazquez, Carmen, Universidad Carlos III Madrid, Spain 
Wang, Jiangping, Xian Shiyou University, China 
Wang, Peng, Qualcomm Technologies, USA 
Wang, Zongbo, University of Kansas, USA 
Xu, Han, Measurement Specialties, Inc., USA 
Xu, Weihe, Brookhaven National Lab, USA 
Xue, Ning, Agiltron, Inc., USA 
Yang, Dongfang, National Research Council, Canada 
Yang, Shuang-Hua, Loughborough University, UK 
Yaping Dan, Harvard University, USA 
Yue, Xiao-Guang, Shanxi University of Chinese Traditional Medicine, China 
Xiao-Guang, Yue, Wuhan University of Technology, China 
Zakaria, Zulkarnay, University Malaysia Perlis, Malaysia 
Zhang, Weiping, Shanghai Jiao Tong University, China 
Zhang, Wenming, Shanghai Jiao Tong University, China 
Zhang, Yudong, Nanjing Normal University China 
 

Sensors & Transducers Journal is a peer review international journal published monthly by International Frequency Sensor Association (IFSA).  
Available in both: print and electronic (printable pdf) formats. Copyright © 2015 by IFSA Publishing, S. L. All rights reserved. 

http://www.sensorsportal.com/


  SSeennssoorrss  &&  TTrraannssdduucceerrss  JJoouurrnnaall  

  

CCoonntteennttss  
  

Volume 194 
Issue 11 
November 2015 

www.sensorsportal.com  ISSN 2306-8515
e-ISSN 1726-5479 

 
Research Articles 

 
A MAC Scheduling Algorithm for Optimizing the Network Lifetime in Wireless 
Sensor Networks Based on Coverage and Connectivity Constraints 
Diery Ngom, Pascal Lorenz and Bamba Gueye ................................................................ 1 
  
An Accelerometer-Based Sensor System for Real-Time Bridge  
Scour Monitoring 
Yi-Jie Hsieh, Chih-Chyau Yang, Ssu-Ying Chen, Chen-Chia Chen, Chien-Ming Wu 
and Chun-Ming Huang ....................................................................................................... 15 
  
Compensating Dynamic Effects with Budget-based Energy Management  
to Reach Lifetime Goals 
André Sieber, Jörg Nolte, Reinhardt Karnapke.................................................................. 22 
  
A Deployment Scheme Based Upon Virtual Force for Directional  
Sensor Networks 
Chiu-Kuo Liang and Yu-Shu Lo ......................................................................................... 35 
  
Gas Identification Using Passive UHF RFID Sensor Platform 
Muhammad Ali Akbar, Mohamed Zgaren, Amine Ait Si Ali, Abbes Amira,  
Mohieddine Benammar, Faycal Bensaali, Mohamad Sawan and Amine Bermak ............ 42 
  
Automatic Human Tracking System Using Localized Neighbor Node Calculation 
Tappei Yotsumoto, Kozo Tanigawa, Miki Tsuji,Kenichi Takahashi, Takao Kawamura 
and Kazunori Sugahara ..................................................................................................... 54 
  
Infrared Thermal Signature Evaluation of a Pure and Saline Ice for Marine 
Operations in Cold Climate 
Taimur Rashid, Hassan A. Khawaja, K. Edvardsen andUmair N. Mughal ........................ 62 
  
Supporting for Visually Handicapped to Walk Around with RFID Technologies 
Masayoshhi Asano, Yusuke Kajiwara and Hiromitsu Shimakawa ..................................... 69 
  
Estimating Human Physical States from Chronological Gait Features Acquired 
with RFID Technology 
Yoshihiro Uemura, Yusuke Kajiwara, Jianlong Zhou, Fang Chen  
and Hiromitsu Shimakawa ................................................................................................. 76 
  
Bird and Small Animal TrackingUsing a GSM-based System 
Samuel Matos, Raul Morais, P. M. Araújo, P. J. Q. Tenreiro, P. J. S. G. Ferreira  
and M. J. C. S. Reis ........................................................................................................... 84 
  
Mutual Charge Transfer for Estimating Salinity Ratio for Offshore Icing Sensors 
Umair N. Mughal and Bhushan Nikumbh ........................................................................... 93 
 
 
 
  

http://www.sensorsportal.com/


Integrating Sensor Data Using Sensor Observation Service:  
Towards a Methodology for the O-Life Observatory 
Hicham Hajj-Hassan, Nicolas Arnaud, Laurent Drapeau, Anne Laurent, Olivier Lobry 
and Carla Khater ................................................................................................................ 99 
  
Recognizing Conscientious Degree in Instrumental Activity of Daily Living  
from Brightness Distribution 
Shota Shimayoshi, Shun Okamura, Yusuke Kajiwara and Hiromitsu Shimakawa ............ 106 
  
Family Members Identification with Brightness Distribution Sensors  
to Self-sustaining of Power as Personal Actions 
Nobuaki Takaoka, Yusuke Kajiwara and Hiromitsu Shimakawa ....................................... 114 
  
Near Real-Time Oceanographic Data Management: Latest Developments 
Elena Partescano, Alberto Brosich and Alessandra Giorgetti ........................................... 123 
  
Panchromatic Diffraction Gratings for Miniature Computationally Efficient 
Visual-bar-position Sensing 
Mehjabin Monjur, Leonidas Spinoulas, Patrick R. Gill and David G. Stork ....................... 127 
  
A Modular Design for Wireless Structural Health Monitoring Applications 
Fabio Angeletti, Mario Paoli, Ugo Maria Colesanti, and Andrea Vitaletti ........................... 134 
  

 
Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats  

by e-mail: editor@sensorsportal.com. Please visit journal’s webpage with preparation instructions: 
http://www.sensorsportal.com/HTML/DIGEST/Submition.htm 

 
International Frequency Sensor Association (IFSA). 
 
 
 
 
 
 
 

 

 

http://www.sensorsportal.com/HTML/BOOKSTORE/Sensors_and_Signals.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/Sensors_and_Signals.htm


The 1 International Conference
on Advances in Sensors, Actuators, Metering and Sensing

st

Advisory Chairs

Radislav A. Potyrailo,

Sergey Yurish,
GE Global Research Center, USA

Excelera, S. L., IFSA, Spain

Call for Papers

The ALLSENSORS 2016 is an inaugural event covering related
topics on theory practice and applications of sensor devices,
techniques, data acquisition and processing, and on wired
and wireless sensors and sensor networks.

The conference is intended to serve as a forum for
researchers from the academia and the industry,
professionals, standard developers, policy makers, investors
and practitioners to present their recent results, to exchange
ideas, and to establish new partnerships and collaborations.

The topics suggested by the conference can be discussed in
term of concepts, state of the art, research, standards,
implementations, running experiments, applications, and
industrial case studies. Authors are invited to submit
complete unpublished papers, which are not under review in
any other conference or journal in the following, but not
limited to, topic areas:

* Sensors types
* Quantum sensors and measurements
* Cryogenic sensors and systems
* Biosensors and bio-oriented electronics
* Sensor technologies and materials
* Aerospace sensors and sensor systems
* Sensor-related techniques and methods
* Transducers, actuators
* Metering/Measurements
* Sensing systems
* Sensor-system algorithms, protocols,
communication and computation

Important deadlines:

Submission (full paper):

Notification:

Registration:

Camera ready:

27 December 2015

15 February 2016

1 March 2016

16 March 2016

24-28 April, 2016

http://www.iaria.org/conferences2016/CfPALLSENSORS16.html

ALLSENSORS' 2016ALLSENSORS' 2016ALLSENSORS' 2016

Venice, Italy

IFSA

http://www.iaria.org/conferences2016/ALLSENSORS16.html


Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 1-14 

 1

 
Sensors & Transducers

© 2015 by IFSA Publishing, S. L.
http://www.sensorsportal.com

 
 
 
 
 

A MAC Scheduling Algorithm for Optimizing  
the Network Lifetime in Wireless Sensor Networks  
Based on Coverage and Connectivity Constraints 

 
1 Diery NGOM, 1 Pascal LORENZ and 2 Bamba GUEYE 

1 IUT Colmar, University of Haute Alsace, 68093 Mulhouse, France 
2 Department of Mathematical and Computer Science, University Cheikh Anta Diop,  

BP 5005 Dakar-Fann, Senegal 
1 Tel.: +33(0)6 32 02 04 

E-mail: pascal.lorenz@uha.fr 
 
 

Received: 31 August 2015   /Accepted: 15 October 2015   /Published: 30 November 2015 
 
 
Abstract: Wireless Sensor Networks (WSN) are kind of wireless networks including many sensors node which 
can be deployed rapidly and cheaply over a geographical region of interest, and thereby they can be used for 
different purposes such as environment monitoring, wildlife habitat monitoring, security surveillance, industrial 
diagnostic, agricultural of precision, improve health care, etc. Optimizing the network lifetime, minimizing the 
number of active nodes, maintaining full coverage of the monitored region, and providing optimal network 
connectivity are critical issues in WSN. These issues are usually conflicting and complementary in many WSN 
applications. In this paper, we propose a distributed Medium Access Control Scheduling Algorithm called MAC-
SA to optimize these four issues simultaneously. Therefore, the geographic distribution of sensor nodes takes into 
account coverage and network connectivity constraints. The optimal placement of sensors based on square grids, 
and the ON/OFF scheduling approaches based on duty cycle techniques enable to reduce the energy consumed by 
sensors nodes. Furthermore, MAC-SA algorithm allows a full coverage of the monitored region and ensures 
optimal network connectivity. Firstly, we design and validate MAC-SA analytically. Secondly, by extensive 
simulations we show that MAC-SA significantly reduces the number of powered ON sensors, and thus the energy 
consumed during data transport by up to 30 %. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Wireless Sensor Networks, Placement strategy, Network lifetime, Coverage, Network connectivity. 
 
 
 
1. Introduction 

 
A Wireless Sensor Network (WSN) [1] is an ad 

hoc network composed of many sensors nodes 
deployed either randomly or deterministically over a 
geographical region of interest and communicating via 
wireless links. Theses sensors can also collect data 
from the environment, do local processing and 
transmit the data to a sink node or base station via 
multipath routing. A wide range of potential 
applications have been envisioned using WSN such as 

environmental conditions monitoring, wildlife habitat 
monitoring, security surveillance in military, industrial 
diagnostic, agricultural of precision, improve health 
care. Nevertheless, sensors have resource constraints 
such as a limited energy, limited memory, limited 
bandwidth, etc. These limitations can lead to the 
isolation of sensors nodes by losing network 
connectivity due to the fact that some sensor’s 
neighbourhood have no power. Previous studies  
[2, 5, 6] try to increase the lifetime of sensors nodes. 
They do not take into account if the monitoring area is 

www.sensorsportal.com/HTML/DIGEST/P_2752.htm
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full covered. Since, many applications of WSN target 
surveillance, agricultural precision, habitat 
monitoring, a full coverage of the monitoring area is 
mandatory as well an energy-awareness network 
lifetime. 

In this paper, we propose a Medium Access 
Control Scheduling Algorithm (MAC-SA) that 
enables: an optimal geographic placement of sensors 
which reduces the required number of sensors to cover 
a given area; and a scheduling mechanism based on 
duty cycle techniques in order to optimize the lifetime 
of sensor nodes (“SN”) while providing a full 
coverage and a network connectivity of all SN.  

The remainder of the paper is organized as follows. 
In Section 2, we survey the different studies related to 
the sensors placement problem, coverage and network 
connectivity problem, and network lifetime problem. 
Section 3 presents the different definitions, notations 
and assumptions used in the paper. Section 4 describes 
the proposed geographic placement method of sensors 
based on grids. Next Section 5 illustrates and evaluates 
analytically our MAC-SA algorithm. Section 6 
evaluates the proposed MAC-SA algorithm by 
simulations. Finally, Section 7 concludes the paper 
and outlines our future work. 

 
 

2. Related Works 
 

Network lifetime, placement methods, coverage, 
and network connectivity problem are important 
issues in WSN. A lot of works have been done in 
recent years by the researchers for addressing  
these issues. 

Akewar, et al. [1] discuss the different deployment 
strategies such as forces, computational geometry and 
pattern based deployment. These surveys are good 
references to have an overall view of coverage and 
connectivity issues in WSN. However, they don’t 
address the lifetime issues in their study. With the 
same goal, Ankur, et al. [2] presents different 
placement strategies of sensors nodes in WSN taking 
into account the lifetime issues. They note that the 
most objective of placement techniques have focused 
on increasing the area coverage, obtaining strong 
network connectivity and extending the network 
lifetime. A more study of coverage and connectivity 
issues in WSN are presented in a survey by Khou, et 
al. [3]. In this survey, the authors motivate their study 
by giving different use cases corresponding to 
different coverage, connectivity, latency and 
robustness requirements of the applications 
considered. They present also a general and detailed 
analysis of deployment problems in WSN. In their 
analysis, different deployment algorithms for area 
coverage, barrier coverage, and coverage of points are 
studied and classified according to their characteristics 
and properties. Note that, this survey is good 
references to have an overall view of coverage and 
connectivity issues in WSN. However, note that in 
their survey the network lifetime problem are not 
addressed while this problem is often in conflict with 

the coverage and connectivity problems. Zhu, et al. [4] 
address the issues of coverage, connectivity, and 
lifetime in WSN; and they distinguish two coverage 
problems: static coverage and dynamic coverage. 
After the study of coverage problem, they propose a 
scheduling mechanism for sensors activities in order 
to reduce the energy consumption in the network and 
they analyze at the same time the relationship between 
coverage and network connectivity. Nevertheless, note 
that placement problem is not study and take account 
in their proposal. With the same goal, another 
approach which take account the sensors placement 
method based on territorial predator scent marking 
behavior is proposed by Abidin, et al. [5]. The main 
goals of their proposal are: to achieve maximum 
coverage, to reduce the energy consumed and to 
guaranty network connectivity. However, note that in 
their approach the full coverage of the monitored 
region is not guaranteed. Also in this context, 
Mulligan, et al. [6] present different coverage 
protocols that try to maximize the number of sensor 
which put into sleep mode while guaranteeing k-
coverage and network connectivity. Singaram, et al. 
[7] present also a recent study in which they propose a 
self-scheduling algorithm that extends the network 
lifetime while minimizing the number of active 
sensors. Note that in these two studies, connectivity 
issues are also not addressed by these authors. A recent 
survey for sensors lifetime enhancement techniques in 
WSN is presented by Ambekar, et al. [8]. 
Nevertheless, as some previous authors in the related 
works, coverage and connectivity issues are not 
addressed by these authors. In the same purpose, 
existing surveys introduce basic concepts related to 
coverage and connectivity. Ghosh, et al. [9] classify 
coverage problems as coverage based on exposure and 
coverage exploiting mobility. Area coverage, point 
coverage and barrier coverage is another classification 
proposed in detailed by respectively Fan, et al. [10] 
and Wang, et al. [11]. With the same goal, Zhu, et al. 
[12] distinguish two coverage problems: static 
coverage and dynamic coverage. They also propose a 
study of sleep scheduling mechanisms to reduce 
energy consumption and analyze the relationship 
between coverage connectivity. However, placement 
strategies of SN and lifetime problems are often 
missed in their surveys. 

With the same goal for optimizing the network 
lifetime in WSN by scheduling the sensors activities, 
more energy efficient MAC protocols based on duty 
cycle are developed. In fact, the duty cycle approach 
is the main feature of synchronous and asynchronous 
MAC protocols where any node can alternate between 
active and sleep states in order to save its energy. In 
this approach, nodes can only communicate when they 
are in active state. In so doing, several MAC protocols 
such as “S-MAC”, “T-MAC”, “B-MAC”, “X-MAC” 
and “RI-MAC” based on duty cycle approach were 
proposed in [13-15] by respectively Kaur, et al., 
Kakria, et al. and Ullah, et al. 

In S-MAC (Sensor MAC) [13], nodes alternates 
between active and sleep periods. During active 
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periods, the node radios are turned ON to 
communicate and during sleep periods the node radios 
are turned OFF to save energy. Nodes establish and 
maintain synchronization in order to choose common 
fixed active periods. The active period is divided into 
two sub-periods for exchanging synchronization 
packets (SYNC packets) and DATA packets. Each 
node is assigned a radio ON/OFF schedule. A node, 
after deploying, waits for one cycle of active and sleep 
period to receive existing network schedule. If a 
SYNC packet is found then it accepts the schedule 
carried by the SYNC packet otherwise it uses its own 
schedule. S-MAC saves energy by reducing idle 
listening with sleep schedules. However this protocol 
has some limitations. Firstly, nodes broadcast their 
schedule to all neighbor nodes using the SYNC 
packet; so that this mechanism is not efficient in 
energy consumption. Secondly, all the border nodes 
incorporate the schedules and keep their radios ON 
during all of the active periods. Thirdly, predefined 
and constant sleep and listen periods is a reason for 
reduced efficiency of S-MAC under variable traffic.  

T-MAC (Time-out MAC) [13-14] extends S-MAC 
and provides several improvements. In T-MAC, the  
S-MAC limitations were overcome by including an 
adaptive duty cycle when the length of the active 
period is varied according to traffic. Each node 
predicts channel activity during an active period so 
that it can adjust the length of its current active period. 
Another improvement consists to maintain node in 
active state during a time-out in order the node can 
continue to transmit packets in a burst. T-MAC 
significantly increases the network lifetime by 
downsizing the length of the active periods and by 
using traffic indicators at the beginning of the active 
periods, nodes determine when to remain active or to 
switch in sleep period. However, such as S-MAC in 
this protocol nodes broadcast their schedule to all 
communication neighbors using the SYNC packet. 
Thus this mechanism is not efficient in energy 
consumption and is not suitable in a network with 
redundancy coverage. Another default of this protocol 
is the over-listening problem as a node, even if he is 
not involved in the communication must remain active 
for a period of time-out.  

B-MAC (Berkeley MAC) [14] adopts the famous 
technical LPL (Low Power Listening). In this 
technical the nodes periodically switches between 
active and sleep state. The active state is usually very 
short, just allows the node to sampling the channel. 
When a node wakes up, he lights his radio and checks 
the state of the channel (CCA: Clear Channel 
Accessment). If there is no activity, then it goes back 
to sleep state. Otherwise, it remains active to receive 
packets. After the reception, the node returns to the 
sleep mode. For the transmitter, each transmission of 
a packet is preceded by the transmission of a long 
preamble. The size of the preamble should be longer 
than the wake up interval to make sure it can be 
detected by a receiver (next hop). In this way, the 
receiver is notified to receive the data packet. B-MAC 
provides good energy efficiency and the active period 

of each receiver may be adjusted depending on the 
load of the transmitter. It is therefore with dynamic 
duty-cycle and self-adapting to the change of the 
traffic. B-MAC also provides a high level interface for 
reconfiguring the sleep interval to find a good 
compromise between power and network throughput. 
Since B-MAC uses CSMA/CA for the medium access, 
it suffers flow problem at the high load due to the 
collisions and the random backoff periods necessary to 
avoid these collisions. Such as S-MAC, another 
problem of B-MAC is the over-listening of the 
preamble by all neighbor nodes because even if the 
packet is intended only for a particular node (next 
hop), all other neighbor nodes must still active to listen 
preamble; so that, a lack of efficiency is noted in term 
of energy consumed. 

X-MAC [15] is an improvement of B-MAC to 
solve the over-listening problem. Instead of 
transmitting a long preamble, X-MAC divides it into a 
series of small packets preamble, each of them 
containing the receiver's address packet to be 
transmitted. Time intervals are inserting between these 
packets preamble and thus allow the destination node 
to send an acknowledgment (ACK) when it receives 
one of these preambles packets. Once the transmitter 
receives the ACK, it knows that the next hop node is 
awakened and stops sending suites preamble packets 
and immediately sends the packet to the receiver. As 
B-MAC, X-MAC also provides self-adjustment of the 
sleep interval according to variation of the traffic. 
Compared to B-MAC, X-MAC improves energy 
efficiency and reduces the time using the shortcut 
preamble. However as explained above, X-MAC may 
choose only one next hop (router) to move the packet 
to its destination, even if there are multiple paths in the 
network whose exploitation could make robustness in 
the transmission. Another limitation of X-MAC is the 
low flow problem. Indeed when the load is high this 
remains no resolved due to the use of CSMA/CA 
mechanism for the medium access.  

In RI-MAC (Receiver-Initiated MAC) [14], it’s the 
receivers which initiate data transmission technique. 
In this transmission technique, the sender remains 
active and waits silently until the receiver explicitly 
signifies when to start data transmission by sending a 
short beacon frame. As only beacon frame and data 
transmissions occupy the medium in RI-MAC, with no 
preamble transmissions as in LPL technical used in B-
MAC protocol; occupancy of the medium is 
significantly decreased, so that other nodes can 
exchange data. The receiver-initiated design in the RI-
MAC not only substantially reduces overhearing, but 
also achieves lower collision probability and recovery 
cost. Therefore, RI-MAC significantly improves 
throughput and packet delivery ratio, especially when 
there are contending flows such as bursty traffic or 
transmissions from hidden nodes. In this protocol, the 
nodes are scheduled to wake up periodically to verify 
if any data packets are intended for them. They send 
out a beacon frame, which is picked up by an 
awakened sensor node that has pending data packets 
to send. After receiving the beacon the sender node 
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starts transmitting the data packets. On the reception 
of these, the receiver node sends an ACK beacon. The 
ACK beacon plays a dual role; first to acknowledge 
the reception of the data packet and second to ask for 
more data packets if any from the same node.  
In RI-MAC, medium access control among senders 
that want to transmit data frames to the same receiver 
is mainly controlled by the receiver. This design of RI-
MAC makes it more efficient in detecting collisions 
and recovering data frames that are lost than B-MAC 
and X-MAC where the senders are hidden to each 
other. As a receiver expects incoming data only RI-
MAC reduces overhearing within a small window 
after beacon transmission. With the lower cost for 
recovering lost data frame and detecting collisions, RI-
MAC has higher power efficiency even when the load 
of network increases. However, as the previous MAC 
duty cycle protocols presented, RI-MAC suffers some 
default. Indeed, where there are several transmitters, 
the collision can occur in this protocol.  

Even if these MAC protocols are efficient in term 
of energy consumption, they suffer some common 
limitations. Indeed, in almost of these protocols, the 
nodes broadcast their schedule to all neighbor nodes 
using the synchronization packet; so that a lack of 
efficiency is noted in term of energy consumed. Note 
also that the scheduling approaches used in almost the 
MAC duty cycle protocols described above are not 
suitable in a network with redundancy coverage; due 
mainly to the broadcast of synchronization and data 
packets by the senders to all communication 
neighbors’ nodes and the retransmission packets. 

Furthermore, Boulis [16] proposes the 
“TunableMAC” protocol based also on the duty cycle 
approach. As in other MAC protocols note that, in 
TunableMAC the CSMA/CA mechanism is used for 
the medium access. It is worth noticing that with this 
protocol all the nodes are not aligned in their active 
period, so that each sender transmit an appropriate 
train of beacon frames to wake up potential receivers 
before transmitting each data packet. Thus with 
respect to this mechanism, all neighbour that act as 
potential receivers of a given sender will be awakened 
when they received the beacon frame from the sender. 
Therefore, a lack of efficiency is noted in term of 
energy consumed. However, TunableMAC is very 
flexible and can be used to make comparisons with 
new MAC algorithms developed for WSN.  
 
 
3. Background Metrics 
 
3.1. Network Model 
 

We represent the WSN by a graph: 
 

 ,G V E , (1) 

 
where V  represents all vertices (nodes of the 

network) and 2E V represents the set of edges 

giving all possible communications. There is an 
ordered pair   2,u v E if the sensor node u is 

physically capable to transmit messages to the sensor 
node v . In this case, sensor node v is located in the 
communication range of sensor node u . Thus, each 
node u has its key communication range noted ( )CR u  
that allows it to communicate with others sensor 
nodes. We assume that all sensor nodes have equal 
communication ranges noted CR . Thus, for two given 

sensor nodes u and v such that u v which their 
communication ranges are respectively ( )CR u  and

( )CR v  we have: 

 
( ) ( )C C CR u R v R   (2) 

 
Each sensor node u also has a sensing range noted
( )SR u that allows it to sense and capture data from the 

environment. We also assume that all sensor nodes 
have the same sensing ranges noted SR . Therefore, for 

two given sensor nodes u and v such that u v  which 
their sensing ranges are respectively ( )SR u and ( )CR v

we have: 
 

( ) ( )S S SR u R v R   (3) 
 

The entire sensor node v located inside the 
communication range of a given sensor node u are 
called neighbour nodes of sensor node u and are noted

 N u . A bidirectional wireless link exists between a 

sensor node u and every neighbour node  v N u and 

is represented by the directed edges  ,u v and

 ,v u E . Note that all the neighbour nodes can 

communicate directly each other.  
In the following we note respectively A and

 1 2, ,..., MM S S S the surface of the monitored 

region where the SN are deployed and the set of SN in 

the WSN. We note also  the cardinality of the 
set M that also represents the number of sensor nodes 
in the WSN. On the other hand, we assume in our 
study that all the sensor nodes transmit their captured 
data to a Sink node which is the only receiver of the 
application packets. 
 
 
3.2. Modeling the Wireless Communication 
 

The performances of a wireless communication 
system are determined based on the communication 
channel in which it operates [23]. In WSN, modelling 
communication is very difficult because the nodes 
communicate in low power, and therefore radio links 
nodes are very unreliable. The unit disk model is the 
simplest deterministic models of communication that 
illustrates a unidirectional link between two SN. This 
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model assumes that each node is able to transmit its 
data to any node being in its communication range. 
The communication range of each node is in 
correlation with its power transmission. Therefore, we 
can say that two sensor nodes u and v can 
communicate each other if and only if the Euclidean 

distance noted  ,d u v between the two sensor nodes is 

less than their communication range CR . Thus, two 

nodes ,u v M can communicate if: 
 

 , Cd u v R  (4) 
 

Therefore, the communication between SN is 
based on geometrical considerations. Note that even if 
the unit disk model is widely used for analytical 
models, it suffers some limitations. One of these 
limitations is that, this model is considered to be ideal 
as it assumes that the messages are still received with 
no mistake, i.e. it suppose the conditions of the MAC 
layer as ideal. 

Another model which takes important aspect for 
the wireless channel is the log-normal shadowing 
model. This model enables to estimate the average 
path loss between two sensors nodes, or in general, 
two points in space. For WSN, where the separation of 
nodes is a few meters to a few hundred meters, this 
model is the most used to provide accurate estimates 
for the average path loss. The formula below enables 
to estimate the path loss in decibel (dB) depending on 
the distance between two nodes and other parameters 
described in the following [23]. 
 

   0 0
0

10
d

PL d PL d Log X
d 

 
   

 
, (5) 

 

where  0PL d is the path loss at a distance d that 

represents the Euclidean distance between the 

transmitter and the receiver. The parameter  0PL d
 

represents the path loss known at a reference  
distance 0d . This reference distance is generally equal 

to 1 meter (m) or 1 km. The parameter  is the 

exponent path loss depending in the environment and 
whose value is usually in the range [2~4]. The 
parameter X is a random variable with mean zero 

Gaussian standard deviation .  
The received signal power rP at a distance 

d is the difference between the output power of the 

transmitter tP and the path loss  0PL d , i.e.  
 

 0r tP P PL d   (6) 
 

In this formula all the powers are expressed in dB. 
With this formula, we can control and estimate the 
communication range of the SN. 

We consider in this paper these two models. 

Given the graph  ,G V E defined in the 

Section 3.1 and the communication range CR of the 

SN, the unit disk model defines the set 2E V of 
edges which represent also the communication link 
between the SN by: 
 

    2, , Cu v V u v d u v R       , (7) 

 

where  ,d u v represent the Euclidean distance 

between two given nodes ,u v G . Thus, based on 
Equation (6), we can determine all SN which are in the 
transmission range of another given SN by computing 
their communication ranges. In so doing, we use 
Equations (5), (6) and others radio parameter defined 
in [16] to compute the radio range (communication 
range) of SN. Afterwards, based on our assumptions, 
we can compute also the  
sensing range of SN and the grid length of our 
placement model. 

On the other hand, we use the well-known  
IEEE 802.11 as MAC layer and CSMA/CA (Carrier-
Sense Multiple Access/with Collisions Avoidance) as 
medium access protocol. 
 
 

3.3. Modelling the Coverage 
 

Coverage is an important performance metric in 
WSN, which reflects how well a sensing field is 
monitored [11]. We may interpret the coverage 
concept as a nonnegative mapping between the space 
points of a sensing field and the sensors of a  
WSN [17]. There exist many type of coverage: area 
coverage (coverage of region), barrier coverage, and 
coverage of points [3]. We consider in this  
paper the area coverage and coverage of points. Thus, 
we say that a sensor node iS covers a point q A if and 

only if:  
 

 ,i Sd S q R  (8) 
 

A coverage of surface (sensing coverage) means 
the total surface lying below the range of capture of 
data at least of a given sensor node. Let iS M a 

sensor node and note  iC S the surface cover by the 

sensor node iS , then: 
 

    ,i i SC S q A d S q R     (9) 

 

The surface covered by a subset of sensor nodes

 1 2, ,...,C CS S S S M  is then: 
 

   
1

CS

C i
i

C S C S
 



  (10) 

 

An area is said to be covered if and only if each 
location of this area is within the sensing range of at 
least one active sensor node. For the coverage of area, 
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we say that a sensor node iS covers a region A if and 

only if for each point q A then: 
 

 ,i Sd S q R  (11) 

 
Area coverage is one of the fundamental problems 

in wireless sensor networks [11]. In the area coverage 
problem, the goal is to cover the whole area of the 
network. Depending on the application requirements, 
full or partial coverage is required. However, full 
coverage provides the best surveillance quality of the 
region [3]. There are two types of coverage: simple 
coverage and k-coverage defined as multiple coverage 
and depending on the degree of robustness required by 
the application [3]. Multiple coverage is defined as an 
extension of simple coverage. This type of coverage is 
suitable to applications such as security surveillance, 
distributed detection, mobility tracking, monitoring in 
high security areas, agricultural of precision, and 
military intelligence in a battlefield. In many kind of 
WSN related above, it is necessary to ensure full 
coverage of the monitored area, optimal network 
connectivity while deploying the minimum number of 
sensor nodes. This can be satisfied by covering every 
location in the field using at least one sensor node. 
Many studies aim to optimize the number of sensor 
nodes deployed while ensuring a high level of 
coverage and optimal network connectivity. So that, 
data captured in this location by the SN should be 
reported to the sink. The Fig. 1 and Fig. 2 below 
illustrate respectively the mechanisms of simple 
coverage and multiples coverage. 

The problem of coverage area consists to apply 
scheduling mechanism of sensors activities to decide 
what sensor must be made in active mode (radio ON) 
or sleep mode (radio OFF) while maintaining a full 
coverage of the monitoring region. As we say below 
one degree of coverage is not sufficient for many 
applications of WSN related above. So that to 
schedule the sensors activities for these kinds of 
applications while ensuring full coverage of the 
monitored region, i.e. to ensure that if an event takes 
place at any geographic point of this area, it is detected 
by at least one sensor, it is necessary to guarantee 
multiple coverage when placing the SN in the interest 
region. In this case, an area may be covered by many 
sensors at the same time; this is due to overlapping 
coverage area of neighbour sensors. Therefore an 
event can be detected and reported by several sensors; 
this is inefficient in term of energy consumption, as 
some sensors will dissipate energy unnecessarily in 
the capture, processing and transmission. So that to 
reduce the energy consumption and optimize the 
network lifetime, it is necessary to apply scheduling 
strategies after planning optimal placement of SN; and 
while guaranteeing at the same time full coverage of 
the monitored region and optimal network 
connectivity. In this paper we will use distributed 
strategies based on an optimal placement of sensors to 
schedule the SN activities while maintaining full 
coverage and network connectivity. The following 

Fig. 3 illustrates a scheduling mechanism of SN 
activities in order to reduce the energy consumed in 
the WSN while ensuring the entire coverage of the 
monitored region and optimal network connectivity. 
This scheduling mechanism is based on ON/OFF 
scheduling approach and must allow to all SN which 
are in active mode (ON) to ensure the network 
functionally while maintaining full coverage of the 
monitored region and optimal network connectivity.  

 
 

 
 

Fig. 1. Illustration of simple coverage. 
 
 

 
 

Fig. 2. Illustration of multiple coverage. 
 
 

 
 

Fig. 3. Illustration of an ON/OFF scheduling mechanism  
to reduce energy consumed by SN while ensuring full 

coverage of a monitored region. 
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3.4. Modelling the Connectivity 
 

Two SN are said to be connected if and only if they 
can communicate directly (one-hop connectivity) or 
indirectly (multi-hop connectivity) [3]. In WSN, the 
network is considered to be connected if there is at 
least one path between the sink and each sensor node 
in the considered area. Connectivity is important issue 
in WSN. The connectivity essentially depends on the 
existence of routes. It is affected either by the topology 
changes due to mobility of SN, or the failure of sensors 
nodes, or malicious sensors nodes, etc. The results are 
the loss of communication links, the isolation of 
nodes, the network partitioning, thus the coverage of 
the monitored area can be degrade and/or the network 
lifetime can be decrease. Therefore, connectivity 
problem must be study and take into account in the 
design and the deployment of many WSN applications 
in order to guarantee coverage constraints and to 
ensure robustness in communication.  

There are two types of network connectivity: full 
network connectivity and intermittent network 
connectivity [3]. Full network connectivity can also be 
either simple (1-connectivity) or multiple  
(k-connectivity). Full connectivity is said to be simple 
if there is a single path between any SN to the sink 
node; and it is said to be multiple if there are multiple 
disjoint paths between any SN and the sink node. In 
addition, full connectivity can be maintained during 
the deployment strategy of SN or it can be provided 
only when SN have been deployed in the monitored 
region. In the following, we use connectivity to 
represent full connectivity. Note that, in some WSN 
applications, it is not necessary to ensure full 
connectivity at any given time in the monitored region. 
For these WSN applications, it is sufficient to 
guarantee intermittent connectivity by using a mobile 
sink that moves and collects data from disconnected 
sensor nodes. There are two types of intermittent 
connectivity: the first one uses only one or several 
mobile sinks and the second uses a mobile sink and 
multiple throw boxes (Cluster heads).  

In this paper, we consider static SN, so that we 
consider only full connectivity. As we say in previous 
sections connectivity is often conflicting and 
complementary to coverage for many WSN 
applications such as security surveillance, agricultural 
precision, habitat monitoring, etc. Thus, for these 
WSN applications, it is not enough to ensure coverage 
without considering connectivity. When a SN captures 
data from the environment, it must be transmit these 
data to a sink node. Consequently, it is necessary to 
ensure the connectivity between the SN and the sink 
in order to guarantee the transfer of information to  
the sink.  

Referring to the definition of the connectivity of 
two SN, two sensor nodes u and v are connect if they 
can communicate directly. In this case we say that 
these SN are communication neighbour. So that the 
communication neighbour of a sensor node u noted

 N u is define by:  

    , CN u v V v u d u v R       (12) 

 
A graph of a network which is connected is call a 

graph connected. Referring to this definition a graph is 
called k-connected if there is at least k disjoint path 
between two nodes of this graph. As we say above 
coverage is often related to connectivity in WSN. So 
that, to deal with the full coverage and the optimal 
network connectivity and to ensure the coverage and 
connectivity conditions, we consider in this paper that 
the communication range CR is twice the sensing  

range SR . 

 
 

3.5. Modelling the Energy Consumption 
 

The energy consumed by a sensor node is mainly 
due to the following: capture, processing and data 
communication [21].   

The energy of capture is dissipated by the SN to 
perform the following tasks: sampling, A/D 
conversion and activation of the capture probe. The 
cost of this energy depends on the specific sensor types 
(image, sound, temperature, etc.) and previous tasks 
assigned to him. In general, the energy of capture 
represents a small percentage of the total energy 
consumed by a SN. 

The processing energy corresponds to the energy 
consumed by a sensor node during activation of its 
data processing unit (operations, read/write in 
memory). It is divided in two parts: switching energy 
and leakage energy. The switching energy is 
determined by the supply voltage and the total 
capacitance switched at the software level (by 
executing software). The leakage energy is the energy 
consumed when the computer unit performs no 
processing. In general, the processing energy is low 
relative to that required for communication. 

The energy of communication is divided into two 
parts: the reception energy (energy consumed in RX 
mode) and the transmission energy (energy consumed 
in TX mode). This energy is determined by the amount 
of data to be communicated and the transmission 
distance, as well as by physical properties of the radio 
module. The scope of transmission of a signal depends 
on its transmission power (TX power). When the TX 
power is high, then the signal will have a large scope 
and the energy consumed will be higher. Note that the 
energy of communication represents the largest 
portion of the energy consumed by a SN. 

The cost of the energy consumed by a sensor node 
must also depend on the activity status of this sensor 
(TX, RX, Idle and Sleep). These activities modes (or 
states) represent the different modes of operation of a 
SN [22]. Note that in the idle mode the sensor node 
can listen to the wireless channel without accessing to 
this wireless channel, while in sleep mode, the radio 
module is OFF and no communication is possible. It 
should be added that the transition between these 
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different modes induces a cost on energy consumption 
even if it is small compared to other costs of energy 
consumption in the other modes. 

For a given SN, the cost of consumed energy 
respectively in the TX, RX, Idle, Sleep, and Transition 
(Sw) states are respectively noted: 

   , , , ,Tx out Rx Idle SwE k P E k E E where k represents the 

message length in bytes and outP represents the TX 

power. If the consumed energy is expressed in Joules 
(J), it’s regarded as the product of the voltage in Volt 
(V) applied to the circuit, the intensity of the current 
in Ampere (A) following through it, and the elapsed 
time in seconds (s) to perform the operation. So that, 
the cost of consumed energy in the different  
states described above can be expressed by the 
following equations: 

 
   , . . .Tx out Tx out B TxE k P k C P V T , (13) 

 
  . . .Rx Rx B RxE k k C V T , (14) 

 
. .Idle Idle B IdleE C V T , (15) 

 
. .Sleep Sleep B SleepE C V T , (16) 

 
. .Sw Sw B SwE C V T , (17) 

 
where BV represents the tension provided by the 

battery. TxC , RxC , IdleC , SleepC , and SwC  represent 

respectively the intensity of the current in the four 
states: TX, RX, Idle, Sleep, and transition. TxT , and

RxT denoted respectively the TX and the RX time for 

one byte (with Tx RxT T ). IdleT is the time between the 

end of one communication (TX or RX) and the 
beginning of the next communication. SleepT is the 

interval time spent by a SN in the Sleep mode, and SwT

is the switching time between two different modes. In 
this paper, we will use the radio type CC2420 [20] for 
the validation of our proposal by simulations and we 
will consider only the TX, RX, and Sleep modes. The 
transition time (in ms) and the transition power (in 
mA) between the considered modes are respectively 
given by the Delay transition matrix (described in 
Table 1) and the Power transition matrix (described in 
Table 2).  

 
 

Table 1. Delay transition matrix. 

 
 RX TX Sleep 

RX - 0.01 0.194 
TX 0.01 - 0.194 

Sleep 0.05 0.05 - 

Table 2. Power transition matrix. 
 

 RX TX Sleep 

RX - 62 62 
TX 62 - 62 

Sleep 1.4 1.4 - 
 
 

4. Geographic Placement Model of SN 
Based on Grids  

 
We consider the sensor placement model described 

in the following Fig. 4. 
 
 

 
 

Fig. 4. Sensors placement model based on grids. 
 
 

According to the deployment of sensors described 
in the Fig. 4 above, the geographical region of interest 
is partitioned into contiguous square grids having the 
same dimensions that equal to c . Each SN iS  is placed 

at a given area of a grid such that the entire area of the 
monitored region is covered and the number of 
necessary sensors is minimized. Our geographic 
placement model of SN presents the following 
advantages:  
1. The number of sensors needed to cover the whole 

area is minimized.  
2. The position and the surface cover by each SN are 

known and can be respectively determined by its 
coordinates (x, y) and its sensing range SR . 

3. A full coverage of the monitored region and an 
optimal network connectivity are ensured. 

4. It exist an overlapping area with respect to the 
sensing coverage of SN that will be exploited by 
our MAC-SA algorithm for ON/OFF scheduling  
of SN.  
Now, the optimal length c of the grid to ensure full 

coverage and network connectivity of our network 
model can be determined based on the sensing range

SR . The sensing range depends on the communication 

range CR based on our assumptions. As we said in 

Section 3.2, we will use Equations (5), (6) and others 
radio parameter defined in [16] such as the TX output 
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power, the pass lost (  0PL d ), the reference distance 

( 0d ), the exponential path lost (  ) in order to 

compute the communication range CR  of the SN. 

Afterwards, based on our assumptions ( C SR R  ), 

we can compute also the sensing range SR of the SN.  

Finally, based on the geometric properties of the 
obtained squares and the diamonds formed by the 
position of SN (Fig. 4), the length c of the grid can be 
computed by using Pythagoras theorem. Thus, we can 
use the following equation to compute c :  
 

2 2 2
SR c c  , (18) 

 

2SR c  , (19) 

 

2
SR

c   (20) 

 
Based on our assumptions, we have: 
 

2
C

C S S

R
R R R     (21) 

 
Thus, according to (6.3), and (6.4), we have: 
 

2 2
CR

c   (22) 

 

Note  1 2, ,..., MM S S S the set of SN deployed 

according to our placement model described above in 
the Fig. 4. Note also that each SN iS  has (x, y) in the 

coordinate system (O, X, Y) as shown in the Fig. 4 
where O, (OX) and (OY) denote respectively the 
origin, the X axis and the Y axis of this coordinate 
system. Thus, using this coordinate system and 
according to our placement model, we can express the 
coordinate (x, y) of each SN function of the length c of 
the grids. For example as shown in this figure: 
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Note  1 2, ,...,C CS S S S M  a subset of SN 

deployed in the WSN according to our placement 
model. Then referring to the definition of the surface 
covered by a subset of sensor nodes described in 
Equation (10), we show that according to our 
placement method, an area may be covered by many 
sensor nodes at the same time; this is due to 
overlapping coverage area of neighbours sensor 
nodes. Therefore, to save energy consumed in the 

network and to maximize network lifetime, it is 
necessary after the final deployment to schedule 
sensor nodes activities by applying Sleep/wake-up 
strategies (e.g. redundant nodes for full coverage, 
useless nodes for partial coverage) while ensuring full 
coverage of the monitored region and optimal network 
connectivity.  

Note that the scheduling activity for SN differs 
from deployment method of SN, because existing 
sensor nodes are only switched ON or OFF but are not 
moved. In the following section we’ll present the 
MAC-SA algorithm which is based on our geographic 
placement method and which enables to schedule the 
SN activities and optimize the network lifetime while 
maintaining full coverage of the monitored region and 
network connectivity. 

 
 

5. Presentation and Analytical Evaluation 
of MAC-SA 

 
5.1. Overview of MAC-SA 
 

MAC-SA algorithm (Algorithm 1) considers our 
geometric placement model and is a distributed 
scheduling mechanism for SN activities.  
 
 

Algorithm 1. MAC-SA algorithm. 
 

Inputs: 
“c” represents the length c of a given grid 
“d(X,Y)” represents the Euclidean distance between two 
given sensor nodes X and Y 
“Neighbor_Table” represents the node’s neighbours table  
“ID” represents the ID of a given sensor node 
“ iB ” represents the beacon frame sent by a given source 

iS  

Output: 
- A set of active sensor nodes to transmit packets and to 
ensure a full coverage of the monitored region and optimal 
network connectivity.  
- A set of sensor nodes which are in sleep mode to save 
their energy. 
1: for each sensor node iS M do 

2: for each sensor node j j iS M S S   do 

3: if  , 2 2i jd S S c then 

4:   ,j iInsert ID S Neigbor Table S   

5: end if 
6: end for 
7: end for 

8: for each sensor iS M which broadcast a beacon iB do 

9: if jS M receives iB and  j iID S Neigbor Table S    

then 

10: if  , 2i jd S S c then 

11: Make jS in sleep state until it receive a next beacon kB  

12: end if 
13: end if 
14: end for 
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It enables to minimize the energy consumed by the 
overall network while maintaining a full coverage and 
network connectivity with respect to all SN. The 
MAC-SA algorithm exploits the redundancy of 
sensing coverage due to our geographic placement 
method. Indeed, according to TunableMAC protocol, 
each sender should transmit a train of beacons frames 
in order to wake up its entire neighbourhood before 
sending any data. However, according to our  
MAC-SA deployment of SN, where we have a sensing 
coverage redundancy due to our placement strategy of 
SN, we do not need to wake up all a given SN’s 
neighbourhood. It is worth noticing that in 
TunableMAC, the set of SN has equal sleep interval 
and equal listening interval. Put simply, MAC-SA 
wakes up only few nodes among a well-chosen SN’s 
neighbourhood in order to reduce the energy 
consumed during transmission and reception as well 
as mitigates the number of collisions between SN.  

According to MAC-SA, each SN uses a 
neighbourhood’s table that contains the ID of 
neighbour’s nodes which is determined by the 
communication range CR . Also, the SN has different 

sleeping and listening intervals. MAC-SA addresses 
the following two issues noted in previous studies:  

1) The set of sender’s neighbours that should wake 
up according to its neighbour’s table;  

2) The scheduling of sleeping and listening 
intervals according to the parameters of the duty cycle. 

In order to select the best potential neighbours that 
enable to minimize the energy consumption during 
transmission and reception modes while ensuring a 
full coverage and network connectivity, and to taking 
into account the two issues raised above, we consider 
two types of neighbours for each node: “close 

neighbours” located at a maximum distance of 2c
from the sender and “remote neighbours” located at a 

distance strictly greater than 2c . For a given sender, 
its neighbour’s receivers are only its remote 
neighbours. Therefore, remote neighbours must be 
woken up and all the remaining nodes within its close 
neighbourhood must be set in sleeping mode (line 8 to 
line 12 of Algorithm 1). If they receive other beacons 
frame, they can decide whether they should wake up 
again to relay packets. Our algorithm allows the 
following benefits: 

1. Save the energy consumed in the network, so 
that the network lifetime will be improved; 

2. Save full coverage and network connectivity 
at every time of the network lifetime; 

3. Balance energy consumption in the network; 
4. Reduce collisions that may be due to the 

CSMA/CA mechanism, so that the rate of received 
packets by the Sink will be improved.  

We will present in the following part the 
description of MAC-SA algorithm in pseudo code. 

As shown in the algorithm 1, the lines 1 to 7 enable 
to compute the neighbour table of each SN iS M by 

inserting the entire ID of its neighbour

j j iS M S S   . After this step, each SN jS M

neighbour of a given sender iS M will decide if it 

will be switched in Active or Sleep mode based on the 
beacon frame received by this sender (which precede 
the data transmission of the source) and its neighbour 
table (lines 8 to 14). Therefore, the SN which will 
usually switch in Sleep mode will save more energy; 
so that the network lifetime will be improved. Note 
that the full coverage and network connectivity will be 
preserved during all the network lifetime. We will give 
in the following part the analytical proof of the full 
coverage and the network connectivity. 

 
 

5.2. Analysis of the Full Coverage and 
Network Connectivity in MAC-SA 

 
In this section, we give a proof of the full coverage 

of the area monitoring by our SN regarding to our 
placement method. Afterwards, we demonstrate that 
the network is connected and there is an optimum 
routing topology in this network.  

Let us consider a sender  ,iS x y M . As we said 

that in the description of our MAC-SA algorithm, 
before this SN transmits data packets, it broadcasts a 
train of beacons frames noted 1 2, ,...,i i ikB B B in order to 

wake up all the sensor nodes jS belonging to its 

neighbour table and located at a distance strictly 

greater than 2c . Based on our placement model 
described in Fig. 4 above and according to the Fig. 5 
below that illustrates the coordinate of remote and 

close neighbour for a given sender  ,iS x y , the 

coordinate of this sender’s remote are expressed  
as follows: 

 

     , 2 , , 2 , 2 , 2 ,x y c x y c x c y c     

     2 , , 2 , 2 , 2 , 2 ,x c y x c y c x c y c      

   2 , , 2 , 2x c y x c y c   . 

 
According to Fig. 4 and Fig. 5, the coordinates of 

other close neighbours of the sender  ,iS x y that can 

be put in sleep mode are expressed as follows: 
 

       , , , , , , ,x c y c x c y c x c y c x c y c         

 

Now, let us consider the sensor node  7 ,S x y shown 

in Fig. 5. Its neighbourhood’s table contains the ID of 
the set of the following SN: 
 

 1 2 3 4 5 6 8 9 10 11 12 13, , , , , , , , , , ,S S S S S S S S S S S S  
 

If the sensor  7 ,S x y wants to transmit, then the 

set of sensors located to its neighbourhood table which 
must wake up after receiving the beacon frames sent 

by the SN 7S are:  1 2 3 6 8 11 12 13, , , , , , ,S S S S S S S S , and 



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 1-14 

 11

the following SN:  4 5 9 10, , ,S S S S  should be put in 

sleeping mode. According to the Fig. 5, 4 5 9, ,S S S and

10S are in sleeping modes at the same time whereas 

other SN belonging to 7S ’s neighbour table are in 

active mode (powered ON) and maintain a full 
network coverage. We show that the areas covered by 
the following SN 4 5 9 10, , ,S S S S which are in sleep 

mode, and the one covered by the four active SN 
located at the vicinity of these sleeping SN are fully 
covered by the active SN. Let us consider the SN 4S

which is in sleep mode (Fig. 5), then according to the 
definition of the sensing coverage of this sensor noted

 4C S , we have: 
 

    4 4 , 2C S q A d S q c     (23) 

 
 

 
 

Fig. 5. Illustration of close and remote neighbours  
of  7 ,S x y . 

 
 

According to the active SN 1 2 7, ,S S S and 6S  which 

are around the sensor 4S , the sensing coverage of each 

SN is: 
 

    1 1, 2C S q A d S q c     (24) 

    2 2 , 2C S q A d S q c     (25) 

 

    7 7 , 2C S q A d S q c     (26) 

 

    6 6 , 2C S q A d S q c     (27) 

 

Note  1 2 7 6, , ,CS S S S S . 

Based on the coverage area of a subset of SN 
described in (10), we have: 
 

         1 2 7 6CC S C S C S C S C S    (28) 

 

On the other hand, if we compute the Euclidean 

distance between the SN 4S and each SN  j CS C S , 

we have: 
 

     

   

22
4 1

2 2

, 2

2 2

d S S x c x c

y c y c c

     

      
 

 4 1, 2d S S c  , 

(29) 

 

     

 

22
4 2

2 2

, 2

2

d S S x c x c

y c y c

     

     
 

 4 2, 2d S S c  , 

(30) 

 

   

 

22
4 7

2 2

,

2

d S S x c x

y c y c

    

     
 

 4 7, 2d S S c  , 

(31) 

 

   

   

22
4 6

2 2

,

2 2

d S S x c x

y c y c c

    

      
 

 4 6, 2d S S c   

(32) 

 

Thus according to (29), (30), (31) and (32), we 
have: 
 

     
 

4 1 4 2 4 7

4 6

, , ,

, 2

d S S d S S d S S

d S S c

 

 
 (33) 

 

Based on the sensing coverage of SN 1 2 6 7, , ,S S S S

described in (24), (25), (26) and (27); according to (28) 
and (33), we have: 
 

         4 1 2 7 6C S C S C S C S C S     (34) 
 

Hence, 1 2 6, ,S S S , and 7S provide a full coverage 

with respect to the area covered by the SN 4S . 

Similarly, we can show that 2 3 8, ,S S S , and 7S   

(resp. 6 11 12, ,S S S , and 7S ) provide a full coverage 

according to the area covered by 5S (resp. 9S ). Finally,

8 13 12, ,S S S , and 7S provide a full coverage with respect 

to the area covered by 10S . Since the sensor  7 ,S x y is 

chosen randomly, we can conclude that the network 
remains fully covered during the execution of MAC-
SA algorithm. 

In fact, based on our assumptions and the 
modelling of the network connectivity presented in 
Section 3.4, two SN iS and jS are connected if and only 

if: 
 

 , 2 2i jd S S c  (35) 
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In order to demonstrate the network connectivity, 
it is sufficient to show that all active neighbours of a 

given sender  ,iS x y are connected to this sender. The 

remote neighbours of the SN  ,iS x y noted 

,R x yNeigbour S  are: 

 

   
     
     

, 1 2

3 4 5

6 7 8

R , 2 , , 2 ,

2 , 2 , 2 , , 2 , 2 ,

2 , 2 , 2 , , 2 , 2

x y N N

N N N

N N N

Neigbour S S x y c S x y c

S x c y c S x c y S x c y c

S x c y c S x c y S x c y c

    

    

    

 
If we compute the Euclidian distance between the 

sensor  ,iS x y and each of the sensor nodes

,j x yS R Neigbour S   , we have: 
 

 , 2 2i jd S S c  (36) 
 

For instance: 
 

     2 22 2
1, ( 2 ) (2 )i Nd S S x x y y c c       

  2
1, (2 ) 2 2 2i Nd S S c c c     

Thus,  1, 2 2i Nd S S c  

 
Therefore, according to (36) and based to (35) 

which illustrates the connectivity condition between 
two sensors, all sensors ,j x yS R Neigbour S   are 

connected to SN  ,iS x y . Since the SN  ,iS x y is 

chosen randomly, then all active sensors will be 
connected during the execution of our MAC-SA 
algorithm. In addition, according to the definition of a 
graph which is k-connected, the network is at least  
4-connected; therefore, optimum routing topology 
exists in this network. However, we will not discuss 
the routing aspect in this paper. 
 
 
6. Evaluation of MAC-SA by Simulation 
 

We validated our proposal by extensive 
simulations done with “Castalia.3.0” framework [16]. 
Castalia is a WSN simulator for Body Area Networks 
(BAN) and generally networks of low-power 
embedded devices. It is based on the OMNeT++ 
platform [19] and can be used by researchers and 
developers who want to test their distributed 
algorithms and/or protocols in realistic wireless 
channel and radio models, with a realistic node 
behavior especially relating to access of  
the radio.  
 
 
6.1. Experimental Settings 
 

We consider a field of size equal to 200 m×200 m. 
The deployment type is static and based on the 

coordinate (x, y) of each SN. We run four simulation 
scenarios with respectively 40, 80, 120, 160, and  
200 sensor nodes that send their packets to a given 
Sink. The simulation time is set to 400 seconds. For 
the application test, we considered “ThroughputTest” 
[16] to send constant data payload of 2000 bytes with 
a rate of 5 packets per second to the sink. Note that in 
our simulation, all nodes are the same initial energy 
equal to 18720 J corresponding of 2 piles AA.  

The Table 3 below shows the description of the 
different simulation parameters and setting. 

 
 

Table 3. Simulation parameters and settings. 
 

Parameter Value 
Field sixe (200 × 200) 2m  
Number of node considered 
during each simulation 

40, 80, 120, 160, 
200 

Deployment type Static 
Simulation time 400 s 
Radio range ( CR ) ~20 m 

Sensing range ( SR ) 10 m 

Grid range (c) ~7 m 
Radio type  CC2420 [20] 
Transmission power 0 dB 
Power Consumed in TX, RX 
and Sleep modes 

62 mW, 62 mW,  
1.4 mW 

Power Consumed per Sensing 0.02 mJ 
Initial energy  18720 J 
Data Rate  250 kbps 
Modulation Type PSK 
Bit per Symbol 4 
Bandwidth 20 MHz 
Noise Bandwidth 194 MHz 
Noise Floor -100 dB 
Sensibility 95 dB 
Path Loss Exponent ( ) 2.4 
Initial Average Path Loss 
(  0PL d ) 55 

Reference distance ( 0d ) 1 m 

Gaussian Zero-Mean Random 
Variable ( X ) 4.0 

Application Name ThrouputTest [16] 
 
 

6.2. Simulation Results 
 

We compared MAC-SA and TunableMAC 
according to different metrics such as the energy 
consumed, the number received packets by the sink, 
the failed packets due to interferences and the 
application level latency. We performed extensive 
simulations by considering the same scenarios and the 
same parameters. The following figures show the 
simulation results. 

The curves illustrated in Fig. 6 and Fig. 7 show 
respectively the average of energy consumed in Joules 
(J) and the average of remaining energy in J for the 
both algorithms. MAC-SA outperforms TunableMAC 
with respect to the energy consumed. Indeed, with 
MAC-SA only few senders’ neighbours woke up in 
contrast to TunableMAC where the entire set of node’s 
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neighbours are awakened. Therefore, more actives 
nodes exist and thus the energy consumed is increased. 
The average of energy consumed in the network is 
roughly equal to 19.18 J (resp. 27.09 J) for MAC-SA 
(resp. TunableMAC). According to MAC-SA SN can 
save up to 30 % of their energy compared to 
TunableMAC. As shown that in Fig. 7 the average 
remaining energy in the network is roughly equal to 
18700.803 J (resp. 18692.914 J) for MAC-SA (resp. 
TunableMAC). 

Thus, the network lifetime time is improved in 
MAC-SA relative to TunableMAC.  

 
 

 
 

Fig. 6. Average consumed energy in MAC-SA  
and TunableMAC. 

 
 

 
 

Fig. 7. Average remaining energy in MAC-SA  
and TunableMAC. 

 
 

Fig. 8 (resp. Fig. 9) shows the average packets 
received by the Sink (resp. the average packets failed 
due to interferences). Fig. 8 illustrates that MAC-SA 
outperforms TunableMAC according to the number of 
packets received by the Sink. The main reason is due 
to the fact that MAC-SA algorithm mitigates the 
number of collisions.  

 
 

 
 

Fig. 8. Average packets received by the Sink in MAC-SA 
and TunableMAC. 

 

Furthermore, Fig. 9 shows the average packets 
failed due to interferences. The gap between both 
algorithms is more important. Indeed, the average 
number of packets failed with interferences is roughly 
equals to 310.33 (resp. to 24.21) for TunableMAC 
(resp. MAC-SA).  

Fig. 10 shows the application level latency for both 
algorithms. As shown in this figure the performance of 
TunableMAC is lightly upper than MAC-SA but the 
upper level latency in these two algorithms is less than 
166.9 ms, thus the level latency is reasonable in MAC-
SA regarding to the most applications for WSN.  

 
 

 
 

Fig. 9. Average packets failed with interferences  
in MAC-SA and TunableMAC. 

 
 

 
 

Fig. 10. Average application level latency in MAC-SA  
and TunableMAC. 

 
 

7. Conclusion and Future Work 
 

In this paper we proposed a distributed scheduling 
algorithm based on a geometric placement model in 
order to improve the network lifetime while 
maintaining full coverage and network connectivity. 
After the design and the implementation of  
MAC-SA, we demonstrated analytically that coverage 
and network connectivity are ensured at any given 
time of the lifetime during the execution of  
our algorithm.  

Simulation results show also that MAC-SA 
outperforms the TunableMAC protocol with respect to 
network lifetime, the number collisions and the 
average of received packets by the Sink.  

As future work, we plan to take into account the 
path loss and temporal variations of the wireless 
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channel by proposing a more realistic modelling of the 
wireless communication. We also intend to show that 
MAC-SA enables an optimum routing based on given 
topology.  
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Abstract: With the fast global climate change, many bridge structures are facing the nature disasters such as 
earthquakes and floods. The damage of bridges can cause the severe cost of human life and property. The heavy 
rain brought by the typhoon in July and August in Taiwan causes the bridge scour and makes the damage or 
collapse for bridges. Since scour is one of the major causes for bridge failure, how to monitor the bridge scour 
becomes an important task in Taiwan. This paper presents a real-time bridge scour monitoring system based on 
accelerometer sensors. The presented sensor network consists of a gateway node and under-water sensor nodes 
with the wired RS-485 communication protocol. The proposed master-slave architecture of the bridge scour 
monitoring system owns the scalability and flexibility and is setup in the field currently. The experimental 
results in the field show the presented sensor system can detect the bridge scour effectively with our proposed 
scour detection algorithm in real time. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Bridge, Bridge pier, Scour, Sensor network, Accelerometer. 
 
 

 
1. Introduction 

 
Bridges are the important pivots of traffic and the 

damage of bridges can cause the severe cost of 
human life and property. With the fast global climate 
change, many bridge structures are facing the nature 
disasters such as earthquakes and floods. These 
nature disasters cause lots of bridge collapse or 
destruction and thus endanger our daily life.  

In Taiwan, many bridges have exceeded their 50-
year life span, while many highway bridges are more 
than 20 years-old [1]. The strength of these old 
bridges is no longer affordable to the severe nature 
disasters. In other words, the bridges in Taiwan are 
likely to suffer from the damage. Scour is one of the 
major causes for bridge failure [2]. The heavy rain 

brought by the typhoon in July and August in Taiwan 
can cause the bridge scour and make the damage or 
collapse for bridges. Thus, how to monitor the bridge 
health and real-time diagnose the bridge structure 
becomes an important task in Taiwan.  

Bridge scour has been extensively studied in the 
world for more than a hundred years. Many 
methodologies and instruments have been employed 
to measure and monitor the local pier scour depth, 
such as bricks, sonar, radar sensor, Time-Domain 
Reflectometry (TDR), Fiber Bragg Grating (FBG) 
sensor and accelerometer sensor. The bricks sensors 
[3-4] are buried in the certain location of the sand 
before the rain season. After the floods, the bricks are 
digged out and the number of the remained bricks is 
calculated. Thus, the bridge scour depth can be 

www.sensorsportal.com/HTML/DIGEST/P_2753.htm
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obtained. This method can be used only one-time and 
the scour detection cannot be real-time detected. The 
sonar and radar sensors [4] provide contactless 
measurement of streambed scouring near bridge pier 
and abutments, and usually used to show the final 
status of streambed after a flood. One of 
disadvantages of the sonar and radar is that they have 
limit for measuring status of streambed in real time as 
rush water contained sands, even rocks during a flood. 
The time domain reflectometry (TDR) [5-7] 
measures the reflections that results from a fast-rising 
step pulse travelling through a measurement cable. 
The depth of soil-water interface is determined by 
counting the round trip travel time of the pulse. 
However, the major drawback of TDR is that 
accuracy of TDR is strongly dependent on the 
environment temperature and humidity. Monitoring 
the scour depth by the fiber Bragg grating (FBG) [5] 
is dependent on number of FBG elements. However, 
the cost of monitoring of the scour depth by FBG 
technique is higher than that of existing methods [5]. 
The costs of Radar and TDR are expensive due to 
high-speed hardware requirement. For example, a 
commercial TDR (Campbell Scientific Inc., TDR100) 
was used to real-time monitor scour evolution, and its 
price is high. For FBG, optical devices such as laser, 
photo detectors and the optical fibers are very 
expensive. In addition, most of the existing methods 
used for scour detection are expensive and 
complicated, which is a major challenge for mass 
deployment to a lot of bridge piers. The frequency 
response with Fast Fourier Transform (FFT) and the 
time domain response with the root mean square 
(RMS) values of the accelerometer [8-9] are used to 
detect the scour. Since the accelerometer in [8] does 
not sense the vibration data by the flow directly, the 
result of scour depth may be inaccurate due to the 
unpredictable interferences in the complicated under-
water environment. Besides, in order to obtain the 
frequency response result [9], it may consume the 
large computations to get the bridge scour. Yang [10] 
proposed a bridge scouring monitoring system based 
on accelerometer sensors, this paper utilizes the 
absolute difference vibration value between current 
value and initial value of accelerometers to decide the 
bridge scour in real time. However, this work still 
lacks of the experimental results in the field. 

This paper presents a sensor system with 
accelerometer sensors to real-time detect the bridge 
scour with our proposed simple scour detection 
algorithm. The presented sensor system consists of a 
gateway node and under-water sensor nodes with the 
wired RS-485 communication protocol. The 
proposed master-slave architecture of the bridge 
scour monitoring system owns the scalability and 
flexibility for mass deployment. The experimental 
results in the field show our sensor system can detect 
the bridge scour effectively with our proposed scour 
detection algorithm in real time. 

In Section 2, the proposed algorithm of scour 
bridge detection is introduced. In Section 3, the 
overview of our proposed architecture is presented. 

In Section 4, the experimental setups and the 
experimental results are illustrated. Finally, we 
conclude this paper in Section 5. 

 
 

2. The Proposed Algorithm for Bridge 
Scour Detection 
 
In this paper, the accelerometer sensor system is 

presented to real-time detect the bridge scour. The 
accelerometers are buried into the sand of riverbed in 
advance. During the season of typhoon, the heavy 
rain that comes with typhoon causes the river full of 
water. The sand of the riverbed is scoured and it 
causes the accelerometers exposed. The 
accelerometers are scoured and thus vibrated due to 
the river water flow. The accelerometer owns the 
characteristics of low-cost, high sensitivity,  
small form factor, and low power compared with 
those in other instruments. With the accelerometers, 
the vibration can be detected easily no matter the 
river water is clean or mixed with sand. Moreover,  
it is easy to setup in the field without the  
direction alignment. 

The main purpose of the under-water sensors is to 
monitor the scouring condition of the bridge pier and 
riverbed. Fig. 1 shows the concept of the scour 
detection with accelerometer sensors. The under-
water sensors are arranged equidistance and 
vertically fixed on the steel shelf. The under-water 
sensors are then buried deeply in the riverbed close to 
the bridge pier. 

 
 

 
 

Fig. 1. The operation of under-water sensor node to detect 
the bridge scour. 

 
 

In the normal condition, the sand of the riverbed 
can fully cover the under-water sensors, and the 
sensor nodes are in a steady state condition. When 
the water of the river becomes rapid due to the storm 
or heavy rain, it washes away part of the riverbed and 
the sensors originally buried in the sand become 
exposed and vibrated due to the scouring. The deeper 
the riverbed gets scoured, the more sensors are 
exposed. The vibration data of each sensor will be 
real-time sent to the data logger through the Ethernet 
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and the host program helps to identify the scouring 
degree. To keep track of the scouring condition of the 
riverbed in long terms, the host program provides 
reference information of the stability of the bridge 
pier, and achieves the purpose of disaster prevention. 

Table 1 illustrates our proposed algorithm to 
detect the bridge scour with accelerometers. The 
algorithm consists of scour detection loop for each 
sensor node. Each sensor node executes the scour 
detection loop. The host program acquires the  
N-point accelerometer values first in the detection 
loop. These N-point values are averaged and then 
subtracted by the initial accelerometer value to obtain 
the absolute difference value. If the absolute 
difference value between current accelerometer and 
initial accelerometer exceeds the threshold value, the 
sensor node is labeled as the status of scoured. 
Otherwise, the sensor node is labeled as the status of 
non-scoured. If the position of the scoured sensor 
node exceeds the position of alarm threshold, the 
alarm is triggered. Note that the threshold value and 
the alarm threshold position are obtained from the 
experiment in the laboratory. Fig. 2 illustrates the 
flow chart of the proposed algorithm for bridge scour 
detection loop.  

 
 

Table 1. The algorithm for bridge scour detection loop. 
 

Scour Detection Loop 

1 LOOP 
2 FOR t=0 TO (N-1) 
3 Node(Ax, Ay, Az) = GetAccInfo(); 
4 (μx, μy, μz) = GetMean (Ax, Ay, Az); 
5 Δμx =∣μx-μx0∣; Δμy =∣μy-μy0∣; Δμz =∣μz-μz0∣; 
6 

IF( (Δμx >μThD) OR (Δμx >μThD)  
OR (Δμx >μThD)) 

7 Node_Scoured =ON; 
8 ELSE 
9 Node_Scoured =OFF; 
10 IF (i >= Alarm_ThD) THEN 
11 AlarmTrigger(); 
12 GOTO LOOP 

 
 

3. Development of Real-Time Bridge Pier 
Scour Monitoring System 

 
3.1. Architecture of Our Sensor System 
 

The presented sensor network shown in Fig. 3 
consists of a gateway node and under-water sensor 
nodes with the wired RS-485 communication 
protocol. The architecture of our bridge scour 
monitoring system is based on master-slave 
configuration. A master sends commands to slave for 
controlling sensor nodes and accessing sensor data. 
The data logger sends the command to the gateway 
through Power over Ethernet (POE) switch. When 
the gateway receives the command, the gateway 
converts the Ethernet command to RS485 command.  

 
 

Fig. 2. The flow charts for the detection of the bridge scour 
with accelerometers. 

 
 

 
 

Fig. 3. The architecture of real-time bridge scouring 
monitoring system. 

 
 

After converting the command, the gateway 
broadcasts it to all the sensor nodes. To avoid the 
data collision on the RS485 bus, only the specific 
sensor node with corresponding sensor ID can  
return the sensor data to the data logger. The POE 
switch is connected with 48V battery (3 packs in  
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series for 48 V with individual 16 V lithium iron  
phosphate battery). 

 
 

3.2. The Gateway and Sensor Node 
 
Fig. 4 shows the pictures of PCBs for the gateway 

node and sensor node. The gateway node is 
comprised of two stacked PCBs – a power module 
and a core module. The top board is the power 
module, which operates as a DC-DC converter for 
generating 1.2~5 V outputs from the 48 V input. An 
Ethernet PHY (TI, DP83640) is used to send/receive 
Ethernet data from POE switch, and send/receive the 
signals and power to sensor nodes through RS485 
interface (ADI, ADM2682E). The core module is 
composed of a Cortex-R4 Microcontroller Unit 
(MCU, TI, RM48L952) and a Field Programmable 
Gate Array (FPGA, Xlilinx, Spartan-6). Ethernet 
data and RS485 data are processed by the Cortex-R4 
MCU and the FPGA, respectively. The FPGA 
mainly is used to translate the sensor data from serial 
format to parallel format. Three signals (Int, Rdy, 
En) are used to control the operations between the 
FPGA and the Cortex-R4 MCU. The FPGA receives 
the sensor data in 8-bit as a unit. After the FPGA 
collects 8-bit data, the FPGA deposits to register, 
then sends Int signal to the Cortex-R4 MCU, and 
notifies the Cortex-R4 MCU to receive sensor data. 
After the Cortex-R4 MCU receives 8-bit data, the 
Cortex-R4 MCU sets the Rdy signal and sends it to 
the FPGA. The FPGA En Signal is set to  
“0” to indicate that the sensor data has been 
transferred completely. 

 
 

 
 

Fig. 4. The pictures of printed circuit boards of gateway 
(left) and sensor node (right). 

 
 

The configuration of sensor node is similar to that 
in the gateway node (see Fig. 4). The Cortex-R4 
MCU is used to access sensor data through Serial 
Peripheral Interface (SPI) interface and the FPGA is 
used to process RS485 data. The block diagram of 
the FPGA in sensor node is shown in Fig. 5.  

The FPGA parses the received commands, 
executes part of commands, and responses to the data 

logger. The Cortex-R4 MCU takes charge of 
collecting sensor data. Fig. 6 describes the processing 
sequence of the FPGA and the Cortex-R4 MCU. In 
Fig. 6, the steps with blue color are tasks of the 
FPGA, those steps with purple color are memory 
related tasks, and those steps with red color are the 
tasks of the Cortex-R4 MCU. In the case that the data 
logger requests sensor data, the FPGA will receive a 
Read command. After the FPGA parses and decodes 
the command, the FPGA puts this command in 
memory and notifies the Cortex-R4 MCU with an 
interrupt. The Cortex-R4 MCU reads command from 
memory via I2C interface, and then collects sensor 
data and stores them in memory. After the data 
collection is done, the Cortex-R4 MCU notifies the 
FPGA by a General-Purpose Input/Output (GPIO) 
signal. Then, the FPGA reads data from memory and 
generates response to the data logger.  

 
 

 
 

Fig. 5. Block diagram of FPGA in sensor node. 
 
 

 
 

Fig. 6. Processing sequence of FPGA and MCU. 
 
 

The accelerometer (ADI, ADXL345) which is 
integrated in the core module of the sensor node is 
used in this study. Fig. 7 shows the top-view and 
bottom-view pictures of the accelerometer module. 
The accelerometer value is read by Cortex-R4 MCU 
via the SPI interface. The sensor data is then sent 
back to data logger for the further analysis.  



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 15-21 

 19

  
 

Fig. 7. Top and bottom-view pictures  
of the accelerometer module. 

 
 

4. The Experimental Setup and Results 
 
The accelerometer module is fixed on thin metal 

strip with thickness of 0.3 mm, as shown in Fig. 8. 
The accelerometer module is filled with silicon to be 
water-proof. Fig. 9 shows the picture of setup of real-
time bridge scouring monitoring system. The 
accelerometer sensor module is installed alone the 
pier model. The 48 V battery, control circuits of 
gateway and sensors nodes and cables are setup near 
the laboratory flume.  

 
 

 
 

Fig. 8. The drawing house for accelerometer module. 
 
 

 
 

Fig. 9. The photos of setup for the real-time bridge pier 
scouring monitoring system. 

 
 

The monitoring bridge scour erosion detection is 
carried out in a recirculating laboratory flume  
(length = 36 m, width = 1 m, depth = 1.1 m) at 
Hydrotech Research Institute of National Taiwan 
University, Taiwan [11]. The layout of the flume and 
experimental setup are shown in Fig. 10. A false test 
bed has a sediment recess (length = 2.8 m,  
width = 1 m, depth = 0.3 m) which is filled by nearly 
uniform sediment. A 15-cm-diameter hollow 
cylindrical pier made of Plexiglas is located at the 
middle of the recess. An inlet valve and a tailgate are 
used to regulate depths of flow and flow speed. 

 
 

Fig. 10. Partial layout of recirculating laboratory flume. 
 
 

Fig. 11 shows the experimental results. The left 
figure shows the time-domain vibration raw data 
while the right figure shows the absolute difference 
vibration data. 

First, we discuss the time-domain vibration data 
obtained in the scouring experiment. At first, the 
sensors of G4, G5, G6, G7, G8, G9 and G10 are 
buried in the sand. At the time of Ti, the Gk sensor 
starts to be scoured by water and exposed from the 
sand; Ti refers to the times {T1, T2, T3, T4, T5} and 
Gk refers to the sensor nodes {G4, G5, G6, G7, G8}, 
respectively. The accelerometer data of G7 and G8 
starts to change little from T4 and T5 respectively. 
We find the G7 and G8 are scoured and exposed 
from the sand; however it’s not easy to obtain the 
correct scouring information from the vibration raw 
data in the time domain. For the sensor of G9 and 
G10, they are buried in the sand in this experiment, 
so that we cannot observe the change of the vibration 
data for these two accelerometers. 

The right figure of Fig. 11 shows the absolute 
difference vibration data. We utilize our proposed 
algorithm in Table 1 to detect the bridge scour. The 
threshold value of absolute difference of vibration 
data is set to 0.01 according to the experiment results. 
At the time of Ti, the Gk sensor starts to be scoured 
by the water and starts to be exposed from the sand. 
The value of absolute difference vibration data for 
Gk sensor node starts to be larger than the threshold 
value from Ti. Ti refers to the times {T1, T2, T3, T4, 
T5} and Gk refers to the sensor nodes {G4, G5, G6, 
G7, G8}, respectively. By using the proposed 
algorithm shown at Table 1 and the proposed flow 
chart shown in Fig. 2, the bridge scour detection can 
be easily realized. This sensor system with the 
proposed algorithm is currently setup in the Da-Chia-
River Highway Bridge to detect the bridge scour. 

Table 2 shows the experimental results of the 
under-water sensor system in Da-Chia-River 
Highway Bridge in Taiwan. The initial value data is 
measured on March 18, 2014 while the vibration data 
during the flood is measured on May 15, 2014. 
According to the algorithm in Table 1, the absolute 
difference vibration data of X, Y and Z axis can be 
obtained. From the experiment results in the 
laboratory, the threshold value is set to 0.01 to decide 
whether the bridge is scoured or not. From the  
Table 2, we found the top 4 under-water nodes  
are scoured.  
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Fig. 11. The experimental results of time-domain vibration raw data and absolute difference vibration data. 

 
 

Table 2. The experimental results of under-water nodes in the field. 
 

Node 
Number 

2014/03/18(Initial Value) 
Accelerometer Vibration Data 

2014/05/15(During the Flood) 
The Accelerometer Vibration Data

Absolute Difference Vibration 
Value 

X Axis Y Axis Z Axis X Axis Y Axis Z Axis X Axis Y Axis Z Axis 

Node1 2.60E-01 -7.31E-03 9.99E-01 2.86E-01 -3.99E-04 9.86E-01 2.60E-02 6.91E-03 1.31E-02

Node2 3.02E-01 5.68E-02 1.01E+00 3.48E-01 6.20E-02 9.88E-01 4.54E-02 5.15E-03 2.53E-02

Node3 2.09E-01 2.11E-02 9.97E-01 2.35E-01 3.32E-02 9.89E-01 2.58E-02 1.20E-02 7.93E-03

Node4 1.06E-01 5.47E-02 1.01E+00 1.12E-01 6.07E-02 1.00E+00 5.66E-03 5.92E-03 1.08E-02

Node5 2.04E-01 -4.92E-03 9.83E-01 1.99E-01 3.30E-03 9.80E-01 4.76E-03 8.22E-03 3.19E-03

Node6 4.83E-01 4.96E-02 8.87E-01 4.90E-01 5.06E-02 8.81E-01 6.86E-03 9.90E-04 6.01E-03

Node7 3.67E-01 8.59E-02 9.63E-01 3.72E-01 8.56E-02 9.60E-01 4.55E-03 3.45E-04 2.15E-03
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Fig. 12 shows the picture of the under-water 

nodes in the field, we found the top 4 under-water 
nodes are exposed. The results between the 
laboratory and the field are consistent. 

 
 

 
 

Fig. 12. The results of bridge scour in the field. 
 
 

5. Conclusions 
 

Bridges are the important pivots of traffic, and the 
damage of bridges can cause the severe cost of 
human life and property. The heavy rain that comes 
with typhoon occurs in July and August in Taiwan 
often causes the bridge scour and makes the damage 
or collapse for bridges. Since scour is one of the 
major causes for bridge failure, how to monitor the 
bridge scour becomes an important task in Taiwan. 
This paper presents a real-time bridge scour 
monitoring system based on accelerometer sensors. 
The proposed sensor network consists of a gateway 
node and under-water sensor nodes with the wired 
RS-485 communication protocol. With the proposed 
scour detection algorithm, the system can detect the 
bridge scour effectively in real time. The proposed 
master-slave architecture of bridge pier scour 
monitoring system has scalability and flexibility for 
mass deployment. The experimental results in the 

field show the presented sensor system can detect the 
bridge scour effectively with our proposed scour 
detection algorithm in real time. 
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1. Introduction 
 

This is an extended version of the paper called 
’Using Energy Budgets to Reach Lifetime Goals 
while Compensating Dynamic Effects’ [1] which was 
presented at SENSORCOMM’2015. 

Wireless sensor networks are being used in a wide 
range of applications, with environmental monitoring 
and/or hazard detection among the most prominent 
ones. In many of these monitoring applications, the 
sensor networks should run for a certain time without 
direct human interaction. This requirement may result 
from the network being placed in a hardly reachable 
area, in a dangerous area (e.g., in a steelworks) or 
because human interference should be kept to an 
absolute minimum (e.g., when monitoring nesting 
animals). For these applications, the sensor networks 
are usually deployed with a certain time-to-live in 

mind, until either the next maintenance is due and 
batteries can be changed, or until the whole 
monitoring period (e.g., the breeding season) is over. 

When application developers design networks 
with lifetime goals in mind, they carefully choose the 
appropriate sensing equipment, devise a 
communication pattern and select batteries that 
supply enough power. However, in some cases the 
usage of sufficient batteries is impossible, e.g., due to 
the form factor. If the sensor nodes need to fit in a 
certain area, the size of the batteries is limited. Even 
if there is no limiting form factor, there are a number 
of influences which can not be calculated easily. 
Sensor node hardware is subject to production 
variances, resulting in different power consumption 
characteristics even for components manufactured 
together. The same is true for batteries, only in 
reverse: The amount of energy they supply varies. 

www.sensorsportal.com/HTML/DIGEST/P_2754.htm
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Moreover, supply and consumption can both vary, 
depending on environmental conditions like 
temperature, the battery voltage level, or the dynamic 
voltage converter efficiency. Even more, batteries 
suffer from nonlinear effects like rate-capacity and 
the recovery effect [2]. 

Sensor network applications that fail to take 
variances and run-time-effects into account may 
experience early node failures due to depleted 
energy. To prevent this, the required energy is often 
overestimated on purpose. The amount of energy for 
reaching the lifetime goal is calculated and a safety 
margin (e.g., 20 %) is added afterwards. Please note 
that these 20 % are calculated using the nodes with 
the highest assumed consumption. When, for 
example, the communication represents the main 
energy drain, the nodes closest to the sink would be 
used as basis, as they need to forward messages more 
often than outer nodes. Even though this results in 
wasted energy, it is often thought of as being 
necessary. However, the quality of service supplied 
by the application can be improved at least on some 
nodes, if it is possible to use all available energy. In 
the example, some outer nodes could sample/sense 
more often to increase the quality of the data, e.g., by 
calculating averages or max values, without 
increasing the network load. 

In order to avoid energy being wasted, dynamic 
energy management is necessary, with a manager that 
can use various handles to influence the energy 
consumption on each node individually, based on the 
available energy. The application duty cycle can be 
changed or the MAC/routing timings adapted. 
Sensors can be used with varying levels of detail or 
granularity. However, this requires the possibility of 
isolating tasks and devices. To enable the 
management to limit their consumption, we introduce 
fine grained energy budgets. These budgets are 
assigned to individual (sub-) tasks, provide a certain 
amount of energy, and enable the energy 
management to plan how to distribute the scarce 
resources. 

Even though the main goal is to reach a certain 
lifetime with the whole network, the methods 
presented in this paper are primarily concerned with 
the options available on each individual node. The 
reasons for this are twofold: 

1) Reaching the lifetime goal with the whole 
network requires each node to reach the lifetime goal. 

2) Network wide strategies require 
communication, which in itself induces more energy 
consumption. However, the presented approach does 
not obstruct a global strategy, e.g., adaption of routes 
to distribute the communication load. The presented 
approach can even compensate an increase or 
decrease in communication load, as it only represents 
another dynamic influence. 

Fig. 1 shows an example network with a grid 
topology containing 11 times 11 nodes. Each node 
has a variable sensing interval and may need to 
forward messages from neighboring nodes. The 
routing topology is a tree, resulting in a higher 

communication load on nodes closer to the sink. 
Therefore, these nodes need to adjust their sensing 
interval in order to conserve energy and reach the 
lifetime goal. In the example, outer nodes sample 
every 1.71 seconds while the inner nodes sample less 
often, the longest interval is nearly twice as long 
(3.36 seconds). 

 
 

 
 

Fig. 1. Difference of Sensing Interval due to balancing the 
load with a non-uniform network load. Sensing interval 

ranges from 1.71 s (white) to 3.36 s (black). 
 
 
The rest of this paper is structured as follows: In 

Section 2 related work is presented. The used battery 
observation is described in Section 3. In Section 4 the 
energy accounting approach summarized. Section 5 
focuses on the energy budgets principles and our 
approaches to react on changing energy demands and 
extreme situations. In Section 6 early evaluation 
results are shown. Finally, a conclusion is given in 
Section 7. 

 
 

2. Related Work 
 
Energy management on sensor nodes traditionally 

faces three questions: 
1) How much energy is available within the 

energy source (usually translating to the state-of-
charge of the battery) ? 

2) How much energy is consumed by the 
(different parts of the) application ? 

3) How much of the available energy can be 
spent and how is it partitioned between consuming 
parts to aid the application goal ? 

There are three kinds of approaches to answer the 
first question. Hardware based approaches like fuel 
gauges, e.g., [3] or smart battery monitors like [4] 
supply accurate information about the remaining 
energy in batteries but in turn increase the system 
complexity and energy consumption. Model based 
approaches, e.g., [5, 6], use chemical or analytic 
models to predict the behavior of the energy source. 
They are very accurate but suffer from high 
complexity and computation costs, which renders 

S
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them unusable for deeply embedded systems. They 
also often rely on complex parameters which have to 
be retrieved via experiments and thus depend on a 
certain type of battery. Measurement based 
approaches use easily observable parameters, often 
the voltage, to estimate the state of charge. They can 
be based on tables generated in advance [7] or 
observe the relative voltage decline [8]. 

Tracking the consumed energy and thus 
answering the second question is possible both in 
hard- and software. Hardware approaches cover 
Coulomb counters and smart battery systems [4], 
Sensor Node Management Devices [9] and 
specifically designed measurement devices [10, 11]. 
All hardware approaches introduce an overhead in 
device costs and energy consumption. Software 
approaches rely on the observation of certain events 
to account for the consumption. To be able to observe 
these events, the code has to be modified with hooks 
to call the accounting functions. The events can either 
be based on functional application blocks [12, 13] or 
on device driver actions [14, 15]. The latter are based 
on taking time stamps when devices change their 
state to obtain the duration of each state and calculate 
the consumed energy. While the hardware based 
approaches deliver precise results, we favor a 
software based approach using time stamps [16], as it 
is capable of delivering not only the global (node 
wide) consumption but can also distinguish between 
individual system elements, including software 
components. 

There are various approaches for managing the 
energy consumption and answering the third 
question. Table 1 shows an overview over existing 
approaches and a simple categorization based on the 
platform they run on, the scope of the approach and 
the controlled entity/granularity. The management 
can be done either with a direct influence on system 
and application parameters (upper half) or indirect, 
using a limited resource distributed among 
application parts (lower half). 

Providing the application with energy awareness 
by using an indirect approach enables the use of 
different adaption strategies. Instead of providing a 
handle to the management, the application itself can 
manage its consumption. Apart from using individual 
service levels and controlling timers, more complex 
schemes, like limiting the number of forwarded 
messages, are possible. This makes indirect 
approaches more flexible. Based on the concept of 
resource containers (RC) [28], energy capsules [29] 
and energy containers [30] provide information about 
the energy usage of (sub-) tasks, but do not take 
advantage for energy management from them. The 
indirect approaches of Cinder [22] and ECOSystem 
[23] utilize this concept to store information about 
energy availability. 

Apart from the approaches that are based on 
setting the service level, EPOS [18], Nemesis [26] 
and SORA [27] also suffer from insufficient isolation 
between application parts, resulting in a potentially 
uncontrolled impact of a changed demand, up to 

starvation. Only Virtual Battery [25] and Pixi OS 
[24] resolve short-term energy shortages by allowing 
debts. Most approaches lack the flexibility to resolve 
long-term changes of the energy demand of 
individual application parts. Cinder, EMA [20] and 
Pixi OS have a high computational overhead as they 
work continuously instead of periodically. 
Approaches that do not only consider local 
information but include neighborhood (IDEA [21]) 
and global information (SORA [27]) suffer from 
increased energy consumption due to the 
communication overhead. Additionally, the 
preparation effort depends on the used energy 
accounting and the parameters needed by the 
management. IDEA, SORA and Energy Levels have 
a relatively high demand. 

 
 

Table 1. Overview of energy management approaches. 
Direct approaches in upper half, indirect in lower half. 

 
 Platform Scope 

Controlled 
entity 

Odyssey [17] PC local Service Level 

EPOS [18] WSN local Task 

Energy 
Levels [7] 

WSN local Service Level 

Eon [19] WSN local 
Timer/Service 

Level 

EMA [20] WSN local Timer 

IDEA [21] WSN neighbors Service Level 

Cinder [22] cellphone local 
Energy 

distribution 

ECOSystem 
[23] 

PC local 
Energy 

distribution 

Pixi OS [24] WSN local 
Energy 

distribution 

Virtual 
Battery [25] 

WSN local 
Energy 

distribution 

Nemesis OS 
[26] 

PC local Price 

SORA [27] WSN global price 

 
 
All existing approaches have different benefits 

and drawbacks. Especially the reaction to changes in 
the energy demand of single application (-parts) is 
often inadequately addressed. However, the 
management must be capable of dynamically 
adjusting single application (-parts). Fine-grained 
management makes isolation between single 
applications or application parts necessary to prevent 
starvation. Indirect management enables energy-
aware applications, but needs to provide mechanisms 
of direct management to aid the applications through 
functions for calculating duty cycles and service 
levels. Using a periodic approach reduces overhead 
and the necessary planning horizon of the 
applications. 
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3. Feedback-based Consumption Steering 
 

Due to the limited resources and energy 
constraints in wireless sensor networks, we favor the 
approach presented in [8], which uses only the 
voltage which can be easily obtained using the 
commonly available on-chip analog-to-digital 
converter. Instead of computing the state of charge of 
the battery, the approach gives feedback, if the 
application must reduce its consumption or can 
increase it. The approach consists of two parts, the 
Battery Voltage Observer (BVO) and the Abstract 
Battery Model (ABM). The BVO periodically 
estimates the decrease of the voltage using simple 
linearization and compares it with the measured 
voltage and dynamic boundaries (see Fig. 2). These 
boundaries are calculated as a percentage of the 
current voltage and cut-off voltage. If a boundary is 
violated, the feedback signal is generated based on 
the intensity of the violation. 

 
 

 
 
Fig. 2. System behavior with boundary violation resulting 
in recalculation of the estimated voltage and feedback to 

adapt the power consumption. 
 
 

Since this raw feedback may be unsuited to the 
actual voltage characteristic of the battery, the ABM 
modifies the feedback using simple rules, e.g. omit 
negative feedback in the first periods or increase it 
near the lifetime goal. 

 
 

4. Adaptive Energy Accounting 
 

For the accounting of the consumed energy, we 
use the approach presented in [16]. While this 
approach is similar to other software based 
accounting approaches, e.g. [14, 15, 29], it also takes 
variances in the consumption induced by voltage 
changes and converters into account. 

Quanto’s energy sinks and power states [31] are 
adapted. A sink is a potentially independent unit that 
consumes energy, e.g. the radio transmit mode, a 
power state defines how much energy is consumed 
by a sink. This view makes it possible to modify the 
consumption of a sink dynamically at runtime by 
changing its power state and, thus, to react on 
variances. 

When a sensor node is supplied directly from 
battery it exposes its components to the battery 
voltage curve. The approach monitors the voltage 
changes and informs all device drivers, so that they 
may adapt their power states to the new voltage. 
When a node is connected using a voltage regulator, 
the accounted amount must be altered according to 
the regulators efficiency, which depends on the load 
and the voltage. An efficiency factor is dynamically 
recomputed and is included into all accounting 
calculations. 

 
 

5. Management Using Energy Budgets 
 

Using information about the energy consumption 
of the system, it is possible to enforce limits to meet 
desired discharge rates. Applications should react to 
reach lifetime goals, therefore they must be provided 
with information about the available energy. With 
different application parts and goals competing for 
the energy, a mechanism which separates them and 
provides a local view of the remaining energy for a 
single part is necessary. However, the allocated 
energy also needs to be associated with a time 
window. This information can be provided using 
energy budgets, which are also based on the concept 
of resource containers [28], but are only used to limit 
a single resource, namely energy, here. 

An energy budget is an abstract reservoir for 
energy. It represents the right to a certain amount of 
energy. The system energy (or parts of it) is/are 
divided between the budgets. An abstract budget B is 
defined by its currently stored amount b and the 
validity interval [tstart,tend] of b. The demand of a 
budget is defined by the minimal energy min needed 
and the maximal energy max consumable by its 
associated consumers during [tstart,tend]. They give the 
system a hint on reasonable values for filling Budget 
B at tstart (1). 

 

 B = (b,[tstart,tend],min,max) (1) 
 

As most activities within a sensor node live rather 
long, the validity interval is more or less a constant 
refresh interval at whose begin the budget is refilled. 
This also divides the system consumption and 
reduces the prediction horizon for the application. 
The essential requirement for a reliable operation of 
the application is that the minimal demand for all 
budgets is satisfied in every interval. In scenarios 
using harvesting, this requirement may not be 
fulfilled due to the unsteady energy income. In times 
with no income, nodes must be able to perform only 
essential tasks and wait for more income. The 
remaining energy can be distributed among the 
budgets in various ways (discussed later). If no 
energy harvesting is available, the network’s 
maintainer must be informed immediately if this 
minimal demand can not be satisfied, as the 
functionality of the node or even the whole network 
can no longer be guaranteed. 
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Obtaining reasonable values for min and max can 
be hard, as it involves the determination of 
boundaries of the energy consumption of individual 
application parts. Apart from careful calculation, 
these values could be obtained by simulation or 
simply by experiments. This process could also be 
automated to a certain degree by including a learning 
phase. However, if the demand fluctuates or is based 
on spontaneous events, min and max may represent 
the demand inadequately. Thus, the management 
must be able to adjust the distributed amount of 
energy and other forms of cooperation, e.g., lending 
energy, can be utilized by the budgets (see below). 

Using multiple budgets in parallel is not a 
problem, as long as different devices are used. Shared 
resources like the CPU need to be accounted by using 
requests. Fairness, as called for in [30], can be 
achieved by logging the input, e.g., in the form of 
transmitted bytes, and then diving the total consumed 
energy by the total number of bytes transmitted. 
Then, each task can be charged with this value times 
the number of bytes it transmitted. If all requests 
always result in the same consumption, this approach 
can be simplified to counting the number of requests. 
It can also be applied to buffered operations, like 
writing onto an SD-card. Then, the energy would be 
subtracted from the budget before the actual 
operation takes place. 

Energy budgets can be mapped to different 
entities. In some cases, they might be associated with 
a device or a certain device mode. This also enables 
task- or activity granularity. On a larger scale, they 
can also be applied to whole execution paths of a 
program, e.g., a message that is created, a routing 
decision made, the MAC involved and the radio 
hardware activated. 

The basic concept of energy budgets and their 
behavior can be extended and policies implemented 
in numerous ways. Apart from the way the energy is 
distributed among the budgets, there are different 
ways to approach special situations when the energy 
is insufficient or not consumed. Which policy or 
combination should be used depends mainly on the 
requirements of the application. Our initial evaluation 
shows that with different policies, the behavior of the 
system varies widely in different situations. 

 
 

5.1. Energy Allowance 
 

The main goal of energy distribution is to reach 
the lifetime goal while distributing the energy in a 
fair way. In this case, fair means that for all budgets 
at least their minimum requirement is allocated and 
no budget is favored unintentionally. There may be 
user defined utilities (Ui) as well as boundary 
conditions (mini and maxi) which have to be taken 
into account and can lead to an uneven distribution of 
energy. The energy distribution into budgets boils 
down to a resource allocation problem, where 
resources are allocated based on utilities (2). 

 

 maxΣUi(Ei) (2) 
 
subject to: 
 

mini ≤ Ei ≤ maxi 
 

ΣEi ≤ E 
 

The utility function Ui represents the amount of 
useful work that can be gained by adding more 
energy to the budget. 

This allocation problem can be solved with brute 
force or with linear optimization, but these 
approaches are hard to realize on resource 
constrained sensor nodes. Additionally, the formal 
problem description can lead to a solution where 
budgets with the highest utility get all the energy. 
Even though this is a valid solution, it is an unwanted 
one. An additional constraint is necessary which 
takes the utility as weight for a fair mix of all 
budgets. This is possible with a linear utility function. 
By distributing the minimum demand first, the 
problem can be eased. The additional energy 
available can then be scattered, e.g., in percent of the 
max requirement of each task (3): 
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This heuristic can lead to situations where the 

share of a budget is higher than its maxi. Then, the 
amount exceeding the maximum remains in the 
global energy pool and equation (3) is applied again. 

Since the available energy as well as the demand 
and utility of application parts can change, the 
allowance must be done frequently. The allowance 
frequency again depends on the application demand 
and scenario. With increased consumption, the 
frequency should be also increased, to be able to 
react to changes in the available and requested energy 
in a timely manner. 

 
 

5.2. Extreme Situations and Policies 
 

In some cases, the calculation of the remaining 
energy might reveal that there is not enough energy 
left to fulfill the requirements of all tasks until the 
end of the lifetime goal. Then, the choice remains to 
either divide the energy strictly and not fulfill the 
requirements in some intervals, or to continue as 
before, accepting a possible early node failure but 
informing the network maintainer. In other cases, a 
budget might have received more energy than it can 
consume. For the associated task, this is not a 
problem. However, the feedback to the accounting 
might lead to wrong decisions, as the observed state 
of charge (SoC) suddenly is higher than anticipated. 
Once the task starts consuming all allocated energy 
within its budget, the battery is drained faster than the 
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management expects. In a third case, a task might 
suddenly need more energy than in the previous 
intervals, e.g., for additional message 
retransmissions. If this amount is higher than the 
budget allocated by the management, the task might 
steal energy from a different task if its priority is 
higher. It could also borrow energy from the system 
or another task that does not need all of its budget in 
this interval, but would have to return the favor later. 
Additionally it is possible to use an adaption policy, 
where the system satisfies the additional demand of a 
tasks and afterwards matches the allowance of the 
associated budget to the demand. 

All policies have different (dis-)advantages. 
Stealing must be limited to prevent starvation of the 
victim and lending creates a debt which must be 
repaid. While adaption can solve both situations 
where the demand is different from the available 
energy within a budget, it must be strictly limited or 
only used for system related tasks where the demand 
is unpredictable in advance, e.g. low power modes, 
since it may lead to starvation of other budgets. 

 
 

5.3. The Duty of the Application 
 

All of the methods described above are used to 
distribute energy, and give the application incentives 
to chance its behavior if there is not enough or more 
than the required amount of energy available. The 
application itself needs to react to these incentives, 
for example by adapting its duty cycle. Devices that 
are not directly influenced must also be taken into 
account by the application (e.g., the radio). As 
described above, the easiest way to guarantee fairness 
is to calculate costs for shared resources based on the 
number of bytes or requests. 

The number of budgets used within the system 
depends mainly on the application. While it is 
possible to use only a single budget for a full sensor 
network application, including sensing and 
communication, the isolation of application parts 
eases the adaption decision, as only the relevant parts 
must be considered. 

As literature shows, there are two common ways 
to adapt to a changed energy availability. First, the 
application’s duty cycle can be changed within a 
tolerable range. Second, the application can adapt by 
using distinct service levels. While the first is 
appropriate for sensing tasks, the latter allows more 
complex changes to the behavior of the application. 
As the necessary information is provided by the 
budgets, both can be implemented easily. 

The duty cycle τ is computed based on the 
remaining time d before the budget is refilled, the 
consumption of the last execution c and the energy 
available bi (4). 
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The service level σ is calculated as ratio of how much 
the budget is filled compared to min and max (5). 
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6. Evaluation and Results 
 

In order to evaluate and compare the different 
approaches, we used simulations and experiments 
with real sensor nodes. The experiments were 
realized using the so-called FeuerWhere nodes [32]. 
These nodes feature a MSP430 micro controller and 
three transceivers, one operating at 868 MHz and two 
operating at 2.4 GHz. We used REFLEX [33], an 
operating system for deeply embedded systems, as 
basis for the integration of our energy budgets. As 
real experiments are better suited to prove that our 
approach works, we focus only on those in the 
following evaluations. 
 
 
6.1. Cost of Energy Allowance 
 

To evaluate the computational overhead of the 
allowance heuristic, the runtime of the algorithm with 
different options was measured. Fig. 3 shows the 
results. 

 
 

 
 
Fig. 3. Runtime of the distribution algorithm for MSP430 
running at 16 MHz. (A) Based on percentage of maximal 

requested energy. (B) Additionally distribution of minimal 
requested energy. (C) Distribution  

of consumed/requested energy. 
 
 
While using only the heuristic (equation 3) has 

the lowest runtime costs, it alone can not guarantee 
fulfilling the minimal demand (A). Distributing the 
minimal demand of each budget first (B) increases 
the runtime only slightly but fulfills the requirements. 
To increase the dynamic between the budgets, it is 
feasible to take the consumed and requested energy 
of the budgets into account (C). Distributed between 
the minimal demand and the heuristic, the runtime 
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increases considerably, as the additional step is a 
modified version of the heuristic itself. 

With increased number of budgets the runtime 
rises linearly. As the allocation of energy only 
happens every few hours in most scenarios, the 
overhead is negligible even when a lot of budgets are 
in use. 

 
 

6.2. Influence of Different Policies 
 

To evaluate the influence of the policies in 
situations where the energy demand changes, we 
used two scenarios. Two tasks were involved, one 
sampling and one transmitting messages. The 
experiments ran for three phases with 50 seconds per 
phase. The sending task wanted to transmit a message 
every ten seconds while the sampling interval was 
adjusted dynamically. 

1) Scenario 1: In the first scenario the amount of 
energy allocated to the sending task in each phase 
was only sufficient to send four of the five desired 
messages, forcing it to adapt according to the chosen 
policy: Isolation, adaption, lending, or stealing. 

Fig. 4 shows the results. The vertical lines 
represent the transmitted messages, the line that starts 
horizontally is the sampling interval. When using 
isolation as policy, there is no way the sending task 
can obtain enough energy. Therefore, every fifth 
message is not transmitted. There is no influence on 
the sampling task. 

 
 

 
Fig. 4. Influence of different policies when more energy  

is needed than allocated. 
 
 
When the adaption policy is used, the sending 

task receives the minimum energy it requires to fulfill 
its assignment, enabling it to transmit all five 
messages in each interval. However, the energy 
consumption is higher, the remaining energy lower, 
which results in an adjustment of the sampling 
interval for phases two and three. Sampling less 
frequent conserves the energy required for the 
sending task. 

The third part of the figure shows the policy 
lending, where the sending task borrows energy from 
the system. However, what is borrowed needs to be 
paid back, resulting in no transmissions at the end of 

the third phase. The sampling is not influenced in any 
way. For Lending to work properly, there has to be a 
later period in which less energy is drained from the 
budget than previously filled. Then, the debt can be 
paid back. 

Stealing, the fourth policy, takes the energy 
required for sending directly and at the time it is 
required from the sampling task, making huge 
changes in the sampling interval necessary near the 
end of each phase. 

The choice between policies is up to the 
application programmer, each variant has its 
advantages and disadvantages. Adaption makes sure 
that all parts of the sensor node continue to function, 
albeit some of them are under the influence of others. 
Lending ensures that only the part that requires too 
much energy may fail early, while all others continue 
to function as planned. This may enable a timely 
response from the network maintainer. Lending and 
stealing might also be combined. 

2) Scenario 2: In the second scenario the energy 
consumption of the sending task was lower, resulting 
in a too large budget. Fig. 5 shows the results for four 
different policies: unlimited savings, isolation, 
adaption and no savings. 

 
 

 
 

Fig. 5. Influences of the choice of policy if a task needs 
less energy than assumed. 

 
 
When a task may store an unlimited amount of 

energy, all the excess energy remains with that task 
and there is no influence on the other tasks (upper 
left). When the isolation policy is used, a budget that 
has not been completely spent needs less energy to be 
filled again. Therefore, the remaining system energy 
is higher and more energy can be distributed among 
all other tasks, in this case the sampling task (upper 
right). When using adaption, the budget for the 
sending task is reduced to the amount it used, making 
an even smaller amount of energy necessary to fill it 
in phase two, leading to more system energy and 
more energy available for the sampling task in phase 
two. However, once the adaption is complete, the 
energy available for the sampling task is reduced 
again in phase 3 and would remain the same in future 
phases (lower left). The policy of no savings removes 
all remaining energy from a budget at the end of a 
phase, also resulting in a higher system energy and 
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more energy available for the sampling task. As the 
too-high budget is filled at every phase, there is also 
some energy to ”reclaim” at the end of each phase 
(lower right). 

The comparison shows that allowing a task to 
store an unlimited amount of energy in its budget is a 
bad idea, as the stored energy is effectively lost, 
unless there comes a time when the task needs a 
tremendous amount of energy. The other three 
policies differ mainly in the point in time at which 
they reclaim the unused energy, but they all lead to 
an improvement for the sampling task. 
 
 

6.3. System Behavior 
 

To evaluate the management behavior, a 
comparison of our energy budgets and the Energy 
Levels approach was conducted. The application 
periodically sent messages to a sink and featured four 
service levels distinguished by the sensor duty cycle. 
The energy consumption of the different service 
levels varies between 100 µA and 270 µA, resulting 
in potential runtime between 32 and 11 months with 
conventional alkaline batteries. Periodically, one of 
the approaches is used to compute the service level 
for the following interval. To increase the 
comparability, both managers were based on the 
same energy accounting. Energy Levels uses a 

simplex algorithm to compute a feasible service level 
allocation based on the available energy, the 
consumption of each of the 4 used levels, and a utility 
ranging from one to four for each level (see [7] for 
the description of the optimization problem). As 
described in [7], the highest possible level is selected 
to provide the best QoS. The energy budget version 
(Budget based Level) used one budget and selected 
the service level based on the available energy within 
the budget (see equation 5). Additionally, a variant 
based on adaptive computation of the duty cycle 
based on equation 4 was tested using two budgets to 
isolate the sensing expenses from the communication. 

The top half of Fig. 6 shows the results achieved 
by each variant with a steady declining energy 
reserve. As Energy Levels selects the highest 
possible level, it starts with the highest level and later 
falls down to the second last one. In contrast, the 
energy budget variant starts with the second last 
level, but shortly increases to, and maintains the next 
higher level. While this approach is more 
conservative, it does not depend on future energy 
availability. This is also true for the adaptive duty 
cycle, which is based on the energy within the 
associated budget and its consumption. The 
computed sampling interval is steady around 1.66 s 
and thus slightly higher than level 3 (fixed 1.5 s 
interval). 

 
 

 
 

Fig. 6. Experimental comparison of management approaches. Energy Levels computes feasible level assignment based on 
available energy and level utility. Budget based Level assigns level based on available energy in budget. Budget based duty 
cycle is computed based on available energy and runtime cost. Lower half shows experiment where in interval 6 the 
available energy was reduced by 20 %. 
 
 

The lower half of Fig. 6 shows the impact of a 
varying energy availability on the three variants. In 
the middle of the experiment, the available energy is 
reduced by 20 % (e.g., due to reduced battery 
capacity). As the Energy Levels starts with the 
highest level, it must use the lowest level in the last 
third, because the optimistic approach used more 
energy at the beginning. The Budget based Level 
consumes the energy in accordance to the remaining 
runtime and currently available energy thus reduces 
the service level only by one, resulting in less drastic 
changes. The duty cycle of the third variant adapts 
after the changed energy availability to 2.55 s and 
thus is lower than level 2 (fixed 3 s interval). 

Both variants that are based on the energy budgets 
not only deliver a more homogeneous application 

quality, but the battery may also benefit from a 
reduced rate-capacity effect due to the overall lower 
load of the conservative approach. 

 
 

6.4. Interaction with the Battery 
 

The results of an experiment which included 
feedback from the battery are shown in Fig. 7. It 
shows how the energy is divided among three 
budgets associated with three application parts. 
Sensing covers all energy expenses involved with the 
data acquisition based on a dynamically calculated 
duty cycle. Communication includes a fixed 
communication interval every 2 minutes and SD 
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Telemetry writes system information onto an SD-
Card periodically. 

In the course of the experiment, the 
communication effort varies and influences the 
energy distributed to sensing and its possible duty 
cycle. Additionally, the battery contains more energy 

than expected, resulting in an increased availability. 
As Communication and SD telemetry need a nearly 
fixed amount, sensing and, thus, the application duty 
cycle profits. 

 

 
 

 
 

Fig. 7. Distributed energy to different application parts. Battery Manager increases available energy over time  
due to higher capacity than expected. 

 
 

6.5. Real-world Deployment 
 

From august 4th until august 20th 20 FeuerWhere 
sensor nodes where deployed in an artificial 
catchment zone, the so called chicken creek site [34], 
to collect environmental data. The chicken creek 
serves as a model for an initial state of an ecosystem 
and is located in the brown coal mining region of the 
Niederlausitz with a floor area of about 60,000 m2. 
Different variables must be collected at the test side, 
including rainfall, humidity and temperature. 
Deploying a sensor network reduces the human 
interference, which should be kept to an absolut 
minimum. As a catchment, the rainfall data is 
especially important in the chicken creek and since 
the amount of water that reaches the ground depends 
on the vegetation, the nodes are deployed in different 
vegetation zones: open ground, within reeds and 
within seabuckthorn (see Fig. 8). 

1) Setup: 20 FeuerWhere sensor nodes where 
deployed utilizing different sensors. The ADC for 
sampling the battery voltage, a SHT11 [35] for 
temperature and humidity measurement and a rainfall 
detector. The rainfall detector is based on a tipping 
bucket with 0.2 mm rainfall granularity and utilizes a 
reed switch to generate interrupts on the sensor node. 

All measured values where stored on an SD card 
to get full time resolution, which is especially 
important for the rainfall. Additionally, states of the 
energy management and routing where stored 
periodically on the card. 

The nodes communicated with a sink by 
transmitting a status message every 20 minutes. The 
MAC duty cycle was 2 seconds active every  
10 minutes and was synchronized between all nodes 
using timestamps provided in the ACK messages. 
Since most nodes could reach the sink directly, 

messages of some nodes had to be forwarded. The 
necessary routing utilized a simple distance based 
protocol with a flooding fallback. 

The nodes where powered by AA batteries. To 
reduce the experiment runtime, the batteries were 
only charged with 200 mAh. The nodes used a 
voltage regulator to support the SD card operation. 
The BVO is configured with a cut-off voltage of 2.0 
V and hints the budget management of changes in the 
energy availability. 

The budget management assumed an initial 
available energy of 180 mAh, which includes a safety 
margin of 10 %. The lifetime of 14 days was divided 
into 180 intervals of 2 hours each, at whose 
beginning the BVO compared its estimation with the 
measured voltage to give feedback if necessary. 
Afterwards, the management refilled the budgets. 

Five energy budgets where used. Communication, 
SD Telemetrie, Rainfall and System where adaptive 
budgets, since their energy consumption varies 
slightly but they are essential for the deployment. 
System included the energy needed for the low power 
modes of all node components. While these 4 budgets 
could be fused to a single adaptive budget, the 
isolation helps to identify the energy needs in the 
system. 

The Sensing budget was designed as a normal 
energy budget and receives the remainder of the 
energy. The associated task used the systems 
interface to adapt its duty cycle to the available 
energy and sampled the SHT11 for temperature and 
humidity. 

Three more nodes where used as reference nodes 
without the dynamic energy management and with a 
fixed duty cycle of 1.75 s. 

2) Deployment Results: Rain occurred during the 
deployment only in the last days and mostly only as 
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drizzle, except for august 17th. Fig. 9 shows the 
average measured rainfall in the three vegetational 
zones. While there are only slight differences 
between the open ground and the reeds, the nodes 
placed within the seabuckthorn measured appreciably 
less rainfall. The nodes in the reeds measured 1.8 % 
more rainfall than the nodes on open ground, while 
the nodes in the seabuckthorn measured 16 % less 
rain. 

The temperature profile during the deployment is 
shown in Fig. 10 on the left side. There are 
differences caused by the density of the vegetation 
and thus the presence of shadows. Nodes on open 
ground had a mean temperature of 26.13 °C. With 

24.85 °C, the mean temperature is lower in the reeds 
and the shadows caused by the seabuckthorn reduced 
the average temperature to 23.66 °C. Additionally, 
there is an impact on the maximal temperature, which 
is noticeable lower on nodes in the seabuckthorn. 

Fig. 10 (right side) shows the average humidity 
profiles during the deployment. Again, the density of 
the vegetation influences the parameter. The mean 
humidity is lowest on nodes on open ground  
(58.33 %). The nodes in the reeds measure with 
71.06 % a higher humidity. In the seabuckthorn the 
humidity is the highest with 77.17 %. 

 

 
 

 
 

Fig. 8. The three vegetational zones within the chicken creek catchment. 
 
 

 
 

Fig. 9. Measured rain as hourly average of all nodes within a vegetational zone. 
 
 

 
 

Fig. 10. Measured temperature and humidity as hourly average of all nodes within a vegetational zone. 
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This data shows the impact of the vegetation zone 
on environment parameters, especially the reduction 
of rainfall in dense vegetation. 

3) Management Results: All nodes, with and 
without the dynamic energy management, reached 
their lifetime goal. Fig. 11 shows the dynamic duty 
cycle of the sensing task. 
 
 

 
 

Fig. 11. Dynamically selected duty cycle of the sensing 
task based on available energy and consumption. 

Continuous black line marks fixed duty cycle  
of reference nodes 

 
 

During the experiment, most nodes where able to 
decrease their sample interval and thus increase the 
data quality, resulting in an average duty cycle of 
1.61 s over all nodes. The “best” node had an average 
duty cycle of 1.16 s and the “worst” of 2.18 s. The 
latter suffered from fluctuations of the battery voltage 
(compare Fig. 13) and increased its sampling interval 
in the first third of the runtime. 

Fig. 12 shows the average consumption estimated 
by the accounting broken down to individual system 
parts and device modes. Except for the low power 
sleep mode and the radio modes, the consumption 
depends on the sensing duty cycle. The highest 
consumer is the SD card. Since the writing costs 
depend on the brand and age of each single card, the 
SD card has a great influence on the duty cycle of a 
node. The costs for writing a byte where determined 
by counting the overall written bytes and energy 
consumption of the device and varied between  
9.8 and 16 mAms. 

Fig. 13 shows that the battery voltage of most 
nodes was far away from the cut off voltage of 2.0 V. 
This indicates a higher than expected energy 
available within the batteries, although most nodes 
consumed more than the charge of 200 mAh. The 
batteries where fully discharged and rested 
afterwards within the charger before they where 
charged with the 200 mAh. As we investigated, we 
found that the charger applied a small charge to the 
batteries, which charged the batteries with around  
40 mAh with the resting period. Additionally, it is 
possible that the accounting model was not accurate 
enough and variances between the nodes may have 
occurred. 

 
 

Fig. 12. Average accounted energy consumption  
of each sensor node. 

 
 

 
 

Fig. 13. Battery voltage of the nodes. 
 
 

The results of this deployment show that the 
proposed dynamic energy management based on 
budgets is capable of controlling the energy 
consumption of a sensor node based on information 
of the energy availability and consumption to reach 
predefined lifetime goals, while potentially 
increasing the data quality. 

 
 

7. Conclusion 
 

In this paper, we have presented our approach of 
using fine grained energy budgets to reach lifetime 
goals in wireless sensor networks. Energy budgets 
present a framework for dealing with varying 
demands in sensor networks. We evaluated the 
approach using FeuerWhere sensor nodes and 
presented promising first results for different kinds of 
policies. Additionally, we compared our approach 
with an existing approach and showed how the 
battery feedback influences the energy management. 
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In a real world scenario, the approach was capable of 
increasing the data quality by making otherwise 
unused energy available. 

In the future, we plan to continue the evaluation 
of our approach by using different policies in 
different real deployment scenarios. 
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Abstract: A directional sensor network is composed of many directional sensor nodes. Unlike conventional 
omni-directional sensors that always have an omni-angle of sensing range; directional sensors may have a 
limited angle of sensing range due to technical constraints or cost considerations. Area coverage is still an 
essential issue in a directional sensor network. In this paper, we study the area coverage problem in directional 
sensor networks with mobile sensors, which can move to the correct places to get high coverage. We present 
distributed self-deployment schemes of mobile sensors. After sensors are randomly deployed, each sensor 
calculates its next new location to move in order to obtain a better coverage than previous one. The locations of 
sensors are adjusted round by round so that the coverage is gradually improved. Based on the virtual force of the 
directional sensors, we design a scheme, namely Virtual force scheme. Simulation results show the effectiveness 
of our scheme in term of the coverage improvement. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Directional sensors, Mobile sensors, Area coverage. 
 
 
 
1. Introduction 

 
In recent years, wireless sensor networks have 

received a lot of attention due to their wide 
applications in military and civilian operations, such 
as fire detection [1], vehicle traffic monitoring [2], 
ocean monitoring [3], and battlefield surveillance [4]. 
In wireless sensor networks, target coverage is a 
fundamental problem and has been studied by many 
researchers. Most of the past work is always based on 
the assumption of omni-directional sensors that has 
an omni-angle of sensing range. However, there are 
many kinds of directional sensors, such as video 
sensors [5], ultrasonic sensors [6] and infrared 
sensors [7]. The omni-directional sensor node has a 
circular disk of sensing range. The directional sensor 
node has smaller sensing area (sector-like area) and 

sensing angle than the omni-directional one. 
Compared to isotropic sensors, the coverage region 
of a directional sensor is determined by its location 
and orientation. This can be illustrated by the 
example shown in Fig. 1. 

Area coverage is a fundamental problem in 
wireless sensor networks. Therefore, sensor nodes 
must be deployed appropriately to reach an adequate 
coverage level for the successful completion of the 
issued sensing tasks [8-9]. However, in many 
potential working environments, such as remote 
harsh fields, disaster areas, and toxic urban regions, 
sensor deployment cannot be performed manually. 
Deploying sensors by aircraft may result in the 
situation that the actual landing positions cannot be 
controlled. Consequently, the coverage may be 
inferior to the application requirements no matter 

www.sensorsportal.com/HTML/DIGEST/P_2755.htm
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how many sensors are dropped. In such a situation, it 
may need to make the mobile sensors to move to the 
correct positions for the required coverage. 

 
 

 
 

Fig. 1. An example of directional sensors deployed  
to cover target region. 

 
 

Most previous research efforts on deploying 
mobile sensors are based on the omni-directional 
sensor networks. For example, Howard, et al. [10] 
present a distributed, potential-field-based approach 
to solve the coverage problem. In their approach, 
sensor nodes are treated as virtual particles that are 
subject to force, these forces repel the neighboring 
sensor nodes from each other and from obstacles. 
Finally, sensor nodes will spread from dense to 
sparse area. The concept of potential-field was first 
proposed in the research of mobile robotic route plan 
and obstacle avoidance by Khatib [11]. In [12], 
Wang, et al. present a set of Voronoi diagram-based 
schemes to maximize sensing coverage. After 
discovering a coverage hole locally, the schemes 
calculate new position for each sensor to move at 
next round. They use the Voronoi diagram to 
discover the coverage holes and design three 
movement-assisted sensor deployment schemes: 
VECtor-based (VEC), VORonoi-based (VOR), and 
Minimax. The VEC approach is motivated by the 
attributes of electromagnetic and the main idea is to 
push sensors away from a densely area by the virtual 
force. The main idea of VOR is to pull sensors to the 
sparsely covered area. Sensors will move toward its 
farthest Voronoi vertex and stop when the farthest 
vertex can be covered. The main idea if Minimax is 
to fix holes by moving closer to the farthest Voronoi 
vertex, but it does not move as far as VOR. In [13], 
Lee, et al. designs two movement-assisted schemes: 
Centroid-based and Dual-Centroid-based. The 
Centroid algorithm is moving sensors to their local 
center point of the local Voronoi polygon. Similar to 
the Centroid algorithm, the Dual-Centroid algorithm 
is not only moving sensors to their local center point 
of the local Voronoi point, but also moving to the 
centroid of the polygon formed by Voronoi neighbor 
nodes. Based on the Voronoi diagram and centroid 
(geometric center), the proposed schemes can be used 
to improve the sensing coverage. In [14], Liang, et al. 

propose a virtual force based moving scheme that can 
improve the coverage rate after random deployment. 

In this paper, we extend the results in [14] of 
studying the problem of coverage by directional 
mobile sensor under the random deployment strategy. 
We develop a solution that maximizes the sensing 
coverage while minimizing the computation time in 
term of rounds. Based on the virtual force of 
directional sensors, we design a moving algorithm: 
the Virtual Force scheme. Simulation results show 
that our distributed algorithm is effective in terms of 
coverage, deployment time, and movement. 

The rest of this paper is organized as follows. In 
Section 2, we introduce some preliminaries. In 
Section 3, we state the problem formally and make 
some assumptions regarding the problem. We present 
our scheme in Section 4. Section 5 shows some 
simulation results. Finally, we conclude this paper in 
Section 6. 
 
 
2. Preliminaries 

 
2.1. Directional Sensing Model 

 
Compared to an omni-directional sensor which 

has a circular disk of sensing range, a directional 
sensor has smaller sensing area (sector-like area) and 
sensing angle. This can be best illustrated in Fig. 2. 
As shown in Fig. 2, the sensing region of a 
directional sensor is a sector denoted by a 3-tuple  
(α, β, R), and the sensing region is called sensing 
sector. Here R is the sensing radius, α is the sensing 
angle, and β is the offset angle. 

 
 

 
 

Fig. 2. The directional sensing model. 
 
 

2.2. Virtual Force Points 
 
We assume that there are many virtual force 

points around the boundary of sensing sector, as 
shown in Fig. 3. Without loss of generality, we 
assume that there are 3m + 1 virtual force points of 
each sensor, in which there are m points on the arc,  
m points on each of the both straight boundary lines 
of sensing sector, and sensor point itself. We denoted 
the virtual force points of si, as pik, where  
1 ≤ k ≤ 3m + 1. As shown in Fig. 3, there are total  
3⋅5 + 1 virtual force points, in which there are 
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5 points on the arc and on both straight boundary 
lines respectively. Each virtual force point on sensors 
can receive a repulsive force from other sensors. 

 
 

 
 

Fig. 3. The virtual force points. 
 
 

It should be noticed that, as shown in Fig. 4, the 
more virtual force points a directional sensor has, the 
more repulsive force that exerted on the directional 
sensor by its neighboring directional sensors. By 
applying all of the repulsive forces from its neighbors, 
the directional sensor can be repelled from dense to 
sparse area. 

 
 

 
 

Fig. 4. Illustration of two different number  
of virtual force points. 

 
 

It also should be noticed that, the more virtual 
force points a sensor has, the more accurate repulsive 
force can be applied. In Fig. 4 (a), the directional 
sensor sj has the overlapped region with directional 
sensor si, which implies that sensor si should be 
repelled by the sensor sj. However, sensor sj will not 
exert a repulsive force on si because that sensor sj 
does not cover any virtual force point of sensor si. On 
the contrary, in Fig. 4 (b), we can see that sensor sj 
has covered one virtual force point of si. Therefore, 
sensor sj would exert a repulsive force on si. 
 
 
3. Problem Statement 
 

Problem: Randomly deploying N mobile 
directional sensors with sensing range Rs and sensing 
angle α in a given target sensing region, we are asked 
to maximize the sensor coverage with less time. 

To address the above problem, we need to make 
the following assumptions: 

• All directional sensors have the same sensing 
range (Rs) and sensing angle α, where  

0 < α ≤ 2π/3. Directional sensors within 2Rs 
of a sensor are called the sensor’s  
neighboring nodes. 

• Directional sensors can move to arbitrary 
orientation, but its sensing direction is not 
rotatable. 

• Each sensor knows its location information 
and determines the locations of its 
neighboring sensors. 

 
 

4. The Proposed Moving Scheme 
 
In order to maximize the sensor coverage, we 

present a moving scheme for directional mobile 
sensors, namely the Virtual Force scheme. 

 
 

4.1. Virtual Force Scheme 
 
The Virtual Force scheme employs the repulsive 

force between a directional sensor and each of its 
neighboring sensors as a basis of movement. The 
virtual force occurred on a directional sensor is 
basically generated by the repulsive force between 
each of its virtual force point and each of its 
neighboring sensor. The main idea of virtual force 
scheme aims to repelling a sensor node by its 
neighboring sensors from dense area to sparse area. 
We assume that Cij is the set of virtual force points of 
si that are covered by its neighboring sensor sj. When 
sensors si and sj are overlapped, they will repel each 
other by the overlapped region. We denote repulsive 
force occurred on sensor si, which is caused by sensor 

sj as ijF . Then, ijF  can be obtained as follows. If 

sensor sj is located inside the sensing sector of si, sj 
will act as a repulsive force from the virtual force 
point pik to the sensor sj, in which pik is the virtual 
force point of si that has the maximal distance to sj, 
according to the following equation: 

sF jikij ,ρ= where sdtsC jikijik ),(.. ρρ ∈  is maximal. 

If sensor sj is outside the sensing sector of si, sj 
will act as a repulsive force from sensor sj to the 
virtual force point pik, in which pik has the minimal 
distance to sj, according to the following equation: 

ikjikj

ikj

s
ji ss

s

R
F ρρ

ρ
−×= , where pik ∈ Cij and  

d(pik, sj) is minimal. 
Fig. 5 illustrates an example of the repulsion 

model. From Fig. 5(a), we can observe that sj is 
outside the sensing sector of si, and pi2 has the 
minimal distance to sj and pi2 ∈ Cij. So, the repulsive 

force exerts on si is 
22

2

ijij

ij

s
ji ss

s

R
F ρρ

ρ
−×= . In 

Fig. 5(b), sj is inside the sensing sector of si and pi2 
has the maximal distance to sj and pi2 ∈ Cij. So, the 

repulsive force exert on Si is jiij sF 2ρ= . 
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Fig. 5. Illustration of repulsive model sj exert  
a repulsive force on si. 

 
 

4.2. Virtual Force Moving Algorithm 
 
According to the repulsion model, we can 

compute the repulsive forces of each sensor. Then the 
resultant repulsive force of each sensor is the 
direction of the new position that sensor should move 
toward. Fig. 6 shows an example that the sensor 
move toward the direction of the new position with 
its resultant repulsive force. After repelling by its 
repulsive force, it really can decrease the overlapped 
region. 

 
 

 
 

Fig. 6. Illustration of moving direction from resultant 
repulsive force. 

 
 

In order to save energy, we observe that each 
sensor does not need to move too far to have better 
coverage. This means that the mobile sensors can 
only move short distances to obtain the improved 
coverage rate. Thus, in our proposed moving 
strategy, we take the resultant repulsive force as the 
moving direction and the moving distance is fixed to 
radius/5 or radius/4. Fig. 7 shows the effect of our 
moving strategies. As shown in Fig. 7 (a), the 
coverage of moving longer distance (i.e. repulsive 
force) is only a little better than that of moving 
shorter distance (i.e. radius/5). However, the total 
moving distance of moving longer distance is much 
worse than that of moving shorter distance, as shown 
in Fig. 7 (b). In this example, the total moving 
distance of using repulsive force strategy is 8003 m, 
which is much worse than the total moving distance 
of using radius/5 strategy, which is only 4051 m. 

 
 

(a) Coverage (%) 
 

 
 

(b) Moving distance (m) 
 

Fig. 7. Illustration of the effect of different  
moving strategies. 

 
 

The movement procedure can be stated as 
follows: First, the directional sensor determines the 
direction of movement by the repulsion model. Then 
the directional sensor checks if the overlapped region 
with neighboring sensors is decreased by moving to 
the new destination. If the overlapped region is 
decreased, the directional sensor will start to move; 
otherwise, it will stay. The above procedure is called 
the New-movement-adjustment scheme. Fig. 8 
illustrates an example of New-movement-adjustment 
scheme. Then we add an oscillation control on the 
movement. The purpose of oscillation control is to 
prevent the sensor from moving back and forth, as 
shown in Fig. 9. 

 
 

 
 

Fig. 8. Illustration of the new movement-adjustment 
scheme. (a) before movement, and (b) after movement. 

 
 

Furthermore, we proposed a move-back scheme 
to prevent sensors move out of the target region. If 



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 35-41 

 39

the virtual force point of a sensor is out of the target 
region, sensor should move to the new position until 
its virtual force point is located on the boundary of 
the target region as shown in Fig. 10. 

 
 

 
 

Fig. 9. Illustration of oscillation control. 
 
 

 
 

Fig. 10. Illustration of move-back scheme. 
 
 

From Fig. 10 (a), we can see that the virtual 
points A and B are outside the target region. So, we 
should move these two virtual points into the target 
region. This can be done by moving down the sensor 
with the distance between the virtual point A and the 
boundary b1. After the movement, the virtual point A 
will be just located on the boundary of the target 
region as shown in Fig. 10 (b). Furthermore, the 
virtual point B is also outside the target region. Thus, 
the directional sensor will move right with the 
distance from B to the boundary b2. After that, the 
virtual point B will be also located on the boundary 
of the target region as shown in Fig. 10 (c).  
In Fig. 10 (d), the sensing sector of the directional 
sensor will be all inside the target region after 

moving to the new position. After determining the 
new position to move, the directional sensor will 
execute the New-movement-adjustment until new 
position is reached. Finally, the proposed moving 
scheme will stop when it achieves the maximum 
number of rounds. The complete procedure of Virtual 
Force Moving algorithm is shown in Fig. 11. 

 
 

Virtual Force Moving Algorithm 
 

Notations: 
VPCovij, VPik, 

ikjPS , FRij: defined before 

Ni: the neighbor of sensor Si 

iV : moving vector of Si 

Max_Round: pre-defined maximum number of round
Procedure: 
(1) Enter discovery phase:  

(1.1) set timer to be discovery interval and enter  
Moving phase upon timeout 

(1.2) broadcast hello after a random time slot 
(2) Enter Moving phase: 

(2.1) set timer to be discovery interval and enter 
discovery phase upon timeout 

(2.2) Compute the resultant repulsive force 

(2.2.1) 0=iV  

(2.2.2) for each Sj in Ni 

If neighbor node is outside the sensing 
sector 

and VPCovij ≠ Ø and VPik ∈ VPCovij 

FRij=radius–min );( ikjVPS  
ijii FRVV += ; 

If neighbor node is inside the sensing 
sector and  

VPCovij ≠ Ø and VPik ∈ VPCovij 

FRij= –max );( ikjVPS  
ijii FRVV +=  

(2.2.3) The distance between the new 
position of  

Si and Si is radius/5 by the moving 

direction 
iV  

(2.3) do oscillation control 
(2.4) do New-movement-adjustment 
(2.5) do move-back scheme 
(2.6) Done when satisfying stop criteria 

 
Fig. 11. Procedure of virtual force moving algorithm. 

 
 

We utilize a case to illustrate the Virtual Force 
scheme. As shown in Fig. 12, we have 
100 directional sensors which are randomly deployed 
in a region of 500×500 m2. For each directional 
sensor, the sensing radius is 60 m and the sensing 
angle is 90o. In Fig. 12 (a), the initial coverage rate is 
61.5712 %. After Round 1 (Fig. 12 (b)) and Round 2 
(Fig. 12 (c)), it can be seen that the coverage ratios 
are increased to 71.3436 % and 76.2856 %, 
respectively. 
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(a) Initial deployment (61.5712 %) 

 

 
(b) Round 1 (71.3436 %) 

 

 
(c) Round 2 (76.2856 %) 

 
Fig. 12. Illustration of an example of executing first two 

rounds of proposed virtual force moving algorithm. 
 
 

5. Simulation Results 
 
In this section, we simulate and analyze the 

performance of Virtual Force scheme from two 
aspects: coverage and moving distance. Each 
simulation is executed 10 times then gets the average 
value. The simulation program is written by C# 
programming language on .NET platform. We 
deployed 100 directional sensor of a region of 
500×500 m2 in our simulation. The sensing radius is 
60 m, the, the sensing angle is 90o and the number of 
virtual force point around the boundary of sensing 
sector is 31. Experimental environment is shown  
in Table 1. 

Table 1. Experimental parameters. 
 

Network size 500×500 m2 

Sensing radius (Rs) 60 m 

Sensing angle (α) 90o 

Number of directional sensors 100 

Number of virtual force points 31 

 
 

The first experiment examines the effect that the 
number of rounds makes to the performance of 
coverage rate of our proposed approach on different 
number of virtual force points. Fig. 13 shows the 
results. In Fig. 13, we can see that the more virtual 
force point a directional sensor has, the more  
target region can be covered. Thus, we set the 
number of virtual force points to be 31 in the 
following experiments. 

The second experiment evaluates the effect that 
the number of rounds makes to the performance of 
accumulated coverage rate of our moving algorithm 
with 31 virtual force points. Fig. 14 shows the results. 
We can see that our proposed virtual force scheme 
can increase the coverage rate effectively as rounds 
increase. This is due to that the directional sensors 
repel each others from dense to sparse area. 
Therefore, as rounds increase, the mobile sensors will 
move to the sparse area. As a result, the coverage 
holes in the sparse area will be reduced and coverage 
rate will be increased. 

 
 

 
 

Fig. 13. Coverage rate vs. number of rounds. 
 
 

 
 

Fig. 14. Coverage rate vs. number  
of rounds – 31 virtual points. 
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The final experiment examines the effect that the 
number of rounds makes to the performance of 
accumulated moving distance of our moving 
algorithm with 31 virtual force points. Fig. 15 shows 
the results. 

 
 

 
 

Fig. 15. Moving distance vs. number  
of rounds – 31 virtual points. 

 
 

We can see that our proposed virtual force 
scheme will increase the moving distance as rounds 
increase. This is due to that our approach will move 
mobile sensors to the sparse area in order to cover the 
hole area. Therefore, as rounds increase, the moving 
distance will be increased as well. 

 
 
6. Conclusions 
 

In this paper, we define a new problem regarding 
how to maximize the area coverage with less moving 
distance by mobile directional sensors. We propose a 
scheme, namely the Virtual Force scheme, to 
improve the coverage. We adopt the virtual force 
points as the basis of repulsion. Then directional 
sensor can move toward new position to get better 
coverage by this repulsion. Simulation results show 
that virtual force scheme will increase the area 
coverage round by round, and the moving distance 
will be increased when the coverage increases. 
Specifically, the improvement can be obtained by our 
proposed Virtual Force scheme up to 30 % coverage 
rate more than initial random deployment. 
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Abstract: The concept of passive Radio Frequency Identification (RFID) sensor tag is introduced to remove the 
dependency of current RFID platforms on battery life. In this paper, a gas identification system is presented using 
passive RFID sensor tag along with the processing unit. The RFID system is compliant to Electronics Product 
Code Generation 2 (EPC-Gen2) protocol in 902-928 MHz ISM band. Whereas the processing unit is implemented 
and analyzed in software and hardware platforms. The software platform uses MATLAB, whereas a High Level 
Synthesis (HLS) tool is used to implement the processing unit on a Zynq platform. Moreover, two sets of different 
gases are used along with Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA) based 
feature reduction approaches to analyze in detail the best feature reduction approach for efficient classification of 
gas data. It is found that for the first set of gases, 90 % gases are identified using first three principal components, 
which is 7 % more efficient than LDA. However in terms of hardware overhead, LDA requires 50 % less hardware 
resources than PCA. The classification results for the second set of gases reveal that 91 % of gas classification is 
obtained using LDA and first four PCA, while LDA requires 52 % less hardware resources than PCA. The RFID 
tag used for transmission is implemented in 0.13 µm CMOS process, with simulated average power consumption 
of 2.6 µW from 1.2 V supply. ThingMagic M6e embedded reader is used for RFID platform implementation. It 
shows an output power of 31.5 dBm which allows a read range up to 9 meters. Copyright © 2015 IFSA Publishing, 
S. L. 
 
Keywords: Sensor tag, Pattern recognition, Gas identification, UHF RFID Reader, EPC Gen2, ISM Band. 
 
 
 
1. Introduction 
 

Gas identification is one of the most critical 
challenges in the current gas industry because a single 
leakage of an explosive gas can cause a complete 
disaster for the whole company. The explosion of a gas 
container or the leakage of a hazardous gas will also 
be disastrous for the environment [1]. Therefore, 

human olfactory based Electronic Nose (EN) systems 
are introduced, with a wide range of applications like 
milk industry [2] and patient monitoring system [3]. 

In gas applications, the presence of complex 
compounds like water vapor with the gases of interest 
creates one of the challenging issues for the gas 
identification using EN [4]. The presence of battery 
further limits the life and durability of the sensor tag. 

www.sensorsportal.com/HTML/DIGEST/P_2756.htm
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Moreover, the drift and non-selectivity of sensor raise 
the problem of classification for EN [5]. The possible 
approaches to deal with the problem of drift and non-
selectivity is to increase the number of sensors as 
adopted by Guo, et al. [6] Guo to introduce the 
temperature modulation such that a single sensor 
provides the different responses for the same gas due 
to temperature variations [7]. The purpose of these 
approaches is to get more signatures for the same gas, 
whereas both approaches of multiple-sensors and 
single sensor-modulation increase the dimensionality 
of feature vectors, thereby increasing the 
computational complexity. The problem becomes 
more severe if the gas identification system is 
implemented on any hardware platform because of 
resource utilization and power consumption which 
increases with the computational complexity. 
Therefore, to feature reduction approaches like 
Principal Component Analysis (PCA) or Linear 
Discriminant Analysis (LDA) is required to reduce the 
data size and increase the processing efficiency. 
On the other hand, Radio Frequency Identification 
(RFID) sensing design has been widely explored as a 
low-cost candidate toward lightweight, reliable and 
energy-efficient devices for gas detection [8]. There 
has been a permanent evolution toward combining the 
capabilities of gas sensing and wireless technology in 
order to collect, process, and transmit time-varying 
data. This approach leads to RFID-enabled Wireless 
Sensor Network (WSN) infrastructure. Most of the 
WSN includes a battery [9], which increases their cost 
and limits their autonomy. The power autonomy can 
be encountered by using a fully passive (battery-less) 
UHF RFID design. A typical RFID system is mainly 
composed of a reader and antenna (also named 
interrogator), one to several tags (also named 
electronic labels) and an information systems back-
end. 

Furthermore, a reconfigurable hardware is 
required to improve the processing time for run-time 
classification because a dedicated hardware is faster 
than the software application. However, gas 
recognition process requires a complicated training 
phase and frequent calibration, which is even harder to 
implement on a dedicated hardware. As a 
consequence, most EN solutions nowadays are 
software-based platforms and the integration of a real-
time in-site training and portable EN microsystem is 
yet to be demonstrated. Therefore, a hardware-based 
processing unit is demonstrated which can be applied 
in any multi-sensing gas identification platform. The 
presence of a processor along with programmable 
logic blocks based on field programmable gate array 
(FPGA) has made the heterogeneous Zynq platform 
suitable for our research. A hybrid system can easily 
be implemented on Zynq using High Level Synthesis 
(HLS) tool. The other reason for using Zynq board is 
because the circuit implemented and tested on it can 
be reproduced to application-specific integrated  
circuit (ASIC). 

Therefore, in this paper the reader of a passive 
Ultra-High Frequency (UHF) RFID sensor platform is 

presented with a centralized hardware processing unit 
to perform feature reduction and classification. The 
data from multiple sensor tags will be collected using 
M6e embedded reader at the central processing unit 
with respect to the Electronic Product  
Code Generation 2 (EPC-Gen2) protocol in the  
902-928 MHz ISM frequency band. Each sensor tag 
has a 4×4 array gas sensor proposed by Guo, et al. [6] 
and a low power, temperature sensor [10]. Moreover, 
a unique code is associated with all sensor tags 
individually, which helps the processing unit to 
identify the tag and process the collected data 
accordingly. The central processing unit is tested on a 
heterogeneous reconfigurable Zynq platform using 
High-Level Synthesis (HLS) tools while the tag 
sensors are implemented in CMOS process to reduce 
the power dissipation and enhance the full system 
integration. The presented work is part of an ongoing 
project in which a low-power multi-sensing gas 
identification platform is needed to be developed for 
gas identification based on an array of tin-oxide  
gas sensors. 

The remaining parts of this paper are organized as 
follows. Section 2 and 3 cover the RFID sensor tag 
along with the experimental setup for data acquisition. 
The UHF RFID tags is described in Section 4. Section 
5 is concerned with the processing unit. Simulation 
results are shown and discussed in Section 6. Section 
7 concludes the paper. 
 
 
2. RFID Sensor Platform and Data 

Extraction 
 

The UHF RFID based sensor platform includes a 
4×4 array gas sensor [6] and a low power temperature 
sensor [10]. The main challenge of the RFID sensor 
design is the power hungry, building blocks for which 
an external power source is required. Whereas, the 
presence of battery in the sensor tag limits the lifetime 
of the tag-based sensors. Tags will not be able to 
communicate with the embedded reader if battery 
power level goes below a fixed threshold. Therefore, a 
fully passive UHF RFID approach is adopted such 
that, the communication link between tags based 
sensor and the reader is guaranteed for longer time. 
The full tags based sensor system are powered by a 
remote power through the RF energy received from 
the reader in order to create autonomous gas 
measurement microsystems.  

The main challenge with the passive RFID tag is 
the limited range of communication; therefore, hybrid 
design could be used by adding a battery as power 
bank in addition to harvesting the power circuit. The 
power bank will allow to reach higher communication 
ranges when needed. 

In order to test the sensor tag, data is extracted for 
two different sets of gases. The first set of gases (GS1) 
included Carbon-mono-oxide, ethanol and hydrogen 
in which 10 concentrations of each gas are used in a 
fixed laboratory environment, i.e. 20, 40, 60, 80, 100, 
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120,140, 160, 180 and 200 ppm in air. However, since 
a tin-oxide base gas sensor is used which is dependent 
on the operating temperature, therefore the data 
acquired for a second set of gases (GS2) with 4 
concentrations of each C6H6, CH2O, CO, NO2 and 
SO2, on three operating temperatures i.e. 200, 300 and 
400oC. The sensor values obtained at three different 
temperatures are then merged to define the training 
and testing data for the second set. 

The extraction process of gas data is carried out in 
an identical way in both cases that the dry air is flushed 
for 750 s before exposing the sensor to any new 

concentration of gas. The sensor is then exposed to the 
gas in a closed glass chamber for 250 s and 750 s 
respectively, for GS1 and GS2. This is due to the fact 
that the sensor reaches steady state after 250 s for GS1 
and it takes 750 s to obtain steady state for GS2. The 
experiment is repeated again after obtaining the data 
for given concentrations of each gas such that the 
obtained data is divided into two parts. The first one is 
used for training purpose known as learning data (Dl) 
and the second one for testing purpose known as test 
data (Dt). The overall model of sensor tag is shown in 
Fig. 1. 
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Fig. 1. Block Diagram of RFID Sensor tag with data acquisition setup. 
 

 

3. UHF RFID Reader Performance 
 

A typical RFID system consists of tags, readers 
and computer application systems, as shown in Fig. 2. 
With several excellent characteristics, such as 
portable, high capacity, long life, security access, and 
movable recognition, RFID are used more and more 
widely in logistics, production management, and 
monitoring and tracking applications [11]. The EPC 
Gen2 protocol was designed based on the minimal 
features available on an EPC Gen2 RFID tag 
specifically a 32-bit secret access password, a 16-bit 
pseudo-random number generator, and limited 
memory that can store at least two 16-bit random 
numbers while the tag is powered. An improved 
authentication scheme is adopted with this  
standard [12]. 

The communication range performance of a RFID 
system depends mainly on the choice of frequency, 
transmitted power from the reader, sensitivity of tag, 
tag’s modulation efficiency, data rate, reader receiver 
sensitivity, and location of the tag [13]. Based on the 
frequency, the RFID system can be considered as Low 
Frequency (LF), High-Frequency (HF), UHF and 
Microwave (WF) RFID. Nowadays, the UHF RFID is 
the most used technology because of its far reading 
distance (up to 10 meters), passive (battery less) tags, 

high security, and strong penetrating force features 
[14]. 

As shown in Fig. 2, the controller activates the 
RFID reader to send RF signals. Tags receive, process 
and send back the requested data through the tag’s 
antenna. The tag responds with an identification code 
using backscattering of modulated received signal. 
There is no battery as a source of energy in the passive 
tag system, and thereby it gets all the energy needed 
for running from the electromagnetic wave transmitted 
by the reader. The reader decodes the received signal 
through its antenna to be processed by the controller.  

In most cases, the reader’s antenna is placed in an 
external module as presented in Fig. 2 to achieve long 
read/write ranges also when a circularly polarized 
reader antenna is used to eliminate tag orientation 
sensitivity. According to different configurations and 
parameters, UHF RFID readers can be designed as 
fixed or handheld readers. 

Handheld readers are used in a large number of 
applications for its portable, and easy to use in shift 
data collection. A handheld UHF RFID reader 
includes embedded computer middleware and 
application, microwave and antenna designs, radio 
frequency electronic circuits, wireless 
communications and signal processing, low-power 
control and many other technical fields. In this 
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research, embedded RFID reader is taken into 
consideration to reduce the overall system cost  
and complexity. 
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Fig. 2. RFID system architecture diagram. 
 
 

3.1. Antenna Design 
 

Among the important performance characteristics 
is the maximum range at which RFID reader can detect 
the backscattered signal from the tag. Because reader 
sensitivity is typically high in comparison with a tag, 
the reading range is defined by the tag response 
threshold. Communication range is also sensitive to 
the tag orientation, the material the tag is placed on, 
and to the propagation environment. The reader 
antenna should be a circularly polarized antenna, in 
order to avoid the polarization loss when the 
orientation of the identified object is changed. The 
read range r can be calculated using Friis free-space 
formula as [add a reference]: 

 

4 				, (1) 

 

where λ is the wavelength, Pt is the power transmitted 
by the reader, Gt is the gain of the transmitting 
antenna, Gr is the gain of the receiving tag antenna, Pth 
is the minimum threshold power necessary to provide 
enough power to the RFID tag chip, and τ is the power 
transmission coefficient. 
 
 

3.2. Link Budget 
 

In UHF RFID systems, the forward link depends 
on the tag sensitivity (Ptag), while the return link 
depends on the reader sensitivity (Preader). The reader 
can process the tag response data when the tag signal 
power (Pr), received at the reader, is larger than the 
reader sensitivity. The reader sensitivity is the 
minimum power of the received tag signal necessary 
for successful data processing and is mainly defined 
by the level of self-jammer [15]. One important 
characteristic is the needed reader sensitivity to detect 

an arbitrary tag at the maximum possible distance. 
From [15], the needed reader sensitivity must be better 
or equal to: 

 ∗
, (2) 

 

where K is the tag backscatter gain and Pt is the reader 
output power. The given equation is valid for any 
propagation environment. Fig. 3 shows the reader 
sensitivity requested by the tags to read command at 
their maximum possible range [15]. The backscatter 
gain is assumed to be -10 dB. The study illustrated in 
Fig. 3 uses four readers with four levels of output 
power 30 dBm, 20 dBm, 10 dBm and 0 dBm. 

 
 

 
 

Fig. 3. Reader sensitivity comparison at -10 dB  
backscatter gain. 

 
 

3.3. ThingMagic M6e Embedded 
RFID Reader 

 
To further verify the performance of the proposed 

UHF tag [16] for both near- and far-field operations, 
the ThingMagic M6e embedded RFID reader module 
[17] is studied to be used with a circularly polarized 
antenna in the free space. This RFID reader module 
supports the ability to transmit up to 31.5 dBm for the 
UHF RFID band of 902-928 MHz and can read more 
than 750 tags/sec. This performance makes M6e the 
recommended RFID reader for challenging 
applications such as gas identification and temperature 
monitoring. The M6e has both serial and USB 
interfaces to support both board-to-board and board-
to-host connectivities. 

The maximum tags read range can reach up to 
9 meters for an operating temperature from -40 °C  
to 60 °C. 
 
 

4. UHF RFID Tags 
 

Fig. 4 shows a simplified block diagram of the 
RFID tag. It is composed of three main blocks, 
namely, the analog front-end, the digital baseband core 
including memory, and the interface to sensors. The 
energy recovery and power distribution unit rectifies 
the received RF signals to provide multiple supply 
voltages for all the other building blocks. A storage 
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capacitor serves to store energy and supply power to 
the complete system. Voltage reference and regulator 
provide stable DC voltages. The power-on-reset 
(POR) block resets the digital core when the supply 
voltage reaches a reliable regulated level. A 
demodulator is implemented to retrieve the baseband 
data from the carrier frequency. The digital core 
digitizes the acquired baseband symbols to identify the 
instructions received from the reader, which consist of 
reading data from or writing to the implemented one 
time programmable (OTP) memory. Later, the sensing 
data stored in the tag’s memory can be read out for 
further processing as necessary. For data transmission 
the modulator transforms the input impedance of the 
RFID tags, and thus modulates the backscattered 
electromagnetic waves, which are further detected and 
treated by the RFID reader. 

 
 

 
 

Fig. 4. Block diagram of the proposed UHF passive  
RFID tag. 

4.1 Tags Analog Front-end 
 

The Energy Recovery and Power Distribution Unit 
(ERPDU) of the RFID tag provides various supply 
voltages for all building blocks to save the power of 
the whole system shown in Fig. 4. In addition, the 
ERPDU generates the bias voltages for the analog 
modules and a POR signal for the digital core. The 
rectifier provides the supply for the Band-Gap 
Reference (BGR), and performs the RF to DC 
conversion and then the DC output is covered by a 
limiter which protects the regulator and voltage 
reference generator from breakdown.  

We essentially focus on the power conversion 
efficiency when designing a rectifier. In this work, 
we implement diode connected MOS transistor with 
very low threshold voltage and Metal-Insulator-
Metal (MIM) capacitors to improve the conversion 
efficiency, as Fig. 5 shows. N is the total number of 
transistor stages. Larger N allows a higher output 
voltage. Thus, we must select the suitable N to 
accomplish the optimal value of both the efficiency 
and output voltage.  

Further, the voltage limiter is proposed to avoid 
the negative impact of high-voltage signals in 
various blocks. The design is based on a voltage 
regulator structure using clamping voltage  
topologies as described in [16]. Voltage regulation 
employs Low-Drop-Out regulator (LDO) as shown 
in Fig. 6.  
 

 

 
 

Fig. 5. N-stage rectifier. 
 
 

 
 

Fig. 6. Low-dropout regulator. 
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To guarantee LDO stability, we integrated 
embedded current buffer which is compensated 
with a feed-forward stage. High voltages used for 
programming the OTP memory are generated by 
the charge pump. A storage capacitor is employed 
to provide both the load current and the reverse 
leakage current that flow back to the rectifier. When 
the rectifier charges up the storage capacitors and, 
through diode-connected transistors, the BGR, 
regulator, and demodulator. The BGR generates the 
reference signals for the oscillator as shown in Fig. 4 
and the reference voltage for the regulator. Fig. 7 
illustrates the implemented bandgap reference 
optimized for the passive tags.  

The demodulator converts the Amplitude Shift 
Keying (ASK) modulated input signal into digital 
values. A novel sub-1V demodulator is employed, 
where its architecture consists of one stage Voltage 
Multiplier (VM), Low-Pass Filter (LPF), and 
hysteresis comparator. As shown in Fig. 8, the VM 
identify the envelope of the modulated signal. After 
the signal pass through the VM, the envelope of 
incoming data flows to the comparator with 
hysteresis. On the other hand, the modulator 
presented in Fig. 9 (a) is realized by a MOS transistor 
M5 which acts as switch with buffer  
(M1-M4). By switching on and off this MOS 
transistor the transponder’s input impedance can be 
modulated. The modulated signal is called 
backscatter continues wave. A low-power Voltage 
Controlled Ring Oscillator (VCRO) is implemented 

as a clock generator to avoid the use of a power-
hungry one. The generated system clock frequency 
can vary from 2 to 6 MHz, while theoretically, the 
minimum clock frequency for robust data decoding 
is 1.92 MHz in the EPC Gen-2 standard [12]. A low 
power VCRO capable of functioning as a local 
oscillator for the tag circuits is achieved by biasing 
the delay cells to operate in weak inversion region. 
The design is based on two stage VCRO as shown in 
Fig. 9(b). The oscillation frequency is fixed by tuning 
the resistance of transistors M13-M16. 

 
 

4.2. Digital Baseband Unit 
 

As compared to other non-EPC RFID systems 
with simple data coding and state management 
schemes, EPC Gen2 standard features a more robust 
communication flow with more advanced data 
encoding, error detection, and anti-collision 
schemes. To address this challenge, low-power 
design techniques are employed for the proposed 
Digital Baseband Unit (DBU) including 
asynchronous design, clock-gating, low operating 
frequency, and reuse of registers. Digital section is 
the baseband processor of the Tag, it performs 
decoding, CRC checking and calculation, command 
process, accessing memory, and encoding message 
back to Reader. Fig. 10 shows the architecture of the 
digital section inside the passive UHF RFID tag. 

 

 
 

Fig. 7. Bandgap reference design. 
 

 
 

Fig. 8. Demodulator. 
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Fig. 9. (a) Modulator, (b) Ring Oscillator. 
 
 

Our focus was on the reduction of the 
instantaneous power and how making the power 
consumption more evenly distributed over the whole 
operation period. So, the proposed design employs a 
new architecture of baseband processing of passive 
UHF RFID Tag, as shown in Fig. 11, which is fully 
compatible with the EPC Gen2 protocol. 

 
 

 
 

Fig. 10. Block diagram of the proposed low-power digital 
baseband unit. 

Table 1 shows the division of the employed 
modules, their driving clock and function are also 
described. In conventional designs, the Command 
Processing module always consumes the most power 
due to its logic complexity, but in our proposed 
design, Command Processing module only dissipates 
less than 10 % of total power in average, because of 
its low operating frequency and closely gated clock. 
In conventional synchronous architecture, all the 
sequential circuits dissipate power every clock cycle. 
However, not all integrated modules are running the 
required function which leads to dissipate much 
power. So disable the clock of unnecessary modules 
can reduce the instantaneous current and power 
significantly. In addition, a shift-register is usually 
employed in conventional baseband design to store 
the decoded data. As EPC Gen2 protocol specifies, 
in “Select” command, “Length” parameter is 8 bits, 
allowing “Mask” from 0 to 255 bits in length, which 
means a huge shift-register is needed to store the 
“Select”. Meanwhile, in most previous tag designs, 
the power limitation is in the “receive” state due to 
data modulation [18].  

 
 

 
 

Fig. 11. Architecture of the proposed digital baseband unit. 
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Thus, the conventional design scheme will lead to 
high power requirement and large chip size. In our 
asynchronous design technique, latch bank is used to 
replace the shift register. From the study in [19], we 
can consider that latch dissipates much less power 
(50 % reduced) and smaller area (40 % reduced) than 
register and is especially suitable for designing a low-
cost low-power passive Tag. The Latch is suitable for 
storing data which have little change once it was 
loaded. 
 
 

Table 1. DBU modules, driving clock, and functions. 
 

Module Clock Function

CRG CLK_OSC 
Clock/reset 
generator 

DEC CLK_OSC_DEC PIE decoder 

CRC CLK_BIT/BLF_CRC 
CRC 
check/calculation 

BUF CLK_BIT_BUF Command buffer 
MD-
PROCESS 

CLK_BLF_CMD 
Command 
processing 

FRMGEN CLK_BLF_FRMGEN 
Reply frame 
generator 

IF CLK_BLF_IF Memory interface

RNG CLK_BLF_RNG 
Random number 
generator 

MILLER CLK_BLF_MILLER Miller encoder 
FM CLK_BLF_FM FM0 encoder 
T1 CLK_BLF_T1 T1 time control 
T2 CLK_BLF_T2 T2 time control 

 
 

5. Processing Unit 
 

The data received by the RFID receiver is fed to 
the processing unit for analysis. The possibility of 
parallel computation in dedicated hardware makes it 
much faster than the software at run-time. Therefore 
the processing unit is implemented on heterogeneous 
reconfigurable Zynq platforms which is having an 
ARM processor and FPGA chip based on  
Xilinx 7-series [20]. The reason of selecting the Zynq 
platform is due to its suitability for hardware/software 
co-design approach. It is worth noting that the purpose 
of hardware platform is to process the Dt, whereas the 
training part is done offline using MATLAB. This is 
to reduce the hardware overhead caused by the 
complexity of the feature reduction and classification 
algorithms. Also, the Dl is used one time for training 
purpose, so it is more feasible and efficient to do the 
training offline. Thus, the hardware processing unit is 
used to perform real-time feature reduction and 
classification on test data of gases. 
 
 

5.1. Feature Reduction 
 

The two most common techniques for feature 
reduction is PCA and LDA both of them have been 
analyzed in the designed prototype for gas 
identification so that the best approach can be adopted 
for final implementation. The aim of feature reduction 

is to reduce the feature size without losing useful 
information. PCA and LDA-based feature reduction 
algorithms are summarized in Fig. 12.  
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Fig. 12. Feature reduction algorithm based  

on (a) PCA and (b) LDA. 
 
 

In case of PCA the Eigenvectors (Ev) and mean 
values will be computed for training data Dl and then 
the projection of Dl in the new space is obtained by 
multiplication of normalized data with the Ev using 
MATLAB. Whereas, since the testing part requires 
only Eigen vectors and mean values, as shown in 
Fig. 12 (a) [21], therefore in case of PCA the 
computed mean and Ev for Dl is pre-stored in the flash 
memory of the board and at run-time the hardware will 
take those values to perform normalization and 
projection of Dt with lower complexity and faster 
speed.  

In contrast to PCA, LDA is not performed directly 
on Dl because the goal of LDA is to reduce the inter-
class differences and simultaneously increase the 
differences between classes. Therefore, LDA deals 
with class boundaries which cannot be identified in Dl. 
Therefore, Dl is split into classes such that data for 
each gas is considered as a single class. The training-
data obtained at different concentrations of gas are 
stored as a train-class (Tc), where sub-script c is 
representing the type of gas. After computing 
normalization as well as between and within class-
differences, the Ev will be computed. The Ev is then 
forwarded to the projection block which projects the 
Dl on reducing feature space. It is worth noticing that 
LDA testing part requires only Eigen vectors as shown 
in Fig. 12 (b) to project Dt on reducing feature space. 
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5.2. Classification 
 

A Binary Decision Tree (BDT) classifier is used to 
identify the gases with and without the feature 
reduction. The reason of selecting BDT for 
classification is because of the simplicity and good 
performance. The tree formation is carried out on Dl 
using MATLAB library function, whereas the 
decision nodes will be implemented in hardware using 
successive if-else conditions to classify the gases at 
run-time from the obtained Dt. 

 
 

6. Implementation Results  
 

The implementation results for processing unit and 
RFID module presented in this section. Two different 
sets of gases have been explored, therefore the 
implementation result for each set is presented in the 
following sections.  

6.1. Gas Set 1 and Set 2 (GS1 and GS2) 

 
The classification of GS1 has been carried out 

using BDT and the results has been presented in [22]. 
The software simulation is carried out using 
MATLAB whereas the hardware implementation is 
achieved using Vivado HLS tools [23]. It has been 
observed that for classification BDT with three 
principal components can classify 90 % of gases [21] 
and is therefore 7 % better than using LDA based 
feature reduction, as shown in Table 2. 

However, for hardware implementation LDA 
based feature reduction requires 50 % less LUTs and 
57 % less Flip-Flops (FF) than PCA. Moreover, LDA 
requires 37.5 % less latency time than PCA, where 
latency time is the period required to produce the final 
output, as shown in Table 3. 

  

 
 

Table 2. Percent-accuracy results for gas-classification obtained from software simulations. 
 

Gas Set 
Properties 

LDA (%) 
PCA (%) 

2-PCA (%) 3-PCA (%) 4-PCA (%) 
GS1 83 80 90 90 
GS2 Steady State (SS) 91 77 87 91 

 
 

Table 3. Hardware implementation results for gas-classification. 
 

Gas Set Properties LDA 
PCA (%) 

2-PCA 3-PCA 4-PCA 

GS1 

FF 893 1656 2089 2089 
LUT 1937 3024 3925 3925 

Clock Cycles (CC) 
(Nanoseconds) ns 

8.20 8.20 8.20 8.20 

Latency Period (CC) 163 263 261 261 
Input Interval (CC) 164 264 262 262 

GS2 

FF 1641 1912 2521 2843 
LUT 3406 3968 4882 5227 

Clock Cycles (CC) 
(Nanoseconds) ns 

8.20 8.20 8.20 8.22 

Latency Period (CC) 165 261 261 266 
Input Interval (CC) 166 262 262 267 

 
 

Furthermore, the BDT obtained with LDA based 
feature reduction algorithm exhibits only 2 decision 
nodes along with unity depth, while in case of PCA the 
BDT have 4-decision nodes with three steps in depth. 
Therefore, LDA offers simplified decision tree which 
requires less time for searching and classification of 
gas than PCA, as shown in Fig. 13. 

For GS2, the BDT is shown in Fig. 14, it is 
observed that for the given data, classification 
obtained after LDA is equal to the classification 
obtained using the first four principal components  
(4-PCA) and is equal to 91 % as shown in Table 2. 
However, in terms of the hardware overhead LDA 
requires 73 % less FF than 4-PCA, whereas the 
required LUT for LDA is also 53 % less than 4-PCA 
as shown in Table 2. 

Similar to GS1, the BDT after LDA based feature 

reduction, with only 5 decision nodes, requires less 
complexity than 4-PCA. Moreover, only 5 tree leaves 
is required after LDA based feature reduction, whereas 
9 tree leaves are required after PCA based feature 
reduction.  

 
6.2. RFID Module 

 
Fig. 15 shows the details of the adopted low-

power clock strategy when Tag receives a Read 
command. From these figures, we can conclude that 
the CRG module is dominant in the power 
dissipation, while the Command Processing module 
is negligible compared to the total power 
consumption of the tag since its running time only 
lasts several clock cycles.  
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The proposed UHF RFID tag is implemented and 
simulated in 0.13 μm CMOS process. The circuit is 
powered up in 60 μs which satisfies the specification 
of the EPC Gen-2 standard. The design supports 
carrier frequency within the 902-928 MHz ISM band 
with forward and return link data rate up to 200 kbps. 
The frequency of clock is 2.47 MHz at the control 
voltage of 1.2 V.  

Fig. 16 is the post layout results of the ASK 
demodulation, rectifier and modulation waveforms 
the minimum input RF signal that can be 
demodulated is -17 dBm with an input data rate of  
40 kb/s. The modulation index of the RF signal is 
90%. The modulated signal from the tag is carried on 
the continuous wave reader signal. 
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x1 < 4.314 x1 ≥  4.314
x2 < 0.177 x2 ≥  0.177
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(a) 

 
 

 
(b) 
 

Fig. 13. BDT for GS1: (a) 3-PCA, and (b) LDA. 
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Fig. 14. BDT for GS2: (a) 4-PCA and (b) LDA. 
 
 
 

 
 

Fig. 15. Low-power clock strategy. 
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Fig. 16. Simulation results of main blocks of the RF front-end. 
 
 

7. Conclusions 
 
Since the reader is considered as a key component 

of the RFID gas application system, therefore a UHF 
RFID reader is presented with a processing unit 
implemented on a reconfigurable Zynq platform. The 
overview of the reader performance characterization is 
also demonstrated. The RFID system is compliant 
with the EPC-Gen2 protocol in the 902-928 MHz ISM 
frequency band. ThingMagic embedded M6e reader 
shows an advantage over existing readers in the 
market in term of high integration, low-power 
dissipation and low cost.  

The designed processing unit at the reader is tested 
using two different sets of gases with PCA and LDA 
based feature reduction approaches. It is found that for 
GS1, BDT can classify 90 % of the gases with three 
principal components which is 7 % more efficient than 
the identification of gas by BDT using LDA. While in 
terms of hardware overhead LDA requires 50 % less 
LUTs than PCA and is 37.5 % more efficient in terms 
of latency time. Whereas for GS2, classification 
obtained after LDA is almost equal to the 
classification obtained using the first four principal 
components (4-PCA) and is equal to 91 %. However, 
in terms of the hardware overhead LDA requires 73 % 
less FF than 4-PCA, whereas the required LUT for 
LDA is also 53 % less than 4-PCA. 

The presented work is part of an ongoing project in 
which a low-power multi-sensing gas identification 
platform is need to be developed for gas identification 
based on an array of tin-oxide gas sensors. Therefore 
the system will be tested on real conditions after the 
completion of the integration process. 
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Abstract: A human tracking system based on mobile agent technologies has been proposed to achieve automatic 
human tracking function. In this system, each target person is tracked automatically by its mobile agent moving 
among cameras in which a person is detected. The current system utilizes an algorithm to predict which camera 
detects the target person. The algorithm needs information from all cameras about their monitoring ranges. If one 
monitoring range is updated by a pan / tilt / zoom operation or some other reason, the whole calculation to 
determine the relationship between camera nodes must be performed accordingly. In order to solve this problem, 
we propose in this paper an algorithm that uses only localized node information from each camera and its 
neighboring camera. With this proposed algorithm, each camera is able to calculate its neighbor nodes without 
obtaining the monitoring ranges of all cameras. This enables the construction of robust human tracking systems. 
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Human tracking, Mobile agent, Pan/Tilt/Zoom, Neighbor relation, Localization. 
 
 
 
1. Introduction 

 
In recent years, in order to enhance public security, 

various kinds of systems such as entrance and exit 
management and detection of suspicious persons have 
been introduced. The most widely used system is a 
supervising system using cameras. In this system, 
operators must fix their eyes on two or more cameras 
to find a suspicious person. Considering the ability of 
the operators, the maximum number of cameras 
should be two or three for one operator. A number of 
operators are required for monitoring many cameras 
and tracking multiple people. Moreover, when an 
operator loses sight of a suspicious person, the 
operator must go over multiple cameras to find 

him/her. For this reason, systems that enable 
automatic human tracking using multiple cameras are 
proposed [1]. These systems, however, have two 
problems:  

1) The computational cost for tracking a person is 
concentrated on one monitoring server; 

2) Dealing with the change of monitoring range of 
cameras is not considered. 

We have proposed an automatic human tracking 
system based on mobile agent technology. This system 
consists of cameras, tracking servers, mobile agents, 
and a monitoring terminal. In this system, a tracking 
server installed in each camera analyzes images 
received from the camera. Therefore, the 
computational cost of image analysis is distributed 

www.sensorsportal.com/HTML/DIGEST/P_2757.htm
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over each tracking server. A mobile agent is prepared 
for each person being tracked. The mobile agent 
migrates among tracking servers by detecting the 
physical data of a person being tracked. By checking 
the location of an agent at the monitoring terminal, the 
operator is able to know the location of the tracked 
persons. 

Tracking all detected persons is possible if a 
number of cameras that monitor in all directions 
without blind spots are installed. However, this is an 
unrealistic idea and is very costly. A more realistic 
approach is to install a certain numbers of cameras at 
some specific points such as entrances of a building or 
rooms and passage crossings. In this case, there is a 
moment at which a tracked person is not displayed on 
any camera. When the human tracking system loses a 
tracked person, the system has to check every 
camera’s view to find the lost person. A high 
computation cost for each camera is required for 
image analysis. Therefore, the algorithm was proposed 
to predict which camera would catch the tracked 
person next [1-3]. 

The algorithm calculates neighbor nodes of each 
camera based on the value of each camera’s 
monitoring range, map of the floor, and the locations 
where cameras are installed. A node is defined as a 
location of a tracking server with a camera. If a tracked 
person goes out of the monitoring range of one camera, 
the person should appear in the neighbor nodes of the 
camera. Since the algorithm has already calculated 
each camera's neighbor nodes, computation cost for 
image analysis is charged only on its neighbor nodes. 
However, when the monitoring ranges of some camera 
are changed by panning / tilting / zooming operations 
or other reasons, we have to re-calculate neighbor 
nodes. 

In this paper, we extend the current human tracking 
algorithm to localize the neighbor node calculation. 
The proposed algorithm utilizes only the monitoring 
range of neighbor nodes. By using the localization of 
neighbor node calculation, re-calculation cost of the 
neighbor node will be limited in some nodes even 
when many cameras change their monitoring ranges. 
Furthermore, this realizes a robust human tracking 
system that enables continuous tracking even when 
some nodes are down. 

Section 2 of this paper mentions about the related 
work. Section 3 introduces the proposed human 
tracking system and describes the neighbor node 
calculation algorithm. Section 4 describes the 
localized neighbor node calculation algorithm. Section 
5 shows the experimental result, and Section 6 
concludes this paper. 

 
 

2. Related Work 
 
Y. Shirai researched about tracking multiple 

persons and proposed a technique for collaboration 
between cameras for tackling obstruction [4].  
N. Kawashima proposed a tracking technique that 

eliminates noise such as shadow by using a dispersion 
matrix and by improving the background subtraction 
method [5]. These researches aimed at accuracy 
enhancement of persons’ detection by using multiple 
cameras, but do not aim at tracking a target person 
across multiple cameras. 

H. Mori proposed a tracking technique in an 
environment where the monitoring ranges of multiple 
cameras are overlapped by unifying the monitoring 
images from several cameras [6]. A. Nakazawa 
proposed a mechanism for combining the physical 
data of multiple persons [7]. N. Ukita proposed a 
system to exchange monitoring images efficiently 
using an agent based framework [8]. These researches 
assume that the imaging ranges of cameras are 
overlapped.  

N. Ukita and D. Makris proposed a method for 
estimating the migration path of a target based on 
entry-exit(in-out) information [9-10]. This method 
requires re-collection of the entry-exit (in-out) 
information when the monitoring ranges of cameras 
change. N. Takemura's research predicts possible 
routes of a person from his/her position and moving 
speed [11]. Y. Tanizawa proposed a mobile agent-
based framework, called “FollowingSpace” [12]. In 
this system, when a user moves to another location in 
a physical space, a mobile agent attached to the user 
migrates to one of the nearest hosts from the current 
location of the user. T. Tanaka also proposed an agent-
based approach to track a person [13]. However, a 
mechanism to predict in which camera a target would 
appear next was not discussed. K. Aoki proposed a 
cooperative surveillance system using active cameras 
[14]. In this system, each active camera adjusts its 
observation area to decrease blind spots. In these 
studies, cameras which a tracked person will appear 
next are predicted by movement of the person.  

Our proposed algorithm enables us to calculate a 
camera which a target will appear next without 
considering uncertain movement of the person. 
 
 
3. Human Tracking System Using Mobile 

Agent Technologies 
 

An automatic human tracking system using mobile 
agent technologies has been developed [1]. In the 
system, there are multiple mobile agents, each of 
which tracks one person called a “target.” Since all the 
targets are tracked automatically by each of the mobile 
agents, the location of each target can be known by 
monitoring the location of its corresponding mobile 
agent. 

 
 

3.1. System Configuration 
 
The structure of our automatic human tracking 

system is shown in Fig. 1. The system consists of 
cameras, tracking servers, mobile agents, and a 
monitoring terminal. Cameras are discretely installed 
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in a monitoring area and have pan / tilt / zoom 
functions which change each camera’s monitoring 
range. A tracking server is connected to each camera 
and receives images from the camera. Tracking 
servers have the execution environment for a mobile 
agent and an image analysis function. Since the image 
analysis is performed in each tracking server, the 
computational cost of image analysis is distributed to 
each tracking server. The mobile agent migrates across 
tracking servers in accordance with the movement of 
a target. The locations of mobile agents are displayed 
in a monitoring terminal. The current positions of all 
targets can be seen through the location of mobile 
agents. 

 
 

 
 

Fig. 1. Structure of the proposed system. 
 
 

3.2. Tracking Flow 
 
When a target comes into the monitoring range of 

each tracking server, the tracking server checks 
whether the target is being tracked by any agent in the 
server. If it is not, the tracking server generates a 
mobile agent containing the physical data of the target 
(e.g., facial features, color of attire). The mobile agent 
tracks the target based on the target’s physical data. At 
the same moment, the tracking server distributes 
copies of the tracking agent, called “copy agents”, to 
tracking servers of neighboring cameras where the 
target may pass. The calculation algorithm for 
neighbor nodes is described in the next subsection. 
Tracking servers of neighboring cameras analyze the 
camera image periodically based on the physical data 
which the copy agents have. If the target is detected, 
the copy agent in that camera becomes the new 
tracking agent and distributes new copies to tracking 
servers of neighboring cameras. The original tracking 
agent and copy agents are subsequently erased. 
Besides that, if an agent loses track of the target for a 
definite period of time, the agent removes itself. 

 

3.3. Algorithm to Calculate Neighbor Nodes 
 

Regarding camera locations and cost-efficiency, it 
is practical to install cameras only at specific places, 
such as building entrances, rooms, or passage 
crossings. In such an environment, each camera's 
monitoring range is not necessarily overlapped with 
other camera's monitoring range. Therefore, it 
becomes necessary to predict which camera a target 
will appear in next. In this case, it becomes necessary 
to predict which camera a target will appear in next. 

In order to predict the next camera, we defined 
points that represent a route through which a target can 
pass as following. 
- Branch points (passage crossings): Bi 
- Camera points (camera locations): Ci 
- Viewing points (between two branch points, 

between two camera points, and between a branch 
point and a camera point): Vi 
The monitoring range of each camera is 

determined from these points, as shown in Fig. 2. 
 
 

 
 

Fig. 2. Representation of a route. 
 
 

The monitoring range of each camera changes by 
pan, tilt and / or zoom operations. For example, when 
the monitoring range of camera C1 is as in the left part 
of Fig. 2, the monitoring range of C1 becomes [C1, V1, 
B1]. When the monitoring range of C1 is as in the right 
map of Fig. 2, the monitoring range of C1 becomes [B1, 
V2]. Matrix  of | | × | |  is defined from the 
monitoring range of all cameras. Element  of 
matrix  is defined as (1). 

 

= 0, ℎ ℎ 	ℎ 	 	 		 ℎ 	 	 .1, ℎ 	 ℎ 	 	ℎ 	ℎ 	 	 .
 (1) 

 
where C is a set of camera points and P is a set of 
branch points, camera points and viewing points. 
Cameras that have overlapping monitoring ranges 
(neighboring cameras) are identified using (2). The 
monitoring range of Camera Ci and Cj are overlapped 
if ≥ 1. 
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= ∙  (2) 
 
Next, the adjacency matrix of | | × | | is 

defined. Element  of matrix  is defined as (3). 
 

= 0, ℎ 	 ℎ 	 	 	ℎ 	 	 	 	ℎ 	 ℎ	 ℎ .1, ℎ 	 ℎ 	 	 	ℎ 	 	 	ℎ 	 ℎ	 ℎ .
 (3) 

 
When ≥ 1  in (4), the neighboring camera is 

overlapped with − 1  points away from the 
monitoring range of the camera Ci. 

 = ∙ ∙  (4) 
 
Even if the neighboring cameras can be identified 

by (4), the number of points between the monitoring 
ranges of two cameras is unknown. In other words,  
is unknown. Therefore, points which are not included 
in the monitoring range of all camera from matrix  
and  are eliminated. Matrix ′  is generated from 
matrix  by eliminating all the points in column  that 
satisfy (5). 

 = 0 (5) 

 
Similary, matrix ′ is generated from matrix  by 

eliminating all the points in column  and row . 
Furthermore,  is set to 1 if = 1 and = 1. 
This prevents a route from being cut off by the 
elimination of a point. The neighbor camera can be 
predicted by calculating (6) from matrix ′ and ′. 

 ′ = ′ ∙ ′ ∙ ′  (6) 
 
 

4. Localization of Neighbor Node 
Calculation 
 
The neighbor nodes can be calculated by the 

algorithm described in Section 3.3. The algorithm, 
however, needs matrix  that contains the monitoring 
ranges of all cameras. Since matrix X consists of all 
points, it is necessary to update matrix X each time a 
monitoring range of any camera in the system is 
changed by pan / tilt / zoom functions. Therefore, we 
localize the algorithm for decreasing the number of 
points for the calculation. Localization achieves 
neighbor node calculation without using all points in 
the system.  

In the localized algorithm, all of the points in the 
system are not required to calculate neighbor nodes of 
each camera. Each camera manages only points that 
are included in the monitoring range of itself and its 
neighbor nodes. Let us define a matrix . The 
elements of  are defined as (7). 

= 0, ℎ ℎ 	 	 	ℎ 	 	 	ℎ 	 ℎ	 ℎ .1, ℎ 	 ℎ 	 	 	ℎ 	 	ℎ 	 ℎ	 ℎ .
 (7) 

 
where Pci and Pcj are the points included in the route 
located between the monitoring range of camera C and 
the monitoring range of its neighboring cameras. 
Similarly, we define matrix  by (8). 

 

= 0, ℎ ℎ 	ℎ 	 	 		 ℎ 	 	 .1, ℎ 	 ℎ 	 	ℎ 	ℎ 	 	 .
 (8) 

 
 and  are prepared in each camera. All the 

points are not required in  and . Next, matrix ′ 
and ′ are derived from matrix  and  using the 
method described in Section 3.3. Then, the neighbor 
nodes are calculated by: 

 ′ = ′ ∙ ′ ∙ ′  (9) 
 
The localized algorithm achieves a robust human 

tracking system because all points in the system are 
not required. If the monitoring range of a camera 
changes, the localized algorithm requires the updated 
matrixes of that camera and its neighboring cameras.  

 
 

4.1. An Example of Reduced Points 
 

By the localization, the number of points 
constituting the matrix decreases, and as a result, the 
calculation cost is reduced. We show an example of 
localization by using a map in Fig. 3.  

 
 

 
 

Fig. 3. Example map. 
 
 

In Fig. 3, Ci represents a camera point. Bi 
represents a branch point, and Vi represents a  
viewing point. There are 5 camera points, 4 branch 
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points and 10 viewing points in the map. Since the 
total number of the points is 19, the size of matrix  
becomes 5×19 (| ℎ 	 	 	 	 | ×| ℎ 	 	 	 	 ℎ 	 	 |), and the size 
of matrix  becomes 19×19. The monitoring range of 
each camera is represented by a triangular range. 

Here, we focus on camera C1.  consists of 
points included in the monitoring range of camera C1 
and points located between the monitoring range of C1 
and its neighbor nodes. Therefore,  consists of C1, 
C3, C5, B1, B2, B3, V1, V2, V4, V5, V8 and V9. Thus, the 
size of matrix  becomes 12×12 as shown in (10). 

 

=
CCCBBBVVVVVV

C C C B B B V V V V V V0 0 0 0 0 0 1 0 1 0 0 00 0 0 0 0 0 0 0 0 0 1 00 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 1 1 0 1 0 00 0 0 0 0 0 0 1 0 0 0 00 0 0 0 0 0 0 0 0 1 1 11 0 0 1 0 0 0 0 0 0 0 00 0 0 1 1 0 0 0 0 0 0 01 0 0 0 0 0 0 0 0 0 0 00 0 0 1 0 1 0 0 0 0 0 00 1 0 0 0 1 0 0 0 0 0 00 0 1 0 0 1 0 0 0 0 0 0

(10) 

 
Similarly, the size of  becomes 4×12 as shown 

in (11). 
 

= CCCC
C C C B B B V V V V V V1 0 0 1 0 0 1 1 0 0 0 00 1 0 0 1 0 0 0 0 0 0 00 0 0 0 0 0 0 0 1 0 0 00 0 1 0 0 0 0 0 0 0 0 0  

(11) 

 
Then, matrix ′ is generated from  by 

eliminating column B3, V5, V8 and V9 because their 
columns satisfy (8). Thus, ′ becomes 4×8 matrix 
as shown in (12). 

 

′ = CCCC
C C C B B V V V1 0 0 1 0 1 1 00 1 0 0 1 0 0 00 0 0 0 0 0 0 10 0 1 0 0 0 0 0  (12) 

 
For the generation of matrix ′, at first, columns 

and rows of B3, V5, V8 and V9 are deleted from . 
After that, B3, V5, V8 and V9, which satisfy = 1 
and = 1 are set to 1 in ′. For example, the 
values of [ , ] = [B1, B3] and [B3, B1] are set to 1 by 
the deletion of V5. This prevents cutting off the route 
between B1 and B3. Similarly, the values of [ , ] = [B1, 
V8], [V8, V9], [B1, V9] and [V9, B1] are set to 1 by the 
deletion of B3; [B1, C3], [C3, B1], [C3, V9] and [V9, C3] 
are set to 1 by V8; [B1, C5], [C5, B1], [C3, C5] and [C5, 
C3] are set to 1 by V9. Thus, the matrix ′  is 
generated as shown in (13). 

′ =
CCCBBVVV

C C C B B V V V0 0 0 0 0 1 0 10 0 1 1 0 0 0 00 1 0 1 0 0 0 00 1 1 0 0 1 1 00 0 0 0 0 0 1 01 0 0 1 0 0 0 00 0 0 1 1 0 0 01 0 0 0 0 0 0 0
 (13) 

 
 

4.2. Dealing with the Change of  
Monitoring Range 

 
A change of monitoring range of a camera may 

cause a change of its neighbor node. If that happens, 
the camera notifies its neighbor cameras that the 
monitoring range has changed. Neighbor cameras 
update their  with the updated monitoring range 
included in the received notification. When the 
monitoring range of a camera crosses the monitoring 
camera of a neighbor node, the matrix  and  of 
the camera does not have any points required for 
calculating neighbor nodes. For example, in the left 
part of Fig. 4, camera C1 has monitoring range 
information for the neighbor node C2. However, 
camera C1 does not need to have the information of 
C3 because a tracked person moving from C1 to C3 
always passes a monitoring range of camera C2. When 
the monitoring range of C1 changes as seen in the right 
part of Fig. 4, C1 and C3 become neighbors. However, 

 and  of C1 have no information about the 
monitoring range of C3. Therefore, C1 gets  and 

 of C2, and combines  and  with  and 
. Then, C1 can update its neighbor nodes by 

running a localized neighbor node calculation because 
 and  include information about points 

between C2 and C3.  
 
 

 
 

Fig. 4. Change of monitoring range. 
Dashed line shows that two cameras are neighbors. 

 
 

4.3. Dealing with the Additional Camera 
 

If a new camera is added to the system, it does not 
have matrixes  and . Hereafter, Cnew represents a 
new camera and C1 represents its neighbor node. 
When a new camera is installed, we give access 
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information (e.g., IP address and authentication 
information) about neighbor nodes to the new camera. 
Cnew receives the matrix  and  from C1. Since 
C1 is adjacent to Cnew, the location of Cnew installed is 
included in 	and . Therefore, Cnew can calculate 
its neighbor nodes by using  and . 

For example, in the left part of Fig. 5,  and  
have information about the points from C1 to C2, and 
C1 to C3. 

 
 

 
 

Fig. 5. Addition of a camera. 
Dashed line shows that two cameras are neighbors. 

 
 

When Cnew is installed as shown in the right part of 
Fig. 5, Cnew receives  and  from C1. Since  
and  contain all the information required to 
calculate neighbor nodes of Cnew, Cnew can calculate its 
neighbor nodes C1, C2 and C3.  

Furthermore, the addition of Cnew may accompany 
with the updating of points. Fig. 6 shows an example 
of update policy. 

 
 

 
 

Fig. 6. Change of the points. 
 
 

When a camera is added at a branch point, the 
branch point changes to a camera point. When a 
camera is added at a viewing point, the viewing point 
is divided into two viewing points on the both sides of 
added camera point. 

Updated points are added to  and , and Cnew 
updates  with its monitoring range. The updated 
matrix  and 	are matrixes  and . 
Cnew calculates neighbor nodes using  and 

. Then, Cnew notifies its neighbor nodes of the 
updated points and its monitoring range. Cameras that 
receive this notification update their  and Yc  and 

recalculate their neighbor nodes. In this way, the 
system can effectively handle the change of neighbor 
nodes as a result of the addition of a camera. 

 
 

4.4. Dealing with the Removing Camera 
 
As for removing cameras, two cases must be 

considered; intentional removal and unintentional 
removal. Because unintentional removal means the 
sudden loss of camera Crem, it is more difficult to 
handle than intentional removal. Therefore, we discuss 
only the case of unintentional removal. 

Matrixes  and  are lost when 
unintentional removal occurs. To tackle it, each 
camera exchanges its  and  matrixes with its 
neighbor node. Each camera periodically monitors its 
neighboring cameras to check if they are accessible or 
not. If one of the cameras becomes inaccessible, the 
camera is regarded to have been removed 
unintentionally. Suppose camera C1 detects removal of 
Crem, C1 combines  and  with its  and 

. In the combined , C1 sets the rows 
corresponding to the camera point of Crem to 0. This 
means that the monitoring range of Crem becomes 
nothing. By calculating using the method in 
Section 4.2, C1 can calculate its neighbor node even if 
Crem is unintentionally removed. Note that the update 
of points is not required because unnecessary points 
(e.g., a camera point corresponding to Crem) are deleted 
automatically using Equation (5) in Section 3.3. 
 
 
5. Experiments 

 
To verify the effectiveness of the proposed method, 

we performed a simulation. We created a map of the 
surveillance area and assumed that the plurality of 
cameras are installed in experiments. 

This experiment was conducted by installing 
18 cameras in 124.5 m 	×	 51 m area as shown in  
Fig. 7. In this experiment, three targets enter the 
monitoring area from the entrance, walk randomly at 
a speed of 1.5 m/s to 3.0 m/s, and then exit the area. 
When one target exits the area, a new target enters 
from the entrance. Pan / tilt / zoom of each camera 
occurs randomly once every 30 seconds. Removal and 
addition of a camera occurs once every 8 hours. In 
addition, it was assumed that each camera detects a 
target accurately because there is a focus on 
localization of neighbor node calculation in  
this experiment. 

This simulation lasted 72 hours. The simulation 
result is shown in Fig. 8. The camera number is 
displayed on the vertical axis and elapsed time on the 
horizontal axis. Movements of the targets are shown 
by dotted lines, and the locations of mobile agents are 
shown by solid lines. The occurrence times of pan, tilt, 
and zoom are shown as ◇. Camera addition is shown 
as ○. Camera removal is shown as ×. 
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Fig. 7. Simulation map. 
 
 

 
 

Fig. 8. Result of tracking simulation. 
 

 
Initially, camera C5 is adjacent to camera C4, and 

C6 is adjacent to C5. In Fig. 8, target A was detected 
by C4, then detected by C5 and finally detected by C6. 
C5 was deleted after 102 seconds had elapsed. Next, 
target B was detected by C4, and then by C6. This 
shows that neighbor nodes were correctly updated 
when C5 was deleted. 

Additionally, camera C19 was added between C4 
and C6 after 3176 seconds had elapsed. Until C19 was 
added, targets were detected by C6 after being detected 
by C4. After C19 was added, the target was detected by 
C19 after C4, and then by C6 after C19. This means that 
the neighbor node of C4 was updated correctly to C19, 
and that the neighbor node of C19 was updated 
correctly to C6. Also, even if a monitoring range 
changed due to pan / tilt / zoom, neighbor nodes were 
calculated correctly.  

There was no failure in the neighbor node 
calculation, and targets continued to be tracked by 
mobile agents accurately. 
 
 
6. Conclusions 

 
We propose the automatic human tracking system 

using mobile agent technologies. To track a person, we 
need to find the neighbor node which catches the target 
person. The proposed algorithm is able to calculate 
these neighbor nodes with only localized node 

information. By using the algorithm, it is possible to 
calculate neighbor node of each camera without the 
monitoring ranges of all cameras in the system even 
when monitoring ranges of cameras are changed or 
cameras are added / removed. The proposed algorithm 
provides continuous tracking ability even if some 
nodes are down. We confirmed the effectiveness of the 
proposed system in simulation experiments. 
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Abstract: Marine operations in cold climates are subjected to abundant ice accretion, which can lead to heavy 
ice loads over larger surface area. For safe and adequate operations on marine vessels over a larger area, remote 
ice detection and ice mitigation system can be useful. To study this remote ice detection option, lab 
experimentation was performed to detect the thermal gradient of ice with the infrared camera. Two different 
samples of ice blocks were prepared from tap water and saline water collected from the North Atlantic Ocean 
stream. The surfaces of ice samples were observed at room temperature. A complete thermal signature over the 
surface area was detected and recorded until the meltdown process was completed. Different temperature 
profiles for saline and pure ice samples were observed, which were kept under similar conditions. This article is 
focused to understand the experimentation methodology and thermal signatures of samples. However, 
challenges remains in terms of the validation of the detection signature and elimination of false detection. 
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Icing, Infrared, Thermal signature, Cold region, Saline ice. 
 
 
 
1. Introduction 

 

Ice accretion problems are challenging in the cold 
climate regions. With a rise in activity in the arctic 
frontier, icing phenomena will increasingly affect 
operational activities. The sources of icing may vary 
according to environmental conditions, for instance 
atmospheric icing (snow, rain, fog) [1] or sea spray 
icing generated due to wind or wave-structure 
collision [2]. In marine icing events, combination of 
the mentioned causes could also be the case. An 
example of this is the snow that sticks to a wet 
surface caused by the sea spray. All of the discussed 
factors can cause heavy ice accumulation on offshore 
and mobile platforms operating in the cold climates 

[3]. Adequate measures are required to minimize the 
influence of atmospheric and sea spray icing events 
on structures under different conditions and, 
therefore, effective anti/de-icing techniques become 
important [4]. These techniques involve thermal, 
chemical and mechanical methods to avoid and/or 
remove the ice [5]. Most often the problem arises in 
situations where unpredicted or unexpected 
environmental conditions occur that could cause 
heavy ice accretion phenomena, as the ice accretion 
rate is high enough to become a possible threat to the 
structure. In such cases the time elapsed becomes the 
critical factor in responding in an effective manner, 
which also includes ice mitigation and removal. A 
viable option available is timely ice detection over 
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the structure during heavy icing events, which should 
support the anti/de-icing systems. Timely detection 
can be important to the mitigation of heavy ice loads 
upon structures.  

This paper is a continuation of the 
experimenetation process to evaluate thermal infrared 
(IR) signature of the icing surface [6]. A breief 
insight into the concept of infrared (IR) 
thermography is given in Section II. Suitable 
wavelengths to detect cold obects with infrared 
detectors is also discussed. Section III gives the 
details about experimentation performed to evaluate 
the IR thermal signature of a pure and saline ice 
block and the results are discussed in Section IV. 
Also included is a brief discussion on remote IR 
detection in marine operations, which will be the 
applicability of this research project followed by the 
concluding remarks in Section V.  

 
 

2. IR Thermography and Thermal 
Signature Detection at Low 
Temperatures 
 
IR light is electromagnetic radiation with a 

wavelength longer than that of visible light, measured 
from the nominal edge of visible red light at 0.74 μm 
and extending conventionally up to 300 μm. Fig. 1 
shows the IR spectral band that is generally sub-
divided into four sub-bands; near infrared (NIR) 
ranges between 0.75–1 μm, shortwave infrared 
(SWIR) is from 1-2.5 μm, middle infrared (MWIR) is 
between 3–5 μm, longwave infrared (LWIR) is 
between 8–14 μm. 

 
 

 
 

Fig. 1. IR Spectrum [7]. 
 
 

For cold objects near 0 °C, the prominent 
radiation wavelength is near 11 μm. Since most 
commercial IR sensors use wavelengths between 8 to 
14 μm, IR thermography can be handful for surface 
ice studies [8]. Theoretically, each body at any 
temperature above absolute zero will emit some 
radiation, but the intensity and frequency distribution 
of the radiation is different based on the basic 
structure of the body. The energy emitted by a true 
blackbody is the maximum theoretically possible for 
a given temperature. The radiative power (or number 
of photons emitted) and its wavelength distribution 

are given by the Planck’s radiation law (given by (1) 
and (2)), where λ is the wavelength, Τ is the 
temperature, h is Planck’s constant, ϲ is the velocity 
of light, and k is Boltzmann’s constant. 
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Fig. 2 shows a plot of these curves for a number 

of blackbody temperatures. With a rise in 
temperature, the energy emission at any given 
wavelength increases respectively and the 
wavelength of peak emission decreases, which is 
specified by Wien’s displacement law. The waveband 
1–15 µm in the IR region of the electromagnetic 
spectrum contains the maximum radiative emission 
for thermal imaging purposes. 

 
 

 
 

Fig. 2. Spectral radiance excitance (Planck’s Law) [9]. 
 
 

The working principle of an IR camera is based 
on thermography imaging. The major components of 
the camera are lens, detector, video processing 
electronics and user interface control. The incident 
beam of light is focused by the lens upon the 
detector. The detector contains the IR sensitive 
elements arranged in the array called focal plane 
array (FPA). These are IR sensitive elements and 
miniature in size (micro-meters). The resolution of 
FPA determines the resolution of the IR imagery 
produced by the camera. Many IR cameras available 
have user interface to calculate the scene temperature 
along with imagery recording software. Calibration is 
often required to read out the correct temperature 
across the scene that is captured.  

With the advancement in the IR camera-
technology, significant work has been done to 
observe ice/snow emissive properties to support 
remote microwave detection. Snow and clear ice 
have high emissivity values, which makes them 
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convenient to thermally image. Snow emissivity has 
been variously found to be 0.98 for frost [10], above 
0.98 for small-grained snow under 1000 μm [11], 
0.96 for flat solid ice and water, and as low as 0.8 for 
old snow. Measurements obtained at particular 
wavelengths (e.g. 10 μm) have observed emissivity 
as high as 0.995. Conversely, the thermal reflectance 
of snow r is less than 2.3 % between the 4 to 14 μm 
wavelengths [12]. This holds good for various snow 
types including granular, fine, wet, and dry; whereas 
newly fallen snow reflectance is less than 1 % 
between 4 to 14 μm. For most of the 7.5 to 13 μm 
spectrum, the emissivity is found higher in 
comparison. Therefore, IR cameras operating in the 
range above 7.5 μm can prove significant to observe 
cold objects. 

 
 

3. Pure and Saline Ice Thermal Profiles 
and Signatures 

 
3.1. Experimental Setup  
 

In order to test the potential of IR ice detection, it 
is necessary to evaluate the thermal signature of 
icing. To detect the IR signature of pure ice, basic lab 
experimentation was performed. The pure ice sample 
was prepared in a container from freezing tap water 
in a commercial freezer. The dimension of the ice 
block prepared was 14.5 × 14 × 5.5 cm. Although the 
dimensions were randomly chosen, it was taken into 
consideration that the ice block should have a large 
enough surface area to allow observation of a 
differentiating thermal signature and a wide range of 
temperature profiles. As a starting point, the viewing 
angle of the IR camera and the ice sample was kept at 
90 degrees. The forward-looking IR camera FLIR 
A310 was used to observe the thermal signature of 
the block using the proprietary software of the FLIR 
device. The observations acquired were produced in 
the mentioned calibrated software. FLIR A310 series 
IR camera has a detector operating in the range of 
MWIR (8-11 µm). The thermal signature was 
recorded immediately from the time when sample 
was taken out of the freezer. The observations were 
recorded until the melt-down phenomena had started 
at room temperature and surface of the ice block 
acquired a uniform temperature. 

The lab setup performed is shown in the Fig. 3. 
An attempt was made to observe a freely suspended 
ice block in order to ensure the uniform heat transfer 
from all directions. To hold the ice block on the 
stand, a wooden piece was immersed into the cold 
water during freezing process, so that it could be used 
as a suspension support assisted by a clamping stand 
as shown in Fig. 3. Minimal thermal conduction from 
the ice block was expected from the wooden support 
(since the wood has poor conductivity), apart from 
fulfilling the suspension support requirement. The ice 
block was initially frozen to approximate -26 °C, 
suspended on the stand immediately after taking out 

of the freezer and observed from IR camera. FLIR 
A310 has an uncooled detector device that sends IR 
frames processed at the rate of 5 Hz. The FLIR 
calibrated software acquires the frames and saves 
them as a sequence file. The camera to software 
communication is performed via an Ethernet 
protocol. The IR image of the larger Surface-1 and 
relatively smaller Surface-2 (Fig. 3) was recorded at 
room temperature to evaluate the surface  
temperature profiles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Lab setup of pure ice block thermal  
signature evaluation. 

 
 

3.2. Pure Ice Testing Results 
 

The temperature observations were made along a 
linear path along the ice block’s center line to capture 
the maximum thermal gradient across the surface. 
This helped to acquire the maximum and minimum 
temperature profiles over the Surfaces 1, 2 (Fig. 4). 
Minimum temperatures of -26.5°C for Surface-1  
and -23.7°C for Surface-2 were recorded. The 
gradual rise in temperature for both the surfaces was 
observed simultaneously as the heat transfer process 
took place at room temperature. The observations for 
Surface-1 are noted after regular intervals of time t0 
to t0+32 and also simultaneously for Surface-2 as 
shown in Fig. 4. The thermal IR signature available 
from the camera optics was captured during the 
course of the observations, which presents the 
distribution of the thermal profile as shown in Fig. 5. 
The lowest temperature profile was observed almost 
at the center of the ice block surfaces whereas the 
maximum temperature at the boundaries. 

 
 

3.2. Pure and Saline Ice Block Comparison  
 
In addition to pure ice, the saline ice block 
temperature profile and thermal signature was also 
observed. The saline water used for the 
experimentation was collected from the North 
Atlantic Ocean stream in Tromsø, 
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Fig. 4. Surface temperature of Ice block recorded from 

thermal IR signature at different intervals. 
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Fig. 5. Images of pure ice block recorded from thermal 
IR signature at different intervals until meltdown. 

Norway. The saline ice sample was prepared in a 
similar manner as described in Section 3.1. To make 
a comparison of pure and saline ice, both samples 
were prepared in similar conditions and each 
sample’s surface was observed simultaneously at 
room temperature. These observations were recorded 
from the time both samples were taken out of the 
freezer. It was observed that both samples were at 
different temperatures from the starting time (t0) of 
temperature recordings. The observations were 
recorded at a linear path along the central line of the 
icing surface at t0, t0+20, t0+30, t0+40 (minutes) 
until the pure ice acquired uniform temperature. The 
experimentation was continued for the saline ice 
block and observations were recorded at t0+60, 
t0+70, t0+80 and t0+90(minutes). 

Difference in the temperatures was observed from 
the start of the recordings and saline ice block was at 
the lower temperature of -25 °C as compared to  
the -22 °C of pure ice as shown in Fig. 6. 

 
 

 

 
Fig. 6. Surface temperature profiles of Pure and Saline 
Ice block simultaneously observed from IR image  

under similar conditions. 
 
 

Fig. 6 also shows the temperature profiles of both 
ice samples observed at different periods. The 
corresponding IR iso-thermal signature is shown is 
Fig. 7. It was observed that the pure ice block melted 
down earlier at approximately t0+40 minutes. The 
saline ice continued to show the varying temperature 
profile for approximately t0+95 minutes. It was 
observed that on the saline ice surface, saline water 
droplets started to drain from the period of 
t0+10 minutes. These saline droplets continued to 
drain at a slower pace from the boundary of 
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suspended saline ice block. One the other hand, water 
droplets were not observed on the pure ice surface 
until it reached the melting point.  

 
 

t0 

t0+10 

t0+30 

t0+20 

Pure Ice Saline Ice 
 

 
Fig. 7. Images of pure and saline ice blocks from thermal 

IR signature recorded under similar conditions. 
 
 
4. Discussion 
 
Ice has a high emissive value and it produces a 

distinguishable thermal signature shown in Fig. 5 and 
Fig. 7. The pure ice block suspended through the 
wooden stick allowed the ice to conduct heat 
uniformly. The IR observations show the thermal 
gradient from the center of the ice block towards the 
outside, which follows the heat transfer process. The 
heat conduction through the boundary layer of the 
pure ice can be easily identified from the thermal 
signatures as shown in Fig. 5. The minimum 
temperature at Surface-1 is -26.5°C at t0 (Fig. 4), 
which is located in the geometric center of the 
surface. A similar behavior is observed at Surface-2 
of pure ice sample. In terms of the maximum 
temperature profile at the boundary layers, not much 
difference was observed between both the surfaces of 
pure ice block. The highest temperature of 0.92°C 
was observed at the boundary of Surface-1 at t0 as 
compared to the 1.1°C of Surface-2 shown in Fig. 4. 
The maximum-minimum difference in the two 
surface areas was noted as Surface-1 has wider span 
of temperature range as compared to the Surface-2 
possibly because of the larger surface area. The 
maximum-minimum temperature difference at time 
t0 to t0+32 for Surface-1 was 6.44°C, 9.61°C, 
7.32°C, 6.98°C and 4.07°C respectively. At similar 
time intervals (t0 to t0+32 ) for Surface-2, the 
difference between maximum and minimum 

temperature recorded was 5.99 °C, 5.24 °C, 3.2 °C, 
3.2 °C and 1.59 °C. The temperature profiles of the 
pure ice block can be correlated with the isothermal 
images shown in the Fig. 5. In the IR image of both 
the ice surfaces, the difference in thermal signature 
can also be observed at the boundary layer of the ice 
block, which is at a higher temperature as compared 
to the rest of the surface block. The temperature 
profile decreases from corners to the center of the ice 
block. Since the room temperature was uniform 
throughout the experiment, it can be safely said that 
maximum heat transfer occurred from the boundary 
through natural convection.  

In the comparison part of experimentation 
process, the surfaces of saline ice and pure ice were 
found to be at different freezing temperatures when 
taken out of the freezer. The difference in the 
temperature profiles was evident during the 
experimentation process as shown in Fig. 6. If we 
compare the temperature ranges for these icing types, 
it can be observed that the saline ice at room 
temperature remained at lower temperature. Fig. 8 
shows the percentile area of temperature profiles 
observed at t0, t0+20 and t0+40 minutes.  

Initially at t0, a large surface area (60 %) of saline 
ice was at the temperature between -23.5°C to -25°C 
whereas pure ice was distributed between -22°C  
to -23.5 °C (40 % area) and -20.5 °C to -22 °C (40 % 
area). At the mid-time interval before pure was ice 
melted (i.e. at t0+20 minutes), major area of pure ice 
(60 %) was between -8.1 °C to -10.3 °C whereas 
saline ice had approximately evenly distributed 
temperature on its surface between -19 °C to -10 °C 
(Fig. 8). 

After t0+40 minutes, the pure ice melted and 
majority of its surface area had a temperature 
between -1.45°C to 0.2°C (Fig. 8). The saline ice 
steadily melted until t0+95 minutes showing various 
temperature profiles. The rest of the temperature 
ranges for saline ice block after time period t0+40 
minutes are shown in Fig. 9. The difference in 
surface temperatures observed for the saline ice block 
reduced in the latter half of the experimentation. The 
temperature range available on the saline ice block 
after t0+50 minutes was between 3.8°C to 4.5°C for 
each time of the recordings as shown in Fig. 10.  

Fig. 10 also shows the comparison of differences 
between maximum and minimum absolute 
temperature recordings at the period specified above. 
The saline ice showed wider range of temperature as 
compared to pure ice during the time period t0+10 to 
t0+40 minutes as shown in Fig. 10. At the start of 
experimentation, the absolute temperature difference 
between both icing surfaces (pure and saline) was at 
the same level (8 °C to 9 °C), but for pure ice it 
reduced considerably. On the other hand, steady 
decline in the absolute temperature difference is 
evident for the saline ice as shown in Fig. 10. It 
shows the steady heat conduction process as 
compared to pure ice block. It is to be noted that the 
salinity factor is contributing towards steady decline 
in temperature of saline ice (Fig. 10). The salinity of 
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ice accreted upon structures during the marine icing 
phenomenon might vary with the contributing 
environmental factors. This can affect the conduction 
process and eventually contribute to various 
temperature profiles observed from IR camera. 

 
 

 

 

 
Fig. 8. Surface temperature profiles of pure and saline ice 

block simultaneously observed from IR Camera. 
 
 

Overall, the wide range of the IR thermal profile 
was available for pure and especially saline ice block 
(Fig. 4, 6, 7 and 9). This also assisted in 
differentiating it with a relatively hotter environment 
during the experimentation process, though in a cold 
climate environment this may not be the scenario. IR 
detection for colder objects seems to works well as 
long as thermal non-uniformity is present in the scene 
which is to be observed. Currently, offshore 
structures and marine ships operating in cold 
environment use thermal methods for anti/de-icing, 

apart from other methods. Thermally active heated 
floors will generate a predictable IR signature. Ice 
accretion on the floors may result in different thermal 
signature. This variation may be used for ice 
detection and may also lead to the detection of the ice 
accretion rate if used in conjunction with heat 
transfer theory. 

 
 

 
 

Fig. 9. Surface temperature profiles of saline ice block  
for rest of the time period (t0+60 onwards). 

 
 

T
em

p
er

a
tu

r
e 

D
if

f
er

en
c
e 

(
C)
 

 
 

Fig. 10. Absolute maximum and minimum temperature 
difference (Saline vs Pure Ice). 

 
 

5. Conclusions 
 
The thermal signature of icing can be applied to 

detect cold objects especially on ice accreted upon 
the structures using IR camera. The lab 
experimentation of pure and saline ice block shows 
the thermal signature and gradient of these surface 
areas. Different temperature profiles were noticed for 
saline and pure ice, which were kept under similar 
conditions. The saline ice showed steady heat 
conduction process at room temperature as compared 
to pure ice, which melted down earlier and acquired 
uniform temperature less than half of the time taken 
by saline ice. Wide range of thermal profiles from 
absolute temperature of 4 °C to 9 °C was observed 
from the infrared detector. Study of IR observation of 
ice block showed that temperature varies over time 

(Minutes) 
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with maximum value at the boundaries and minimum 
at the center. The difference between the boundary 
and the center temperature is higher on a larger 
surface area. The influence of emissivity values on 
ice detection is not discussed in this study. The 
experimentation conducted is based on passive IR 
detection of ice block. If any object having same 
emissivity as of ice is captured in the IR scene, false 
detection of ice can be the challenge. Further 
modifications are needed in that scenario to make the 
ice detection reliable and to avoid false detection. 
The introduction of active heating mechanism 
underneath the icing surface can be one of the 
options. This can assist to distinguish the thermal IR 
signature of ice based on its conductive properties. 
The discussed option can lead to advanced 
experimentation specifically designed for cold 
regions and marine arctic operations to validate the 
ice detection and growth. 
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Abstract: Visually handicapped use their white cane to find obstacles. They follow tactile walking surface 
indicators to find routes and intersections. They use all sensory organs they can use to acquire the surrounding 
information. They match the surrounding information with routing information they have, to find their current 
location and target direction. However, even if tactile walking surface indicators are installed, it is difficult for 
them to visit unknown places because they have no correct routing information. When they go outside 
depending on tactile walking surface indicators, they have to follow them. They cannot plan their walking routes 
for themselves in unknown places. It is impossible for them to walk around various places such as shopping 
malls and station concourses as sighted persons, which is indispensable to enjoy their daily life. In this work, we 
propose a method which supports visually handicapped people to visit and walk around in their unknown places. 
We use RFID technologies to achieve voice navigation with the direction to their destination from their current 
location and their moving direction. To verify effectiveness of our system, we navigate blindfolded people 
experimentally. In the experiment, we have confirmed the success rate is 81 %. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Visually impaired, Navigation, RFID. 
 
 
 
1. Introduction 

 

Though people get most of their surrounding 
information using their eyes, visually handicapped 
have lost their vision. They cannot spend their life as 
the same way as sighted persons. In particular, 
visually handicapped suffer from many difficulties to 
go out. Tactile walking surface indicators are 
indispensable for visually handicapped to walk 
outside. They are paving blocks with uniformly 
arranged studs. They are ”tactile” because they are 
detectable with feet at walking. They are used to alert 
visually handicapped of hazards, such as a road cross 
before moving car traffic or the edge of a drop at 
subway station platforms. Visually handicapped use 

not only their feet but also white canes to recognize 
studs of tactile walking surface indicators. White 
cane is also used to find the surrounding obstacle. 
However, tactile walking surface indicators might 
bring nuisance to people poor at walking such as the 
elderly and persons on wheelchairs. Because of the 
nuisance, they not installed all over a town, much less 
in wide public spaces where many people come and 
go in various directions. Even if tactile walking 
surface indicators are installed, it is difficult for 
visually handicapped to plan their walking courses 
for themselves. A support method is required for 
visually handicapped to walk wherever they want like 
sighted persons. 

www.sensorsportal.com/HTML/DIGEST/P_2759.htm
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When visually handicapped go outside, they use 
all sensory organs which they can use to acquire the 
surrounding information. To find their current 
location and target direction, they compare 
information they acquire with routing information to 
their destination [1]. However, they do not always 
have correct routing information in unknown places. 
Though several methods have been proposed to guide 
visually handicapped persons [2-4], none of them 
support for them to walk around unknown places. 
When they go out in unknown places, they have to 
memorize tactile maps or ask familiar sighted people 
such as family members or helpers to accompany 
with them [5]. It is burdensome for them to memorize 
tactile maps. If they ask familiar people to 
accompany, it is burdensome for the familiar people 
to help them. It is necessary to navigate visually 
handicapped without burden of their familiar people 
or themselves. 

In this work, we propose a navigation method to 
support visually handicapped persons walking 
outside like sighted persons even in unknown places 
which are not covered with tactile walking surface 
indicators. We guide the visually handicapped, 
presenting the direction to their destination with 
voice navigation. We use RFID technologies to 
identify the current location and the moving direction 
of them, from which the direction to their destination 
is calculated. In the work, a reader is attached on 
foots to acquire the ID of tags embedded in floors of 
buildings and roads in outside. Acquired ID of tags 
allows us to know the exact location, which derives 
the exact moving direction. To navigate visually 
handicapped, our system conveys direction to their 
destination using voice. To verify effectiveness of 
our system, we have conducted an experimental to 
navigate blindfolded people. In the experiment, we 
have confirmed the success rate is 81 %. 

The following is an outline of the remaining 
chapters of this paper. Section II summarizes related 
works to navigate the visually handicapped. 
Section III proposes a model to navigate the visually 
handicapped, as well as a method to acquire the 
current location and the moving direction for the 
destination. Section IV explains an experiment to 
navigate blindfolded people using the proposed 
method. We also present results, which are discussed 
in Section V. Section VI provides the summary  
of the work. 

 
 

2. Related Works 
 
Many navigation systems have been proposed for 

visually handicapped. To convey information 
necessary to walk, the systems have to acquire the 
current location and the moving direction in a real 
time manner. A navigation system is proposed to 
convey surrounding information using RFID 
technologies [6]. This system installs a reader on a 
white cane to acquire tags embedded in tactile 
walking surface indicators. It matches the acquired 

ID of a tag with a tag map recording the location of 
all embedded tags in order to the acquire current 
location and the moving direction. First, visually 
handicapped specify their destinations using their 
voice when they use this system. Next, system 
conveys routes leading to the destinations. They can 
walk alone using this system. However, this system 
has some problems, because it installs readers on 
their white canes. First, increase of the white cane 
weight enlarges the burden of visually handicapped. 
Next, searching embedded tags with white case could 
cause accidents, because white canes are also used to 
detect surrounding obstacles. The visually 
handicapped have to search embedded tags and 
surrounding obstacle at the same time, when they use 
this system. Distracting visually handicapped could 
cause accidents. Finally, it is difficult for this system 
to acquire the exact location and the exact moving 
direction. To plan walking routes, navigation system 
should acquire the exact location and the exact 
moving direction in any place in a real time. To 
achieve it, it is necessary to embed tags in the whole 
of the floor and roads. If a reader is installed on a 
white cane, many tags are detected irregularly 
because the visually handicapped swing it to find 
surrounding obstacles. Therefore, it is difficult for 
this system to acquire exact location and the exact 
moving direction. 

Some navigation systems conveys surrounding 
information using Ultra Wide Band (UWB) 
technologies [7]. In the systems transmitters are 
mounted on the ceiling or pillars to transmit current 
location to users terminals. Terminals which receive 
signals can recognize the current location and the 
moving direction anywhere. However, the usage of 
UWB technologies is limited in Japan. The radio act 
in Japan constrains the use of UWB system only 
indoors. Therefore, this system cannot be used in 
wide public spaces or street in the outdoors. 
 
 

3. Navigation Using Tag Block 
 
3.1. Landmark Spot and Navigation Area 
 

In this work, we define a model to allow visually 
handicapped to walk in a town using flat paving 
blocks in which tags are embedded. The paving block 
is studs free to avoid bringing nuisance to poor 
walkers likely the elderly and people using wheel 
chairs. It is infeasible to embed tags in all position of 
a town. We define two kinds of spaces to navigate the 
visually handicapped in terms of their roles. One is a 
landmark spot, while the other is a navigation area. 
To navigate the visually handicapped, we make the 
best use of them in accordance to purposes of 
navigation. Fig. 1 illustrates Landmark Spots and 
Navigation Areas. A landmark spot is a space of 
several meters square to notify the visually 
handicapped of a town landmark such as a crossroads 
and a host office. Landmark Spots are settled at 
surroundings of various landmarks all over the town. 
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Fig. 1. Landmark Spots and Navigation Areas. 
 
 

The visually handicapped can arrive their 
destination, traversing one landmark spot to other on 
the route to the destination. Navigation system 
acquires the current location and the moving 
direction of the user in a landmark spot, to convey the 
direction to the next landmark spot using voice 
navigation. Landmark spots are settled, skipping 
from one to another, to reduce cost. Though it is 
impossible to navigate the visually handicapped in a 
fine grade, is effective measures to navigate the 
visually handicapped according to a specific route, 
which consists of sidewalks and narrow streets. 

On the other hand, in a navigation area, tags are 
embedded all over it to navigate visually handicapped 
precisely. A navigation area is effective to navigate 
them in a shopping mall, the concourse of a big 
station, and a wide open space like a plaza. The 
proposed navigation system conveys the direction to 
their destination in a navigation area. The navigation 
system acquires the current location and the moving 
direction of the user in a real time way for the 
navigation. The navigation system conveys the 
direction to the destination to the visually 
handicapped, using a speaker of their handy 
terminals. The system can navigate them at any 
position inside the navigation area. Users can avoid 
obstacles and shorten the path to destination in a 
navigation area. In this paper, we focus on a 
navigation area. 

 
 

3.2. Navigation Method 
 

In this work, we use RFID technologies to 
achieve voice navigation for the visually handicapped. 
A navigation system should acquire the current 
location and the moving direction of the user in a fine 
grade. To achieve it, we embed tags in flat blocks, 
while a user wear a reader on user shoes. The 
detection of tags by the readers attached on shoes 
allows the navigation system to acquire the current 
location and the moving direction. The readers 
attached on shoes also make it possible to use a white 

cane only for search surrounding obstacle. Compared 
with the conventional methods [6-7], our method is 
safer and more in expensive for the visually 
handicapped. Fig. 2 illustrates the outline of our 
navigation method. Readers are installed on the tiptoe 
of shoes, because the tiptoe is touching quite 
frequently. Tags are embedded in a flat blocks at 
even intervals like a chessboard. Each tag is 
associated with a unique number, which is bound to 
two-dimensional location information. We refer to 
this block as a tag block. The navigation system 
acquires the current location, consulting the location 
information corresponding to the unique number. The 
position of the both foot is regarded as the location 
information acquired from the readers attached to the 
both toes. In each step, the angle from the previous 
step of one side foot to the current step is calculated 
to get the current moving direction. It is referred to as 
the angle of the step. The proposed method calculates 
it separately left and right. It takes their average of 
them. The average is the moving direction of the user 
at that time. The method figures out the difference of 
the moving direction from the angle to the destination. 
It is converted to the clock position to convey 
direction for visually handicapped persons. Clock 
position is conveyed to the visually handicapped 
using voice to navigate them. The visually 
handicapped can understand the direction to 
destination. The method enables the visually 
handicapped to walk around like sighted persons. 

 
 
3.3. Current Location and Moving Direction 
 

It is important to acquire correctly the current 
location and the moving direction of a walking 
visually handicapped person to navigate him. In this 
work, tags are arranged in a small distance all over 
the ground to acquire the precise location. A 
navigation system acquires the current location of the 
user every step, detecting tags on the ground. Let 
P(Xin,Yin) denote the current location at time point i.  

 
 

 
 

Fig. 2. Outline of our navigation method. 
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Suppose P0 (Xi0,Yi0) indicates the user location n 
steps before. The user location at any of these n steps 
is represented with Pj(Xij,Yij), where  
0 =< j =< n. The moving direction of one foot is 
calculated with (1). 

 

n

yy

xx

j iij

iij
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−
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Fig. 3 illustrates how to derive the angle of the 
step when n = 3. θi is derived as follows. P0(Xi0,Yi0) 
is the origin in the calculation of the angle at every 
step. The navigation system creates coordinate plane 
at every step. Let P0 denote the coordinate plane. Its 
origin is P0(Xi0,Yi0). The user stands at Pj(Xij,Yij) 
after he takes J steps, where 1 =< j =< n. The 
navigation system calculates the angle of the vector 
from P0 to Pj at every j. It is the angle of the step. 
Since j varies from 1 to n, n angle values are obtained 
every i. Each of them corresponds to the angle from 
the first step (θ1) to the angle of the nth step (θn). The 
average from (θ1) to (θn) is the moving direction of 
one foot at i. The average of the moving direction of 
both feet is the moving direction of the user at. We 
define it as (θd). The navigation system calculates 
(θd) every step. Sine tags are arranged in a small 
distance on the ground, a reader detects several tags 
at one step. It makes an error in the calculation of the 
moving direction. If a reader detects tags arranging 
right and left at one step, the navigation system 
calculate as if the user turns the right or the left. If 
reader detects tags arranging right and left, the 
navigation system use only one of them to calculate 
the moving direction of the user. 

 
 

 
 

Fig. 3. How to derive the angle of the step. 
 
 

Let D(Xg,Yg) denotes the location of the destination. 
Since the user currently stand at P, the angle of the 
vector from P to D is the one from the current 

location to the destination. We refer to it as the 
destination angle, θig, which is calculated using (2). 
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The navigation system derives the navigation 
angle, θ1, subtracting θd from θig. It derives θ1 every 
step so that it can navigate the visually handicapped 
in any time. 
 
 

3.4. Navigation Using Clock Position 
 

The conveying method is important to navigate 
the visually handicapped persons. Suppose a visually 
handicapped person try to reach a specific destination. 
The destination is not necessarily located in the front 
of the visually handicapped person. Sometime, it is 
located in the diagonal right ahead, while it exits in 
the just left of the visually handicapped person in 
other time. In an open space like a plaza, it is 
preferable for him to move to the destination 
straightforward without any turn. The visually 
handicapped cannot understand abstract navigation, 
such as advance the diagonal right ahead. It is 
necessary to navigate the visually handicapped using 
special phrases such as the northeast regarding your 
front as the north. The clock position is often used by 
the visually handicapped. In this work, we use the 
clock position to lead the visually handicapped to 
their destinations straightforward because we can 
specify the precise direction with the clock position. 
The navigation system should convert the navigation 
angle into the clock position. If the moving direction 
of a specific visually handicapped person is equal to 
the destination angle, the navigation angle is equal to 
0 degree. In the clock position, 0 degree corresponds 
to the direction of 12 o ’clock. Clock position c is 
calculated using Equations (3), (5), where x is  
an integer. 
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4. Experiment 
 

4.1. Experiment Environment 
 

We have conducted an experiment to navigate 
blindfolded people using a navigation system based 
on the proposed method. 

We have examined whether the system can 
navigate blindfolded people from one point to 
another. We have navigated 13 male and 2 female 
subjects. Fig. 4 illustrates the position of the starting 
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point, the goal point and the two relay points. Before 
starting, each subject stands at the starting point, 
facing relay point 1. In this experiment, we prepare 
three paths as follows. One of the paths is selects 
randomly for a subject, to prevent the subject from 
suspecting the path the subject is following. In this 
experiment, we have navigated the subjects 15 times 
in each path.  

 
 

 
 

Fig. 4. The position of the starting point, goal point  
and relay points. 

 
 

An arrival is regarded as the entrance of a subject 
within a radius of 50 cm from the center of the point. 
If a subject arrives the goal point using only the 

navigation system, we regard that the navigation has 
succeeded. On the contrary, we consider the 
navigation has failed, if the navigation is stopped to 
avoid a danger. The effectiveness of the proposed 
method is evaluated with the success rate, which is 
calculated with (6). 
 

15

scorearriving
ratesuccess =  (6) 

 

We have used 5 cm square tags in the experiment. 
Every tag is installed every 5 cm, being spread over 
the 4-by-10 meter floor. Tags are covered with a 
plastic sheet. A reader is attached at the position 5 cm 
away from the toe of the shoes. In this experiment, 
the navigation system uses the recent 3 steps to 
calculate the moving direction of the subject. 
 
 

4.2. Results 
 

Fig. 5 illustrates the success rate of each subject 
for every path. The horizontal axis of the graph 
represents subjects, while the vertical one represents 
the arriving score. The average of the success rate is 
95 %, 80 %, and 68 % in path 1, path 2, and in path 3, 
respectively. The maximum of the success times is 15 
in any path. The minimum of the success times is 9, 4, 
and 3 in path 1, 4 in path 2, and in path 3, 
respectively. The navigation is highly reliable in 
path 1, where each of the subjects takes a straight 
way. However, the navigation is not trustworthy in 
path 2 and in path 3 where each subject has to take a 
turn, compared with in path 1.  

 
 

 
 

Fig. 5. The success rate of each subject for every path. 
 
 
5. Discussion 

 
5.1. Improvement of Success Ratio 

 
It is necessary to improve the success ratio in  

path 2 and path 3 to navigate the visually 
handicapped safely. In the experiment, failures 
mainly attribute to the following three causes. 

The first one is misinterpretation of the clock-
position by subjects. Failures coming from them are 
found in all paths. All the subjects it are sighted 
persons, who are unfamiliar with the clock position. 
They cannot map the clock position specified in 
navigation messages into the direction to which they 
should proceed. Because of the failures in the 
mapping, they have and walked incorrectly, which 
swerves them from the desired paths. The second 
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cause is wrong calculation of the navigation angle by 
the system. The wrong calculation arises in path 2 
and path 3. In the experiment, the navigation system 
calculates the navigation angle uses with the foot 
location in recent 3 steps, assuming a user walks 
straightforward during the steps. The calculation gets 
wrong, if the user changes the direction rapidly 
during the steps. The moving direction before the 
change works as the inertia for the calculated moving 
direction. Actually, a subject turns quickly at the 
third step in the experiment. At that time, the system 
calculates a wrong value for the navigation angle, 
because the first and the second step influence the 
calculation of the moving direction of the subject. 
The calculated moving direction is much closer to the 
one before the rapid turning than the actual one after 
it. Quick turns of users make the system figure out 
erroneous values for the navigation direction. To deal 
with the error, the system should not navigate users 
when they turns quickly. Rapid turns can be detected 
from the movement of each foot. We move each foot 
in turn to take a turn. In the turn, the moving 
direction of each foot is renewed in turn. When a user 
walks straightforward, the angle vector from one step 
to the next of the right foot is close to that of the left 
foot. On the contrary, the user is considered to take 
turn, if the vectors differ with each other. In this work, 
the navigation system averages the vectors of each 
foot to calculate the moving direction. However, the 
calculation is valid only when the user walks 
straightforward. When the vectors of one foot largely 
differs from that of the other, the navigation system 
should not issue any navigation message to users to 
deal with the error in the calculation of the navigation 
direction. The final cause is the walking speed of 
subjects. It takes place in path 2 and 3. In the 
experiment, the navigation system navigates every 3 
seconds. If the walking speed of subjects is fast, the 
navigation is too late to lead them to desired 
directions. Fig. 6 illustrates the relationships be- 
tween the success rate and the walking speed.  

The horizontal axis of the scatter diagram is the 
walking speed, while the vertical axis represents the 
success rate. 

 
 

 
 

Fig. 6. The relationships between the success rate  
and the walking speed. 

 
 

The walking speed is negatively correlated with 
the success rate, where the correlation coefficient is 

−0.64. The faster the walking speed, the lower the 
success rate. If the walking speed is over 38 cm/sec, 
the success rate gets worse rapidly. It implies that it is 
difficult for subjects to turn at relay points, when they 
are walking the speed over 38 cm/s. To address the 
problem, the navigation system has to convey voice 
messages more frequently. However, the visually 
handicapped persons would get too enormous 
information to respond properly, if the navigation 
system conveys voice messages more frequently. The 
navigation system should changes the frequency of 
the navigation in response to the working speed of 
users. 
 
 
5.2. Failure Causes 

 
Navigation timing is an important to navigate 

visually handicapped persons. They cannot turn at 
specific points if they do not prepare turning in 
advance. The navigation system must notify them of 
the turn before they arrive the turn point to make 
them prepare the turning. In our experiment, the 
navigation system gave navigation to subjects every 
3 second. The turn points ware near for edge of the 
navigation area. The subjects could not turn if the 
navigation was delayed. They went out of the 
navigation area. Our system cannot acquire their 
current location if they go out of the navigation area. 
Because of this, navigation failed. To deal with this 
error, the navigation system should acquire the 
walking speed of subjects. The navigation system 
should accommodate the timing of the navigation 
with their walking speed. 

We need to analyze the reaction time of subjects 
who listen to voice messages for the navigation. We 
define the reaction time as the time from the issue of 
the voice message to the change of the moving 
direction. We analyzed the reaction time using 
walking logs of subjects from the start point to the 
relay point 1. The subjects could walk straight 
between the start point and the relay point 1. The 
navigation system informed the turning once between 
the start point and the relay point 1. Fig. 7 illustrates 
the reaction time of every subject. The horizontal axis 
of the graph represents each subject, while the 
vertical one represents the reaction time. The average 
of the reaction time is 2.3 second. The standard 
deviation is 0.8. It means many subjects can react on 
time, if the system navigates 2.3 second before they 
reach the turn point. 

Note that the system must change the navigation 
timing depending on the situation. Fig. 8 illustrates 
the histogram of the reaction time and the reaction 
probability. The subjects can react with the 
probability of 82 %, if the system navigates 3 second 
before they reach the turn point. If the system 
navigates 4 second before, they can react with 98 %. 
It means the system should issue a navigation 
message 4 second before subjects reach the turn  
point, if it must navigate them near the edge of 
navigation area. 
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Fig. 7. Reaction time of each subject. 
 

 

 
 

Fig. 8. Reaction rate of each navigation, timing. 
 
 

7. Conclusions 
 

In this work, we have proposed a navigation 
method to support the visually handicapped persons 
walking around like sighted persons in their unknown 
places. On a landmark spot, the navigation system 
leads the visually handicapped to proper routes while 
suppressing cost. In a navigation area, it directly 
navigates them to the destination with the clock 
position. The method founds on RFID technologies 
to get precisely the current location and the moving 
direction of users. It figures out the navigation 
direction to their destination from their current 
location and the moving direction. 

To verify effectiveness of the system, we have an 
experiment to navigate blindfolded people. The 

average of the success rate in the straightforward 
path, is 95 %, while that in paths containing  
turns is 68 %.  

It is necessary to improve the precision to 
navigate the visually handicapped persons safely 
routes where they have to turn. The paper has 
discussed the causes of failures in the navigation to 
improve the precision. The discussion suggests 
additional studies to solve issues to improve  
the precision. 
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Abstract: This paper proposes a method to estimate the state of the user to provide proactive hospitality from 
features of their gait pattern acquired with a Radio Frequency Identifier (RFID) system. This method uses RFID 
readers on each shoe, as well as RFID tags installed on the floor. The ID of each tag is organized as a map, to 
show the precise position of the user. The reader and tags communicate while the user is walking. We extract 
feature components which represents gait patterns. Two-way ANOVA test and correlation analysis are conducted 
to find significant features. We classify the state of the user from these components with the Naïve Bayes, the 
Support Vector Machine, and the Random Forest. Compared with each combination of the analysis and the 
machine learning method, the most efficient way is found to identify the state of the user. The experimental results 
show that different state of users can be classified appropriately. Finally, variable importance and the feasibility 
of proposed method are discussed to show potential implications of the proposed approach. Copyright © 2015 
IFSA Publishing, S. L. 
 
Keywords: Shopping, Customer, Hospitality, Gait, RFID, The states of the user. 
 
 
 
1. Introduction 

 

The number of tourists visiting Japan has reached 
to more than 10 million in 2013 [1]. The Japanese 
government aims that every tourist can feel 
“Omotenashi” in Japan. “Omotenashi” is a Japanese 
word, which means providing proactive hospitality 
[2]. First, an Omotenashi provider grasps the state of 
customers in advance to provide some services before 
it is requested. There are many tourists who are 
looking forward to going shopping in Japan [3]. Our 
research focuses on Omotenashi services in a shopping 
mall. However, it is impossible for the shopping mall 
to provide Omotenashi services for each tourist, 

because it costs too much to train and arrange 
Omotenashi providers. We need a system that can 
provide Omotenashi services at a low cost. In this 
paper, we consider Omotenashi using the Information 
and Communication Technology. We propose two 
kinds of Omotenashi services in the shopping mall. 
The first one is to care tourists who are suffering from 
discomfort for luggage, or are fatigued for some 
reason. The second is to keep safety for distracted 
tourists. For tourists who have heavy luggage like 
electrical appliances as a souvenir, it proposes to use 
luggage storages and lockers, and to inform the 
location of the elevator. For tourists who are exhausted 
after long shopping, it recommends a resting place like 

www.sensorsportal.com/HTML/DIGEST/P_2760.htm

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 76-83 

 77

a café. It warns distracted tourists watching the 
advertisements or smartphones while walking. 

Omotenashi services are founded to grasp the state 
of a customer in advance. This paper refers to the 
information as a user status. In this paper, we define 
four user states. They are:  

1) Carrying luggage;  
2) Tired; 
3) Texting (i.e. using smartphones) while walking; 
4) Focusing on advertisements. We assume our 

services are provided in major streets or in front of 
display windows. User status in areas is estimated 
from gait patterns of customers. We then discuss 
variables which play a significant role in  
the estimation. 

 
 

2. Related Work 
 
Several methods are proposed to detect user status. 

Ikeda, et al. identify some kinds of luggage like carts 
and backpacks, using more than one Laser Range (LR) 
sensors installed around the user [4]. Qi et al. identify 
whether the user has a suitcase and a backpack from 
the ratio of left and right contours against the center of 
the body detected by a camera [5]. Yonekawa, et al. 
detect user fatigue from changes of pressure values 
measured with sensors installed in shoe insoles [6]. 
Arif, et al. show that the fatigue is related to the 
stability of walking, using 3D accelerometer sensors 
[7-8]. Music, et al. detect texting while walking from 
the standard deviation of meter readings from 
accelerometer sensors [9]. Thepvilojanapong, et al. 
calculate the degree of attention from the staying 
judgement, the movement of people, discrimination of 
people, and so on, using LR sensor placed beside walls 
[10]. Clippingdale, et al. and Naemura, et al. detect 
attention state and estimate interest from direction and 
expression of the face, direction of the upper body, and 
so on, using cameras installed in TVs [11-12]. 
However, these sensors can only identify one or few 
kinds of user status. Moreover, positional information 
is necessary to provide Omotenashi services on the 
spot. Some of these sensors cannot grasp positional 
information by themselves. Since cameras are poor at 
shielding privacy [13], it is difficult to install them in 
public places like shopping malls. LR sensors are 
expensive. We need a system to accurately grasp 
multiplex states of a user, causing no problem in the  
issues above.  

Gaits vary with user states [14-15]. We focus on 
gaits which have positional information as well as are 
good at shielding. To detect gaits, it is required to 
grasp accurate positions where the user foots ground. 
Cho, et al. get precise positional information for 
mobile robot localization with RFID [16-17]. Wang et 
al. use hybrid RFID systems to position pedestrians 
[18]. According to these studies, an RFID can detect 
accurate positional information. However, it is not 
studied to detect gaits and to estimate the user status 
using RFID. 

3. Gait Measurement with RFID 
 
3.1. Gait Vector 
 

We aim at realizing a system to provide Omotenshi 
services using RFID. Fig. 1 illustrates how the system 
works in an actual environment. 

 
 

 
 

Fig. 1. Omotenashi services in actual environment. 
 
 

The system provides services suitable for the 
current status estimated for every user. An RFID 
reader and an RFID tag costs about 20 US dollars and 
several US cents for each, respectively. Our system 
has high scalability, because the range of our 
positioning system depends only on the density of 
RFID tags installed on floors. We assume a shopping 
mall lends customers readers they wear like anklets, as 
well as installs tags on area such as a part of the main 
street and spaces in front of show windows. Services 
suitable for each user status make users comfortable, 
when they are provided before the users’ request. It 
realizes Omotenashi services. It leads to acquisition of 
repeaters and new customers. If every shop installs 
tags in front of their show windows, it can calculate 
the degree of attention of users to their merchandise. 
Understanding constituency, they can improve  
their services. 

In this paper, we estimate user states from a gait, 
using RFID technology. Fig. 2 shows our method. 

 
 

 
 

Fig. 2. User status estimating system. 
 
 

As shown in Fig. 2, RFID readers get chronological 
footprints based on the foot landing position.  
99-dimentional features compose a gait vector for each 
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foot print. Important features are picked up by some 
dimension reduction methods. Suppose a learner 
implemented on a computer, which takes gait vectors 
measured with the RFID system. We train the learner 
so that it identifies user status. Since there are 
individual differences in gaits, a learner is trained for 
each user. 

 
 

3.2. Detection of Landing Position 
 
RFID is a short-range wireless communication 

technology consisting of a tag with a unique ID and 
reader to detect the ID [19]. We use the HF-band RFID 
technology whose communication distance is several 
centimeters. The proposed method uses  
45 mm×45 mm square-type RFID tags. It prepares a 
tag sheet paved with the RFID tags every 50 mm 
vertically and horizontally. It assumes the tag sheets 
cover the floor of a specific area. A user wearing an 
RFID reader on the point 5.0 cm away from the toe 
walks on the tag sheets as depicted in Fig. 3. 

 
 

 
 

Fig. 3. Localization system using RFID. 
 
 

A unique ID detected by the RFID reader is 
transformed into the coordinates representing the user 
position in the area. When the user walks, the 
coordinates are obtained chronologically. The sample 
rate of the reader is 0.20-0.25 seconds per detection. 
Generally, the walking seed and a stride are 
approximately 4.0 km per hour and 1.2-1.8 m [20], 
respectively. It takes one stride about  
1.1-1.6 seconds. The sample rate is high enough to 
detect it, even if the walking speed has changed up to 
5 times faster than the normal one. 

 
 

3.3. Feature Components of the Gait 
 

It is assumed that the user status causes changes in 
gaits as follows. 

Because of heavy luggage, 
 Position of the center of gravity is unstable; 
 Walking direction is deviated; 
 Walking speed gets inconstant. 

Because of fatigue, 
 Stride gets smaller; 
 Walking speed gets slower; 
 Landing time of the foot gets extended. 
Because of low attention, 
 Walking speed gets inconstant; 
 Walking direction is deviated; 
 Landing time of the foot gets unstable. 

This paper defines a gait vector, which presents 
features of gaits, to identify the user status. The gait 
vector contains various feature components as shown 
in Table 1. 

 
 

Table 1. Feature components of gait vector. 
 

chronological x-coordinates 
difference of x-coordinates 

 difference of y- coordinates 
difference of detected timestamps 
number of detections in 0.2 seconds 
number of detections in 0.5 seconds 
number of detections in 1.0 seconds 
velocity 

 
 

,  and  are the difference between one 
detected coordinate or time and the previous adjacent 
one.  is calculated as follows: 

 = , (1) 

 
where  is the distance between the last detected 
position and the first detected position,  is the period 
of time of walking. Mean, standard deviation and sum 
are calculated for each feature component  
except . Moreover, we define various extrema 
feature factors for each feature component based on 
signal analysis [21]. The extrema features we 
extracted include: the number of peaks and valleys, the 
height of each peak, duration, and area of , as shown 
in Fig. 4. All feature components include same 
extrema factors. Area  is calculated from the height 
of peak ℎ  and duration . 
 = ℎ ×2  (2) 

 
These factors also contain mean, standard 

deviation and sum. After calculation of both of the 
right foot gait vector and the left foot one, we combine 
them to a single gait vector. 
 
 
3.4. Important Feature Components 

 
In machine learning, extraction of significant 

elements from numerous feature components allows 
us to identify user status more efficiently. We conduct 
two-way ANOVA test to find significant features. A 
correlation analysis (CA) is also conducted as a 
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dimension reduction processing. The two-way 
ANOVA test finds features which have a significant 
impact on identifying each user status. CA reduces 
variables which has similar features with each other. 

 
 

 
 

Fig. 4. Each factors of . 
 
 

3.5. Learning and Identification 
 
We examine relationships between the gait vector 

and the user status. Various widely used machine 
learning methods have been applied to classify user 
status based on features of gait. The machine learning 
methods used in this paper include Naive Byes (NB), 
Support Vector Machine (SVM), and Random Forest 
(RF). The NB classifier applies the Bayes’ theorem, 
and it considers each feature to have contributed 
independently. While it can be trained very efficiently, 
it nonetheless contains oversimplified assumptions. 
SVM is potentially advantageous for capturing 
complex relations o the data without manual 
intervention. RF computes multiple decision trees 
during the training of the data. It predicts the class, 
taking the mode of the individual trees. These machine 
learning methods have two steps: the learning step and 
the identification step. In the learning step, it creates 
models from a pair of gait vector and a user status 
presented as an instruction signal. In the identification 
step, it identifies the user status corresponding to a 
new gait vector through the model generated in the 
learning step. 

 
 

4. Possibility of Detection of User Status 
 
4.1. Experimental Purpose and Overview 

 

An experiment was conducted to identify 4 kinds 
of user status discussed in Section 2 from the 
disturbance of a gait while walking. In the experiment, 
we use ASI4000USB which is an  
HF-band (13.56 MHz) RFID reader. Its 
communication distance is about 3.0 cm. We used 

Tag-It HF-I as an RFID tag. Subjects were 11 males 
and 3 females whose age ranges from 21 to 24. Each 
of them wore an RFID reader on the point 5.0 cm away 
from the toe. We installed tag sheets on the floor as 
shown in Section 3.2. The RFID reader attached to 
each shoe was connected to a laptop PC with a USB 
cable. The walking range was 10.0 m × 0.6 m, 
excluding 2.0 m in the both sides as Fig. 5 shows. 

 
 

 
 

Fig. 5. Experimental environment. 
 
 

We recorded gaits during the following 5 kinds of 
behavior before and after the physical fatigue 
uniformly brought by an exercise presented in Section 
4.2. We repeated this trial 50 times. 
   Walking with no stress. 
   Walking with two packages of luggage of 5.0 kg 

held in both hands. 
   Walking with luggage of 5.0 kg held in the right 

hand. 
   Texting while walking, watching a Web site on 

a smartphone. 
   Walking with attention to a signage in the middle 

of the walking range. 
Each subject took a rest for about 30 minutes after 

each trial. The number of data acquisition per day was 
less than 100 times to prevent fatigue from affecting 
on a specific person. After the experiment, we asked 
the subjects with questionnaires to indicate what 
action was the most uncomfortable. 
 

 
4.2. Uniform Fatigue 

 
To artificially make subjects run into a physical 

fatigue state ( ), uniformly in each trial, we imposed 
the following exercise on them. We used the exercise 
intensity calculated from Karvonen method using the 
heart rate as a measure of  [22]. For each subject, 
the maximum heart rate ( ) is calculated with (220 −

). The stable heart rate ( ) is measured after a rest 
for 30 minutes. The exercise intensity ( ) is calculated 
every second with 

 = −− × 100 (3) 

 
Subjects went up and down the stairs at a pace of 

two steps per second, calculating  every second. 
They repeated this exercise until the value  
of  exceeds 60 in total 600 times. 
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4.3. Result 
 

We divide input data into 10 groups to take  
10-fold cross-validation in classifications. Each 
machine learning method shown in Section 3.5 is 
trained with nine groups, while measuring its 
performance with one group. We evaluate the 
performance with the F-measure calculated from the 
precision and the recall. Each trained classifier 
distinguishes 5 kinds of behavior: , ,	 ,	 , and 

. It also discriminates  and other user status 

corresponding to  ( ). The classification 
performance is compared across features based on the 
two-way ANOVA (AN), CA, both of them (ACA), or 
original feature components (O), as well as across each 
machine learning method. In the two-way ANOVA 
test based approach, we chose significant features for 
each classification. The mean value of F-measure is 
shown in Table 2 and Table 3. Gray columns in the 
tables denote that the result is the best one compared 
with others. 

 
 

Table 2. Classification of 5 kinds of behavior. 
 

 Naïve Bayes Support Vector Machine Random Forest 
AN CA ACA O AN CA ACA O AN CA ACA O 

 0.606 0.564 0.512 0.596 0.673 0.638 0.593 0.664 0.721 0.685 0.633 0.719 
 0.556 0.486 0.473 0.522 0.639 0.581 0.564 0.617 0.696 0.652 0.640 0.691 
 0.573 0.518 0.437 0.553 0.629 0.584 0.510 0.612 0.675 0.643 0.578 0.673 
 0.690 0.622 0.535 0.605 0.758 0.712 0.677 0.751 0.770 0.754 0694 0.769 
 0.777 0.745 0.687 0.759 0.831 0.803 0.779 0.825 0.851 0.842 0.791 0.852 

Ave. 0.640 0.587 0.529 0.607 0.706 0.664 0.625 0.694 0.743 0.716 0.667 0.741 

 
 

Table 3. Classification of the fatigue. 
 

 Naïve Bayes Support Vector Machine Random Forest 
AN CA ACA O AN CA ACA O AN CA ACA O 

 0.593 0.540 0.483 0.503 0.640 0.618 0.599 0.623 0.661 0.656 0.621 0.651 
 0.573 0.564 0.575 0.552 0.640 0.610 0.590 0.616 0.657 0.649 0.606 0.649 

Ave. 0.583 0.552 0.529 0.528 0.640 0.614 0.595 0.620 0.659 0.653 0.614 0.654 

 
 

The results reveal the user status is classified fairly 
correctly. The comparison of classification results 
shows the classification based on features with two-
way ANOVA test outperforms other methods. RF also 
outperforms other classifiers in user status 
classification and fatigue classification. Based on this 
observation, the following analysis focuses on the 
classification based on two-way ANOVA test and RF. 

After experiment, 11 of 14 subjects told  was the 
most uncomfortable behavior. Despite the opinion, the 
uncomfortable behavior does not have the highest 
classification rate. It implies there are not obvious 
features in the gait even if the user feels strong 
discomfort. In Table 4, many misclassified cases are 
found within the group of ( , ,	 ) and the group 
of ( ,	 ).  

 
 

Table 4. Sum of classification among 5 kinds of behavior. 
 

      
 1058 169 194 79 37 
 117 960 176 55 21 
 155 177 928 60 22 
 48 79 67 1093 147 
 22 15 35 113 1173 

 

The table head represents an actual behavior, while 
each row shows the number of correct classification. 
From Table 4, it shows gait patterns of , , and  
are similar, as well as gait patterns of  and	  are 
similar. 

 
 

5. Discussion 
 

5.1. Significant Feature Components 
 

According to the two-way ANOVA test, we found 
significant feature components. The initial number of 
components is 198 pieces. Fig. 6 shows the number of 
components and the rate of classification of each 
subject. Line chart shows the number of significant 
feature components, while bar chart shows the rate of 
classification. There are more significant feature 
components in the classification of 5 kinds of behavior 
than in that of the fatigue. The result shows the number 
of significant components is different for each subject, 
and subject 3 has 112 significant feature components 
in identification regardless of fatigue. Subject 2 has 
only 26 significant feature components. However, 
both of them can estimate fatigue state with accuracy 
of about 70 %. In addition, subject 3 shows about 60 % 
accuracy to distinguish 5 kinds of user status, whereas 



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 76-83 

 81

subject 7 shows about 85 % accuracy. They have 
almost same number of significant feature components. 
There is no obvious relationship between the number 
of the significant feature components and the 
classification accuracy through correlation analysis 
(| | 	 	0.8). 

 
 

5.2. Variable Importance 
 
This subsection discusses the importance of each 

component of a gait vector. The finding of common 
important feature components can help the 
improvement of classification accuracy. RF provides 
variable importance based on the Gini impurity index 
in the calculation of splits during training [23]. 

Table 5 shows mean and standard deviation of 
original variable importance generated by RF, and 
variable importance of relatively important variables 
which are higher than mean and in common with each 
subject. Seven common feature components are found 

in the classification among the 5 kinds of behavior for 
all subjects. In the right foot, the mean of  ( ), 
the sum of  ( ), and the sum of ℎ  of  
( _ℎ ) are found. On the other hand, in the left 
foot, the standard deviation of  ( ), the sum of  
( ), the sum of ℎ  of  ( _ℎ ), and velocity 
( ) are found.  denotes different subject. This result 
implies these seven feature components have strong 
impact on identification of user status. Especially, sum 
of  and velocity are higher than others. Therefore, in 
particular, the accuracy of classification will get 
decreased without these components. 

 
 

5.3. Difference Among 5 User Status 
 

In this section, let us discuss every behavior 
compared with behavior  where no load is imposed 
on subjects. Fig. 7 shows the average and the standard 
deviation of each important component value for all 
subjects. 

 
 

 
 

Fig. 6. The number of components and classification rate. 
 
 

Table 5. Variable Importance. 
 

 Original 
mean sd 

Right foot Left foot 
  _    _   

 22.74 41.03 92.83 207.24 45.41 86.09 228.89 67.04 305.11 
 20.76 31.11 111.70 169.05 62.91 50.94 180.25 35.49 222.83 
 21.90 21.33 58.75 110.32 34.94 73.77 126.33 48.51 146.49 
 25.30 20.22 104.73 100.39 36.15 50.53 106.41 43.81 131.22 
 20.18 20.16 100.68 89.71 40.53 60.58 111.83 43.30 145.47 
 21.25 19.59 41.42 130.71 50.59 99.06 98.02 48.37 102.43 
 22.17 24.91 64.94 77.45 23.84 72.11 92.04 25.46 143.52 
 23.17 21.29 92.29 103.30 35.93 29.37 130.79 38.76 167.91 
 24.11 22.58 83.57 113.00 34.31 36.36 121.29 40.94 154.64 
 26.61 24.91 108.91 136.02 33.00 90.13 143.81 37.97 189.22 
 20.53 22.43 38.69 130.57 53.89 59.77 127.72 79.21 159.55 
 23.32 23.79 154.54 102.52 51.51 32.54 125.88 67.48 146.73 
 22.59 26.89 34.47 131.76 36.75 53.14 184.07 62.27 181.36 
 22.73 25.61 139.18 96.29 24.51 61.05 132.40 46.18 185.17 

Ave. 22.67 24.70 87.62 121.31 40.31 61.10 136.41 48.91 170.12 
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Fig. 7. Average and standard deviation of each component. 
 

 
The comparison shows that  and  has no 

difference in average and standard deviation except 
 and , which indicates the distance between 

the right foot and the left foot is small and each subject 
walks stable. This implies subjects walk very carefully. 

 has no difference in average and standard deviation 
from , that is,  is similar to . However, Table 
4 indicates  is distinguished from  fairly well. It 
seems that each subject feels load in an individual way. 
In cases of  where subjects are texting while 
walking, the standard deviation of some components 
is much larger than others, especially  and _ℎ . It means the walking way varies with 
persons. Generally, subjects get slower than usual. The 
average is smaller than others in , as well as  
and _ℎ  are higher than . However, the 
standard deviation is not so large. These imply 
subjects walk slowing down with smaller and fixed 
strides. We can identify each behavior of the user 
status, if we check the characteristics discussed above. 
 
 

6. Applicability to Real Environment 
 
In this paper, we have mentioned the problems of 

cost and classification ability in Section 2. An RFID 
reader is about 20 US dollars and an RFID tag is 
several US cents for each. Our system has high 
scalability, because the range of our positioning 
system depends on only RFID tags. The experiment 
has revealed that we can identify all kinds of user 
status at a certain range, using only the RFID system. 
If our system is installed in a shopping mall, we can 
grasp the customer status and provide Omotenashi 
services suitable for each of them. 

We assume that the shopping mall lends customers 
a pair of readers, and install tags at some areas like a 
part of major streets or spaces in front of show 
windows. Stores in the shopping mall can also easily 
install the RFID tags, because it is relatively low cost, 
and we only have to install them in a specific area of 
each store. 

Since we can know the status of customers from 
their gaits, we can provide suitable services for each 
status. We propose the following services for each 
status. In case of behavior , carrying luggage with 
both hands, subjects tune various components of the 
gait vector. It means customers accommodate 
themselves to the load of luggage. To make the 
enduring time short, the system should recommend the 
shortest way to their destination. On the other hand, 
subjects tune few components of the gait vector in , 
carrying luggage with one hand. It is too high load for 
them to carry luggage. The system should recommend 
to take rests at cafes near them, or to ride on vehicles. 
The system should call their attention to avoid 
accidents in advance when they are in , texting, and 

, low attention. The system provides details of the 
advertisement customers look at when they are in . 
Recommendation like  is preferable when they are 
in , fatigue. Customers experience the high level of 
satisfaction, which leads to increase of customers in 
the shopping mall. In the experiment, subjects were 
only in their ages of 20 s. However, features of gaits 
are not different between 20 s and 60 s [24]. In 
addition, the rate of foreign visitors to Japan consists 
of 17.7 % men of 30 s, 13.5 % women of 20 s, 13.0 % 
men of 40 s, and 12.8 % men of 20 s [3]. Our method 
based on gaits covers many visitors to Japan. 
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7. Conclusions 
 

In this paper, we have proposed the method to 
provide tourists high quality Omotenashi services 
using their gait pattern acquired with the RFID 
technology. In the experiment, we proved that the 
proposed method identified the state of users from 
features of their gait. However, to classify the state of 
carrying luggage accurately, we need to train the 
system individually. We must consider accuracy 
improvement and generalization from individual as 
the future work. In addition, the installation method of 
actual RFID equipment in the shopping mall and more 
specific services will be considered in the future work. 
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Abstract: This paper describes a prototype of a system designed to track animals, goods or persons. The system 
is based exclusively on Global System for Mobile Communications (GSM) services, which are presently 
widespread. Its advantages and drawbacks are also discussed. The system itself consists of two independent 
parts: the base device and the location device. The location device is the part actually attached to the animal, 
good or person being tracked. It combines reduced size and weight with extended range. The base device can 
deal with one or more location devices. Its role is to receive the Short Message Service (SMS) sent by the 
location devices and forward them to an application that decodes and stores the location data in a database. 
Since energy considerations and testing are fundamental in this context, we present detailed energy consumption 
profiles and the computer applications developed to test the system. We also discuss the results of practical tests 
with wild and captive birds. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: GSM-based location, Location system, Geolocation, Tracking system, Bird tracking. 
 
 
 
1. Introduction 

 

Man has long been fascinated by animal 
movement and migration. Bird migration is one of 
the most striking, due to its scale. The annual 
roundtrips of some bird species reach 70,000 km and 
some birds are known to perform non-stop flights of 
10,000 km, and the number of migrating birds is in 
the billions [1, 2]. Discoveries such as these are in 
part due to the use of tracking technology, which is 
of interest for multiple reasons. First, tracking is an 
important tool to better understand and protect the 

migrating species. Second, migrant animals are 
indicators of change. Human activity is having a 
global impact on the planet and migrant animals 
modify their behavior due to human-caused changes 
and stressors. Birds, being the most mobile of all 
animals, are of particular interest in this regard. A 
better understanding of migration patterns also 
impacts climate change studies, energy generation, 
airstrike prevention, disease propagation, planning 
and urbanization, agriculture, fisheries, and more. 

For more than one century migration studies were 
carried out by observation and have relied on 
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technological advances and breakthroughs. Bird 
ringing was one of those advances, and began with 
the efforts of a school master, Hans Christian C. 
Mortensen, in Denmark in 1899 [3]. A ring is a light 
metal band of appropriate size that carries a unique 
number, by means of which the bird can be 
identified, if and when recovered. 

The relatively small probability of recapturing a 
ringed bird is a drawback that more recent 
technologies are helping to solve. One solution is to 
use electronic devices to send signals that are then 
picked up by radio receivers or satellites, enabling 
scientists to follow the movement of the tagged 
animals without having to recapture them. In fact, the 
receiver can be used to home in on the animal to get 
the device back. 

Tracking an animal by radio involves two 
devices: a transmitter attached to the animal, to send 
out signals (data); and a receiver to pick up the signal 
(data). The transmitter can be placed around an 
animal’s ankle, neck, wing, carapace, dorsal fin or it 
may even be surgically implanted. The advantages of 
implantation of subcutaneous radio transmitters are 
discussed in, e.g., [4]. 

Useful as they are, these devices are far more 
expensive than the low-tech, non-electronic tags. 
Also, their size and weight makes them useless for 
tracking some animals, including many bird species. 
Receivers can also be placed in satellites or,  
more precisely, networks or groups of satellites  
(e.g., Argos). 

Data recovery using a VHF beacon data 
transmitter, radio modem technology, Argos DCLS, 
mobile communications (GSM/SMS, GSM/GPRS—
General Packet Radio Services), LEO satellite 
telephone data services, Iridium satellites, globalstar 
satellites, or node-to-node networking can also be 
considered [5]. Note that some of these solutions 
have high power/energy consumption requirements. 

Coordinates are the fundamental data in the 
tracking of birds (or other animals, persons, or 
goods). In the case of data loggers, they are saved in 
log files and then downloaded to a computer, upon 
recapture of the bird. 

Light-based geolocation is an alternative when 
satellite-based systems cannot be used. Theoretically, 
a light sensor and a clock are sufficient to solve the 
geolocation problem, at only a fraction of the cost, 
size and weight of satellite-based systems. On the 
negative side, the errors increase near the equinoxes 
and the errors can be in the hundreds of km [6]. The 
template method [7] improves on this. Light-based 
geolocators are loggers and the data can be retrieved 
only if the bird is recaptured. 

As far as we know, there is no bird tracking 
system that relies entirely and solely in GSM 
technology, as the one presented in [8]. In this paper 
we show that it is possible to track birds in this way, 
taking advantage of GSM services. To this end we 
have developed a prototype that combines reduced 
size and weight with extended range, and that was 
tested on birds. Since the device is capable of 

transmitting its data, in the form of text messages, 
there is no need to recapture the bird. 

The remaining of this paper is organized as 
follows. The next section, section II, is used to 
present some work related with the tracking of 
animals using GPS-based technology. Section III is 
used to present our location system, which has two 
main components: the base station and the location 
device. Section IV is used to explain how data can be 
viewed and interpreted. In Section V we present the 
results achieved with the laboratorial tests. After that, 
some practical considerations are presented at 
Section VI. The results of the tests carried on birds 
are presented in Section VII. The paper ends with the 
major conclusions, presented in Section VIII. 

 
 

2. GPS-Based Tracking 
 
Satellite tracking has been used to track caribou, 

sea turtles, whales, great white sharks, seals, 
elephants, bald eagles, ospreys and vultures [9]. For a 
review of traditional systems used in the 
tracking/location of birds, see [10]. In [11], a Global 
Positioning System (GPS) based tracking system was 
used in experiments of homing pigeons flying in 
flocks of up to 10 individuals. The GPS device, based 
on a commercially available product (u-blox AG, 
LEA-5H), is able to log 30,000 data points  
(latitude, longitude, altitude and time), measured 
25 mm×45 mm, and weighed 16 g. Upon  
recapture of the birds the log files are downloaded to 
a computer and processed. The GPS trackers used in 
[12] were also applied to study pigeons. The 
complete device measured 71 mm×41 mm×17 mm, 
weighed 35 g. Hand-held, non-differentially 
corrected 12-channel GPS receivers capable of 
storing up to 1024 positions were used in central 
Norway to track hunters and their interactions with 
Willow Ptarmigan Lagopus, as  
reported in [13]. 

The system described in [14] weights 12 g and 
includes a GPS receiver, micro-processor, 4 MB of 
memory for data storage, solar panel and battery. It 
has a tri-axial accelerometer to monitor behavior and 
it is equipped with a radio transceiver for 
bidirectional communication with a ground-based 
antenna network, which enables data to be 
downloaded and new measurement schemes to be 
uploaded remotely. It enables the study of fine-scale 
movements (intervals of 3 s) to long-distance 
migratory movements (intervals of 20-30 min). 

The system used in [15] to study the migratory 
strategy of herons uses DUCK III Ecotone GPS/GSM 
transmitters and a battery charged by a solar panel. 
The transmitters provided accurate information on 
geographical location every 3, 6, 12 or 24 h. No data 
was provided concerning the device’s weight besides 
the fact that “extra weight of the transmitters and 
Teflon harness varied from 3.4 to 3.9 % of (herons’) 
body mass”. 
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A study concerning seasonal differences in 
migration patterns of soaring birds in relation to 
environmental conditions was presented in [16]. 
Here, 11 adult Booted Eagles were equipped with 
22 g GPS-Argos satellite transmitters, and one 
individual with a GPS data-logger of the same 
weight. Transmitters were programmed to collect 
GPS locations on an hourly basis from 6:00 to 20:00 
(GMT—Greenwich Mean Time) during migrations. 

Currently, GPS-based tracking systems give the 
highest location accuracy. 
 
 

3. Description of the Tracking System 
 

The location system comprises two parts: the base 
station, that receives the data from the location 
device; and the location device, attached to the bird 
(animal) and that sends the location data to the  
base station. 

 
 

3.1. The Base Station 
 
The “base station” is used to receive the SMS sent 

by the location devices and to forward the messages 
to a (Java) application that decodes and stores the 
location data in a MySQL database. It was also used 
(as an interface card) to test the modem Telit GL865 
and the AT commands. It allows commands to be 
sent directly from the PC to the modem via a 
terminal. In addition to the modem and SIM card, 
this base device contains a USB controller 
(MCP2200, Microchip), which is basically a TTL 
RS232 to USB converter. A battery, to ensure the 2 A 
current peaks that the modem used needs 
(recommended in the datasheet), and a charge 
controller (MCP73831, Microchip) for LiPo battery 
technology (charging via the USB port) were  
also incorporated. 

Fig. 1 shows a picture of the implemented “base 
device”, in this case with a 200 mAh LiPo battery. 
The complete schematic can also be downloaded 
from www.mcabral.utad.pt/birds/. 

 
 

 
 

Fig. 1. Photo of the “base device” to receive SMS data and 
subsequent visualization of the results on the map. 

We believe that a brief description of the 
application management will help understanding how 
the base station and location device work together. 
The application developed for data management 
performs several tasks. First, it must communicate 
with the modem via a (virtual) COM port in order to 
be able to receive SMS and send commands to the 
modem. After receiving the message, the application 
identifies the receiver device and sorts out the various 
fields of the received message. Next, the GSM 
network cell ID where the location device is linked is 
searched in the database and the corresponding 
geographical coordinates, as well as the address 
where the antenna is located, are retrieved from  
the database. 

It is also possible to perform a manual search of a 
cell ID and retrieve the corresponding data that are 
stored in a file (Excel). These data are then stored in 
a database for subsequent online viewing. Fig. 2 
shows a screenshot of the application. 

 
 

 
 

Fig. 2. Graphical interface of the Java application 
responsible for receiving and storing data in the database. 

 
 

3.2. The Location Device 
 
The prototype uses the following main 

components: 
• GSM modem – Allows registration in the GSM 

cell/network in order to collect the necessary 
information (in this first phase is also used to send 
the data for later analysis). We have used a 
GL865-QUAD Telit modem with the following 
characteristics: 

 - Weight: 2.48 g; 
 - Dimensions: 24.4 mm×24.4 mm×2.7 mm; 
 - Connectivity: Quad-band GSM/GPRS stack and 

Transmission Control Protocol / Internet Protocol 
(TCP/IP) supported. 

• Antenna – Print Circuit Board (PCB) antenna 
with extension and U.FL connector. 

• Micro-controller (MCU) – The MCU used 
(PIC24FV32KA301) was chosen considering the 
energy consumption, size and the presence of 
certain peripherals. Note, for example: 

 - Supply voltage: from 2.0 to 5.5 V; 
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 - Consumption in sleep mode: up to 2.2 μA; 
 - 2 UART units; 
 - Real Time Clock (RTC). 
• Battery – The LiPo (Lithium Polymer) 

technology was chosen due to its weight / 
capacity relation. As a starting point the battery 
capacity used was 200 mAh, with an approximate 
weight of 7 g. 

• Passive Components – We have used surface-
mount technology; surface-mount device, 0805 
capacitors and resistors. 
Fig. 3 (left) shows a photo of the location, 

referred to as “bTracker V1.1”. This version weighs 
about 12 g, with all components and a battery of 
180 mAh, and is distributed as follows: 
• Printed circuit – 2 g; 
• GSM/GPRS modem – 2.5 g; 
• Battery (180 mAh) – 6 g (7 g for a battery of  

200 mAh). 
Fig. 3 (right) shows the appearance and 

dimensions of the PCB. 
 
 

 
Fig. 3Photo of the prototype with all components; in the 

PCB underside is just the modem .(left).  
Top view of the PCB; the lower view contains only the 

modem connections (right). 
 
 

At the software/firmware level, the second 
version represents an improvement in energy 
consumption, achieved through the reduction of 
downtime and the use of sleep mode during certain 
waiting times, leading to a slight reduction in the 
total energy consumption. We also reduced the clock 
frequency of the processor from 8 MHz to 2 MHz; 
the consumption difference resulting from this 
change is presented in Section V. Fig. 4 presents a 
simplified state diagram of the location device. The 
complete schematics of the first and second versions 
of the device can be downloaded from 
www.mcabral.utad.pt/birds/. 

 
 

4. Accessing the Location Data 
 
This section explains how the data collected by 

the location devices are presented to the end user. 
 

4.1. View on Map 
 

All data received via SMS in the base station are 
interpreted and stored in the database and can be 
accessed over the web. Fig. 5 presents a typical map 

showing the estimated location of the device. The 
bluish circles show the geographical location of the 
device. As it can be seen, there are bigger circles and 
smaller circles, showing that the device was further 
or closer away from the antenna (cell ID). This 
“distance” is given by the Timing Advance value, 
and the central values of the circle correspond to the 
geographical coordinates of the cell ID (antenna). 
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Fig. 4. Location device system state diagram. 
 
 

 
 

Fig. 5. An example of data visualization on map.  
The bluish circles show the geographical location  

of the device. 
 
 

4.2. SMS Data Format 
 
The data collected are sent via SMS. The 

structure of the SMS is shown in Fig. 6 (left). 
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The message header comprises a unique device 
identifier (4 characters), followed by the battery 
voltage in mV. After the header comes the data 
collected during the operation of the device. To 
minimize the message size, the date comes first  
(yy-mm-dd) followed by the complete set of readings 
on that date. Each line comprises time (hh:mm) 
followed by the GSM cell ID and Timing Advance. 
When there is a change in the data collection day a 
new date is inserted, as can be seen in Fig. 6 (left). 

 
 

 
Fig. 6. Format of data messages sent by the location device. 

(left) Device identification (BT01), the battery voltage  
in mV (4200) followed by the date, time, GSM cell ID  

and Timing Advance (TA). (right) Device is in roaming 
(bottom) and during normal operation (top). 

 
 

5. Laboratorial Tests 
 
The power consumption of the location device is 

a major concern since it determines the battery 
capacity, and the battery represents a large fraction of 
the device weight. We now present results of the 
energy consumption of the location device in 
different states and for different tasks. Note that the 
energy consumption of the base device is not  
a concern. 

The operation of the location device can be 
divided into three essential states, representing 
different energy consumptions. All these states are 
linked by periods when consumption is very low 
(sleep state), and where a current consumption of less 
than 20 μA was recorded. 

 
 

5.1. Device Start-up 
 
The first state/task to consider is “start-up” where 

it is necessary to do some hardware checks and 
synchronization of the real time clock via the SMS 
service. Because this task involves sending and 
receiving SMS, it consumes a significant amount of 
energy. However this is done only once and its 

influence on the device’s autonomy is therefore 
reduced. This profile also includes the first 
acquisition of the cell ID where the device is 
connected to. Fig. 7 shows the energy consumption 
profile for this task. 
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Fig. 7. Energy consumption profile for the “start-up” state. 
 
 

This state has the following characteristics: 
• Average current consumption: 38.8 mA; 
• Approximate duration: 36 s; 
• Energy consumption: 1.45 mWh; 
• Consumed energy fraction (200 mAh battery): 

0.195 %. 
 

5.2. GSM cell reading 
 
This state/task directly influences battery life, 

because it is repeated as a part of the normal 
operation cycle. The device leaves the state of sleep, 
does a series of checks, collects the cell information 
and returns to the state of sleep. The time that the 
modem needs to log into the network prevents the 
duration of this task from being shortened. Any 
change (gain or loss) on energy consumption in this 
task has a significant influence on the overall battery 
life and therefore on the frequency with which data 
can be acquired. Fig. 8 shows the energy 
consumption profile for this task. 

This state has the following characteristics: 
• Average current consumption: 44.2 mA; 
• Approximate duration: 15 s; 
• Energy consumption: 0.75 mWh; 
• Consumed energy fraction (200 mAh battery): 

0.101 %. 
 
 

5.3. Sending SMS 
 
The sending of data via SMS occurs immediately 

after the “cell reading” task. The extra consumption 
attributed to the SMS can be calculated as the 
difference to the previous profile: 

• Average current consumption: 51.3 mA; 
• Approximate duration: 24 s; 
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• Energy consumption: 1.38 mWh;  
• Consumed energy fraction (200 mAh battery): 

0.187 %; 
• Energy consumption (SMS only): 

0.630 mWh;  
• Consumed energy fraction (SMS only, 

200 mAh battery): 0.085 %. 
Fig. 9 shows the energy consumption profile for 

this task. 
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Fig. 8. Energy consumption profile for the “GSM cell 
reading” state. 
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Fig. 9. Energy consumption profile  
for the “sending SMS” state. 

 
 

5.4. Microcontroller Consumption 
Measurements 

 

To obtain a good compromise between 
performance and power consumption we did a series 
of consumption measurements, involving only the 
microcontroller: 

Sleep: 20 μA; 
• 8 MHz: 4.9 mA; 
• 4 MHz: 2.8 mA; 
• 2 MHz: 1.8 mA; 
• 1 MHz: 1.3 mA; 
• 500 kHz: 1.0 mA. 
The frequency of 2 MHz was selected because if 

allows a reduced consumption and an acceptable 
performance. 

5.5. Battery Life Test 
 
Knowing the energy consumption data it becomes 

possible to predict, for a given battery capacity, its 
expected life under various scenarios (depending on 
the acquisition and data sending frequencies). The 
quality of the network coverage imposes variations in 
the power consumption, adding to the difficulty of 
predicting operating life under real operating 
conditions. The data to estimate the battery life are: 

• Energy consumed at startup: 1.445 mWh; 
• Energy consumed by reading: 0.753 mWh; 
• Energy consumed by reading SMS:  

1.384 mWh; 
• Energy consumed by SMS: 0.631 mWh; 
• Battery capacity: 200 mAh; 
• Battery rated voltage: 3.7 V; 
• Total energy in the battery: 740 MWh; 
• Current consumption in Sleep: 0.02 mA; 
• Energy consumption in sleep per day:  

1.776 mWh. 
For these data, and for intervals between 

acquisitions of 10 minutes and data uploads every 
hour (via SMS), we obtain the following: 

• Number of acquisitions per day: 144; 
• Number of submissions per day: 24; 
• Total energy per day: 125.44 mWh; 
• Battery: 200 mAh; 
• Estimated Duration: 5 days and 20 hours. 
The duration (5 days and 20 h) was tested in 

practice. Fig. 10 shows this discharge curve for a 
LiPo battery technology. The test agrees with the 
predictions. In the last hours the battery condition 
was already critical, with a cell voltage below 3.5 V. 
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Fig. 10. Discharge profile of the 200 mAh battery, for an 
interval of 10 minutes between acquisitions and every hour 

uploads (via SMS). 
 
 

As another example, imagine that a reading is 
performed every hour and data is sent every 8 hours 
(3 times a day). Then, 

• Number of acquisitions per day: 24; 
• Number of submissions per day: 3; 
• Total energy per day: 21.76 mWh; 
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• Battery: 200 mAh; 
• Estimated Duration: 33 days and 23 hours. 
As we can see, the battery life depends heavily on 

the sampling density. This means that we can 
increase the battery life if we reduce the number of 
acquisitions per day, but battery life can also be 
increased if we reduce the number of SMS data sent 
to the base station. However, we should be aware of 
the fact that battery also suffers from a self-discharge 
current, and that the system needs a current up to 
2.2 μA in sleep mode. This means that more tests are 
needed in order to find the maximum number of days 
the system may work properly within a minimal 
acquisition and data sending scenario. 

 
 

6. Configuration of the Location Device 
 

After encapsulation, the devices are ready to be 
attached to the birds and cannot be easily turned on 
or off. To solve this problem we implemented a 
device configuration schema and a magnetic sensor 
that allows the device to be started immediately 
before deploying it. 

During the assembly, it is possible to program the 
starting date and time at which the device starts 
gathering information. It is also possible to define an 
operating daily window, e.g., from 11:00 till 20:00. 
The interval between acquisitions is also configurable 
with a resolution of one minute. Thus, depending on 
the particular situation, the device can be switched on 
immediately after being encapsulated, or a date and 
time can be set. 

A very important feature is the ability to change 
the operation of the device during its normal 
operation through a configuration message (SMS). 
The parameters that can be changed are: 

• “Opening hours” – the daily window for location 
acquisitions; 

• “Acquisition interval” – time between each 
acquisition (in case it is found that the acquisition 
time is not appropriate to the actual situation); 

• “Progress in time” – allows advance in time; for 
example, with a 20 minute advance the device 
will sample at 10:20 instead of 10:00. 
However, this approach presents the disadvantage 

of requiring a longer period of activity, so as to 
ensure that configuration messages are received. This 
is due to that during normal operation the time that 
the device is active is not sufficient to receive 
pending messages. It was then stipulated that every 
day at 12h 00 the device remains active for 
40 seconds, the time required to receive pending 
messages and proceed with the configuration, if this 
feature is to be used. 

Because birds easily cross country borders, at the 
beginning of each message, immediately after the 
battery voltage, the country code was added. If the 
device is in roaming, at the end of each reading, after 
the TA field, the network code to which it is 
connected is also inserted. Only in this way we can 
determine the device’s location across multiple 

countries. Fig. 6 (right) shows the format of the 
messages when the device operates in roaming, 
compared to normal operation. 

The device needs to be configured before being 
encapsulated and placed on the bird. To simplify this 
task, we have created a simple application that allows 
editing some important parameters. 

The first step is to perform communication with 
the device so that it returns the parameters that are 
programmed by default. After that, the device 
internal clock can be set automatically, using the date 
and time settings of the PC. If necessary, the device’s 
ID, the SIM number and the working schedule can be 
modified. Before leaving the configuration mode, a 
date and time for the device start-up must be set. 
After leaving the setup mode, the device stops 
responding to the application and enters the low-
power mode (sleep), to return to the active state only 
at the scheduled time and date. 

In order to adapt the device to the environmental 
conditions, it is necessary to prevent water and debris 
from interfering with the electrical circuitry without 
adding significantly to the final weight. We used thin 
thermo-contractile plastic film, adding two layers in 
opposite directions separated by a layer of silicone. 
Fig. 11 (left) shows photos of devices ready to be 
attached to birds. 

 
 

7. Tests on Birds 
 
We performed three tests with birds in order to 

evaluate the devices’ performance in real scenarios. 
Next, we will describe how they were made and the 
results obtained. 

All birds were captured and handled by properly 
trained and authorized personnel. Two devices were 
prepared and placed in wild Mallards (Anas 
platyrhynchos) in February 2013. The devices failed 
soon after the start of the test, probably due to an 
encapsulation fault and the unforgiving nature of the 
environment (water). No useful information was 
collected and we decided to do an experiment with 
domestic birds, to see if the birds interacted with the 
device and how the device and the (meanwhile 
improved) harness and packaging behaved. 

The second tests took place in March 2013. The 
results were positive. Both devices remained fully 
functional throughout the experiment and sent data as 
expected. Since the animals were confined to a 
limited space, there was no variation in position. The 
devices remained active for two weeks. After 
recovering them, we found that they were already 
showing some signs of water infiltration. This test 
was important to optimize the harnesses and  
the packaging. 

The third test began on June 17, 2013. Five 
devices were placed in Purple Herons Ardea 
purpurea, as seen in Fig. 11 (right). 
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Fig. 11. Photo of devices ready to be used; “encapsulated” 
using two layers of thermo-contractile sleeve in opposite 
directions and in between a layer of silicone (left). Test 

with cranes; placement of a tracking device (right). 
 
 

Table 1 shows the date of the last received 
messages and the possible cause of device failure. As 
can be seen, one of the devices was damaged by 
water (possibly as a result of a packaging flaw), in 
another the battery voltage level suddenly dropped 
and in the remaining three cases the device did not 
fail until the budget available for the communications 
run out. The battery voltage level was still at a level 
that would have allowed the devices to work as 
intended. The herons did not leave the nest area 
during the test. 

 
 

Table 1. Date of the last received messages and the 
possible cause of device failure. 

 

Device 
Date of last 

SMS 
Likely failure cause  

(Battery level) 

BT01 16-07-2013 Battery (3.4 V) 

BT02 17-07-2013 Credit of the SIM card (3.6 V) 

BT03 05-07-2013 Credit of the SIM card (3.6 V) 

BT04 did not start Water 

BT05 06-07-2013 Credit of the SIM card (3.6 V) 

 
 

8. Conclusions 
 

A prototype of a tracking system that uses only 
GSM services has been presented. A base device 
receives messages from a location device, which is 
the component attached to the bird being tracked, and 
forwards all the received SMS to an application that 
decodes and stores the location data in a database. 
The location device combines reduced size and 
weight with extended range. 

Also, we have presented the energy consumption 
profiles, the computer applications developed to test 
it, and the results obtained in practical tests with birds 
(wild and domestic). The results confirm that  
GSM-based solutions are entirely capable of 
tracking, for example, migratory birds. 

The accuracy of the system proposed here cannot 
match that of GPS-based tracking systems, which are 
often heavier and more expensive, but it can be 

increased using GSM-based triangulation methods. 
Light-based geolocators are much smaller and lighter 
than the GSM-based system proposed, but are much 
less accurate. Also, as with any data loggers, the data 
that they collect can be used only if the bird is 
recovered. With GSM-based tracking, there is no 
such constraint. 
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Abstract: For offshore measurements in Cold Regions, salinity of ice is also a critical parameter (together with 
many other parameters such as icing type, load, icing rate and melting rate) to be identified in order to optimize 
the performance of anti/de icing systems. Although there are some available sensory solutions in the market to 
measure real time salinity levels of water, however there are still not many real time techniques or solutions to 
measure the salinity of ice. In this research task, mutual charge transfer technique is utilized to measure the zero 
crossover values of different samples of ice and water with varying salt ratios. An analytical relation between 
percentage salinity ratio of ice and zero crossover values is established. The aim of this paper is therefore a 
feasibility study to discuss the testing methodology and testing results. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 
For safer operations in High North, firstly it is 

important to understand the difficulties that may lead 
to people and inventory hazards. Continues melting 
of ice in high north is leading to accelerate the 
research and development activities towards this part 
of the world [1]. In order to plan for technological 
advancements in Cold Regions, it is critical to 
carefully understand the ice accretion characteristics 
on vulnerable structures and inventory. Icing on 
offshore structures have not yet been considered as 
major hindrance by maritime industry, however it 
may not be justified in future. 

Feedback about icing parameters such as icing 
rate, type and icing load are considered to be very 
important for an Intelligent Anti/De Icing system. 
However, if such a system is utilized during an 
Offshore Application then real time salinity 
measurements are also considered to be critically 

associated with the ice accretion on structures. This 
leads to define atmospheric icing and sea spray icing. 

Atmospheric Icing is formed during the 
supercooled transition of water, it freezes as soon as 
it comes into contact with a cooled surface at 
temperature far below the freezing point. This ice 
accretion produces a hard layer of ice on all surfaces 
and is responsible for different challenges for safe 
operations specially related with communication, 
navigation and logistics. Nevertheless, if the offshore 
vessel is small than this accretion also effects its 
stability. Also if the sea spray icing also occurs at the 
same time then it amplifies the risk the accident.  

Sea Spray Icing is in fact more critical risk than 
the atmospheric icing. As the name suggests, this 
icing is more saline in nature (freezing point of salt 
water is -1.7 oC to -1.9 oC till -30 oC and critically 
depend upon salinity levels). It may be initiated when 
the portion of vessel meets the ocean waves or the 
blowing wind brings transports the water from ocean 
crests. It is however more dependent on the relative 

www.sensorsportal.com/HTML/DIGEST/P_2762.htm
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speed of the vessel and the wind (typically it starts at 
8 m/s) and typically limited to 15 to 20 m above sea 
level. The advantage of this icing is that it supports 
the melting and cleaning of ice formed on the deck. 
However, if the scuppers freeze or the railing are 
covered with ice, then this water is trapped  
and frozen [2]. 

It is a general observation that in arctic seas, icing 
activity continues throughout the year and the ocean's 
density is effected more by salinity than by 
temperature. However, during first two quarters 
(January till June) atmospheric icing is common 
whereas during the third quarter (July till October) 
sea spray icing leads the activity by 50 % leaving 
behind 45 % for mixed icing and 9 % for atmospheric 
icing. Generally, during an offshore operation 
atmospheric icing is not very critical as there it 
generally occurs on higher parts of ships, which 
typically get covered with 1 to 2 cm (typically 
surrounding air temperature is 0 oC to -20 oC and 
wind speed is less than 10 m/s) of thick ice. 
However, during sea spray icing and mixed icing, ice 
thickness reaches 1m in some cases. Table 1 reflects 
some icing intensities and prevailing surrounding 
parameters [2]. 

 
 

Table 1. Icing intensities during offshore activity [2]. 
 

 
 
 

This article is an extended version of the paper 
titled as 'Using Mutual Charge Transfer Scheme to 
Measure Salinity of Ice' presented at 
SENSORCOMM’ 2015 [3]. This paper is divided 
into five sections. As already discussed, Section I is 
an introduction to form the basis to measure salinity 
as an important parameter for real time offshore 
measurements. In the next Section II, it is aimed to 
describe the present salinity measurement techniques, 
which are presently limited to remote sensing only. 
Section III will be an overview of mutual charge 
transfer scheme and in Section IV hardware, 
experimental setup and results will be discussed. In 
section V, the results will be discussed followed by 
the conclusions and future work. 

 
 

2. Present Salinity Measurement 
Techniques 
 
The present real time salinity measurement 

techniques are restricted to measure the salinity of 
water. Salinometer (and Total Dissolved Solids 'TDS' 
meter) is a conventional instrument, which is 
designed to measure the salinity of dissolved salt 
content in a solution.  

Technically salinity increases the conductivity of 
a solution, therefore the measuring sensor normally 
have electrical conductivity meter calibrated 
according to the salinity levels. Salinity also changes 
the specific gravity of the solution therefore it is also 
measured through hydrometer sometimes. However, 
in marine aquarium, sometimes a refractometer is 
used to measure the salinity and specific gravity of 
the water. 

Presently the sea surface salinity variations are 
detected using remote sensing techniques such as 
using passive microwave technology (typically in the 
range of 1-3 GHz L & S bands). The clouds are 
transparent to such radiation, however sea ice emit 
such radiation at relatively low energy levels, which 
are difficult to measure over a smaller area [2, 4]. 
Since 2002, NASA uses Advanced Microwave 
Scanning Radiometer-Earth Observing System 
(AMSR-E) sensor installed on Aqua Satellite for 
measuring the time series of sea ice data to 
complement the available sea ice data from 1972 [4]. 
The first global salinity map of Earth's Ocean Surface 
is revealed by NASA's Aquarius Instrument by 
recording the data from August 25 till September 
2011, see Fig. 1.  

 
 

 
Fig. 1. Salt of the Earth by Aquarius, NASA [5].  

 
 

A review of available atmospheric ice sensing 
techniques is available in [6] followed by the 
electromagnetism techniques to detect atmospheric 
ice [7]. A detailed mathematical description to detect 
atmospheric icing using dielectric based sensing 
technique, in particular using standard Debye  
relation [8] (see (1)) and its extended versions is 
available in [9].  
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where ε is the complex frequency dependent 
dielectric permittivity; εs is the static dielectric 
permittivity of material; ε∞ is the high frequency 
complex dielectric permittivity of the material; εo is 



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 93-98 

 95

the dielectric permittivity of the free space; ω is the 
angular frequency of the signal; τo is the relaxation 
time of the material and σ is the conductivity of  
the material. 

Similarly using the real part of the Debye 
dielectric permittivity relation [8] (see (1)) at 50 MHz 
a relation to derive the brine volume fraction and 
bulk salinity in the first year sea have been developed 
by Backstrom and Eicken [10]. In [10], three 
different experiments were conducted using the 
commercially available capacitive probes such as 
Stevens Water Monitoring Systems Hydraprobe  
[11-12] in order to find the possibility to measure 
both the absolute values of the bulk salinity and 
changes in bulk salinity. They found good results 
with large temporal and spacial resolutions, within a 
reasonable error limit particularly during initial 
freezing and during ice melt. However, presently 
there is no available sensor, which can distinguish 
between different samples of accreted ice with 
varying salinity levels and deliver the results in  
a real time.  

 
 

3. Mutual Charge Transfer 
 
To sense capacitance changes of one order is not 

difficult; similarly capacitance changes of 10 % is 
although difficult but still not trivial. However, if the 
capacitance changes are within 1 %, in the presence 
of environmental changes then the measurements can 
be quite challenging [13].  

The charge transfer technique to measure ice 
carry unique advantage of design flexibility in terms 
of implementation. The commonly used proximity 
and capacitive MEMS devices are capable to the 
influence of dielectric presence. The implementation 
of this technique has matured over the years and 
presently they are widely used in industrial 
automation, human sensory gadgetries (human finger 
capacitance is around 100 pF) and automobiles even 
in freezing domains without much variations. The 
water rejection techniques (water capacitance 
approximately 50 pF but largely depends upon 
dimensions of the sensor) are incorporated in most of 
these devices. Recently ice detection and melting rate 
measurement results have been reported in [14] 
followed by some basic experimentation results [15], 
it is found that this technique have enough potential 
to detect and measure atmospheric icing parameters 
by lowering the voltage sensitivity thresholds (see 
[16]). Likewise in [17] the impedance of the sensor at 
different percentages of salinity (20 % to 100 %) are 
estimated using transfer charge circuit which contains 
(a sensing capacitor, a frequency generator and a 
charge detector).  

The self or mutual capacitance basics can be 
employed in the design based on charge transfer 
method. A small printed circuit board aided with the 
specific electrode configuration can be manufactured 
as a basic prototyping icing sensor. The benefit of 

reshaping the electrodes and design to any form with 
capability to change different dielectric material 
suitable to harsh environment can be used as a 
starting point to develop a prototype. This would 
enable to detect and measure the icing parameters in 
real time embedded platform with low power 
consumption, which is ideal for remote installations. 
The presented design is principally based on the 
mutual charge transfer (QMatrix) based icing 
detection, which is advised by Atmel to work better 
in high humidity or damp environments where the 
frequency of water droplets and moisture to be 
collected on the sensor is higher [18]. Furthermore 
the preference to mutual charge transfer was based 
due to the following constrains, 

Sensitivity: The self capacitance design are more 
sensitive in nature. As the electric field is spread 
outwards through the electrode, in the presence of 
dielectric, ground loading is provided by the external 
influencing of the object, in our case will be ice or a 
water film. But with increase in sensitivity comes the 
inclusion of the noise in the circuitry, which is un-
desirable. The noise in self capacitance might be 
increased so sensitivity tuning is the vital for design 
based on this methodology. The other factors, which 
can effect sensitivity are: 

1) Electrode dimensions and shape; 
2) Ground loading; 
3) Return path; 
4) Supply voltage; 
5) Charging pulses duration. 
RF interference rejection: The mutual 

capacitance have pairs of electrodes that are always 
connected to a low impedance circuit, and due to the 
fact that their electric fields are compact and self-
shielded. The pair of electrodes do not respond well 
to external interference in the environment. In 
addition, the patent MEMS device QT60240 used for 
the experimentation are spread-spectrum technology 
based, that is highly efficient for suppressing both 
radiated emissions and external fields susceptibility. 
Control panels made with this technology routinely 
pass susceptibility tests exceeding field  
strengths of 20 V/m.  

Dimensional Benefit: Also mutual capacitance 
through charge transfer principle is preferable when 
key area for detection is to be defined. To isolate the 
areas of detection within a specific limit, this works 
in efficient manner as compared to the self 
capacitance. With mutual principle, the PCB tracks 
for detection circuitry can contain longer routing 
tracks, which could be the important consideration in 
the prototype embedded design. 

Moisture suppression: The mutual approach 
provides two moisture suppression characteristics not 
present in any other capacitive methodology. First, 
the presence of a localized water film (due to 
condensation, mist, or tiny droplets) will induce only 
a small increase in signal coupling. The contributions 
to signal coupling caused by moisture will have an 
influence into the measurement but in the wrong 
direction of signal of normal readings and hence will 
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cater the false detections. Secondly, the presence of 
moisture layer, which can conduct charge away are 
also minimized by the use of narrow gate timings. 
This results in limiting the charge accumulated to a 
narrow time slot window immediately after the 
charging pulse edge. As water film can be modeled 
as a distributed RC network with a time-dependent 
characteristic, the benefit of narrow gate times 
(microsecond or less) will greatly suppress the effects 
of a water film’s signal potential reduction, further 
reducing the chances of a false detection. However, 
this utility of the patented charge transfer based on 
mutual capacitance have to be modified in ice 
detection prototype hardware. Hence, the capability 
of the prototype hardware to distinguish between the 
thin water film and ice have to be included  
through PCB design circuity and charge transfer 
pulses adjustment. 

Other benefits:  
1) Temperature stability; 
2) Low Power Modes. 
During this research work, experimentation were 

performed to analyze the measurable response of the 
icing and liquid ranges with variable salinity levels 
along with the state transition rates. The initial design 
was aimed to distinguish the saline ice and saline 
water layer formation. Later on the design 
incorporated the saline ice level measurements. The 
design is kept to keep the consideration of harsh 
climatic performance and remote installation 
mechanism flexible enough to be mounted on various 
Onshore and Offshore platforms or other sensors as 
like MuVi-Graphene, see [19]. The necessary 
condition for a robust flat plate capacitive sensor was 
to have uniform and sufficient ice deposition on its 
surface; this has been experimentally demonstrated 
by Mughal & Virk [20].  

 
 

4. Experimental Details  
 
4.1. Hardware Setup 
 

The hardware implementation of the computing 
hardware and electrode for icing measurement is 
shown in Fig. 2. The embedded algorithm of 
computing hardware was performed using Atmel 
Studio 6 on the AVR series 8-bit microcontroller 
with associated peripherals. The in circuit 
programming was assisted using Atmel STK 500 
development kit. The patented charge transfer 
process is executed by the QT60240 device and 
several charge/discharge cycles are executed based 
on burst of pulses ranging from 500 μs to 2 ms. The 
micro-controller initializes the communication 
through I2C protocol and determines the change in 
the zero crossing of detected slope for each charging 
pulse. Generally, the negative DC voltage ramp for 
the signal is around -250 mV, which is achieved by 
the synchronous switching of capacitors and slope 
drive cause the zero crossing. The τZeroCrossover value 

(differential time measured) is acquired by the 
microcontroller and stored in a buffer array at the 
same time. The buffered τZeroCrossover value is 
converted to RS232 protocol and sent at the baud rate 
of 19200 bits/s. The resulting data was displayed in a 
DAQ factory (data acquisition development software) 
based user interface for further analysis and 
experimentation for optimizing sensor configuration.  

 
 

 
 

Fig. 2. Computing Hardware Module. 
 
 

4.2. Experimental Setup 
 
A preliminary series of experimentation were 

performed in Cold Room Chamber of Narvik 
University College (Fig. 3). There are three Cold 
Rooms where a controlled temperature from +20 oC 
to -30 oC can be maintained. A sample of 100 ml of 
water was used as a standard liquid content. Different 
levels of salt 0 to 30 g were mixed in this water 
sample and tested by pouring these samples on the 
electrode plate. Similarly the same salt levels were 
mixed in different water samples of 100 ml each and 
allowed to freeze in the local freezer. 

 
 

 
 

Fig. 3. Cold Room Chamber, Narvik University College. 
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The electrode panel was made as a non planar 
structure where the electrodes and rest of the pcb 
circuitry are lying on different panels (see Fig. 2). 
This scheme was preferred over the planar structure 
(Electrodes and computing hardware on same PCB) 
keeping in consideration of the cold climate 
environment. The intention was to make a separate 
robust electrode panel exposed outside the 
environment to detect and measure the ice whereas 
the computing hardware is made on a separate PCB 
house inside protected covering. The overall 
dimension of electrodes pair used was 
26 mm×36 mm and the other dimensions are:  

X electrode outer border thickness 2.54 mm; 
X electrode finger thickness 1.25 mm; 
X-Y inter spacing width 3.8 mm; 
Y electrode key thickness 1.25 mm. 
Common front panel dielectric materials include 

glass, plexiglass and polycarbonate. However, during 
this experiment all season packaging tape 60041 was 
used. This tape was used as it has excellent holding 
power during extreme hot or cold temperatures and 
made of pressure-sensitive poly material.  

The τzero crossover of the electrode plate with only 
front panel dielectric tape 60041 was 438 μs. 

 
 

4.3. Results and Discussions 
 

The charge transfer technique outputs τZeroCrossover 
as a measurement signal. The results of the 
experiment are tabulated in Table 2 and plotted in 
Fig. 4. The results indicate that as the percentage 
salinity ratio %SRice of ice is varying from 0 to 23 % 
the τZeroCrossover signal varies from 600 to 1250 μs. 
Hence, a linear relationship can be found between 
%SRice and τZeroCrossover with an effective slope of 
28 μs (see Eq. 2). However, when the % SRwater of 
water is plotted against τZeroCrossover signal, then the 
slope is not effective to demonstrate the linear 
variation, however this result do indicate the 
difference between fresh and saline water (Eq. 3). 
The Intercept of this curve is intentionally fixed at 
2100 μs in order to indicate the linear relationship 
between the changing salinity levels in water. One of 
the possible reason of mutual transfer scheme to not 
indicate the %SRwater can be associated with the water 
slippage leaving behind small puddles of water on the 
electrode plate. 

 
% SRice = 28τZeroCrossover + 559 (2) 

 
% SRwater = 1.38 τZeroCrossover + 2100 (3) 

 
During the experimentation at room temperature 

the melting of ice layer/block occurred as a natural 
process, which could be the case in real environment. 
This phenomena could also be observed from the 
τZeroCrossover measurement as it varies with the melting 
of ice layer upon the electrode till it slides over the 
electrode leaving behind the water puddle over the 
electrode. 

4.4. Limitation 
 
The measurements taken are independently 

experimented based on the charge transfer technique. 
The ice samples used were frozen using 
commercially available freezers. 

 
 

Table 2. Saline Water and Ice Testing Results. 
 

 
 
 

 
 

Fig. 4. Real Time Ice Salinity Measurements. 
 
 

5. Conclusions 
 
The icing detection and salinity measurements in 

harsh cold climate is a demanding challenge. 
Particularly during an offshore activity, the need is 
more demanding with the latest developments in the 
technology and resources. If the parameters such as 
ice accretion and salinity are measured in real time, 
then expected damages can be reduced by using  
them as feedback variables in an intelligent  
ant icing system. 

The charge transfer technique outputs τZeroCrossover 
as a measurement signal. This is a real time output to 
indicate percentage salinity ratio of ice hence there 
are minimum delays associated with this technique. 
This is already proven technology therefore the 
implementation of this technique have matured even 
in freezing domains without much variations. 
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The results of this experiment indicate that it is 
possible to use this technology for offshore platforms 
to indicate the percentage salinity levels in ice. From 
present experiment, it is also found that this 
technique is not useful to indicate the salinity level in 
water, however it do indicate the presence of salt in 
fresh water. These results are largely dependent upon 
the size of electrode plate, plate design and front 
dielectric panel material and thickness. Hence, 
optimizing the complete plate design can 
significantly improve the results. The electrode plate 
can be covered with different types of dielectric 
material much more resistant to harsh weather and 
climatic effects; since there are large number of thin 
dielectric materials available commercially 
nowadays. The weather resistant dielectric 
coating/covering can ensure the protection required 
to avoid corrosion of the plate. The low voltage 
requirement mV of the MEMS devices makes the 
design feasible for battery operated system in a 
remote location.  

It was also quite difficult to delay the melting 
process of the saline ice sample (as the freezing 
temperature of saline ice is lower than fresh water 
ice) during experimentation. This problem was 
minimized by maintaining a temperature of -5 oC in 
the Cold Room Chamber (see Fig. 3) at Narvik 
University College. 
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Abstract: This paper introduces an approach illustrating how the Open Geospatial Consortium (OGC) Sensor 
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1. Introduction 

 

Lebanon is bordering the eastern Mediterranean 
Sea (see Fig. 1). The Mediterranean basin is a priority 
area and a leading area for the analysis of 
environmental data and for the extrapolation of trends 
that will allow a better management of the present and 
help envisage plausible scenarios for the future. 

For this reason, actors of the French and Lebanese 
scientific research community are establishing a 
shared observatory between France and Lebanon 
named “Observatoire Libano-Français de 
l’Environnement” standing for “Lebanese-French 

Environmental Observatory”, O-Life [6]. This 
observatory has the following objectives [6]: 

a) Conduct simultaneously: Observation, 
Research, Training and Valorization; 

b) Federate skills through common tools  
and objects; 

c) Organize, share, sustain and enhance 
environmental data. 

The observatory main activity is to study the 
critical zone around the Mediterranean Sea. As such, 
it addresses major environmental thematics such as 
water resources, biodiversity, natural hazards, 
environment management and ultimately land uses. 

www.sensorsportal.com/HTML/DIGEST/P_2763.htm

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 99-105 

 100

 
 

Fig. 1. Lebanon’s map with snow stations locations 
(Study area). 

 
 

To carry out its mission, O-Life observatory aims 
to construct environmental databases for the critical 
zone as well as to conduct monitoring services 
(Provide instruments, equipment, assist in operation 
and monitoring of sites), to create collaborative 
software tools, to exchange through innovative web 
services, to sustain and therefore enhance 
environmental data. 

The main challenges are rooted on both 
heterogeneous and complex dimensions of data while 
treatments and end-users are not computer scientists 
and require information that may need multi-
disciplinary approaches to cross several data sources. 
For this purpose, data must be fully integrated within 
a repository able to manage geospatial data and 
complex treatments (decision-making systems, 
visualization, data exchange, etc.). 

This paper relies on O-Life Franco-Lebanese 
Environmental Observatory [5]. We discuss the main 
challenges from the data management point of view. 
We first introduce the Open Geospatial Consortium 
(OGC) Sensor Web Enablement (SWE) framework. 
OGC is the organization issuing geospatial data 
standards and references. We then present the 
architecture and implementation proposed within the 
framework of O-Life before detailing a case study 
dedicated to snow data management. 

 
 

2. OGC Sensor Web Enablement 
 

In this section, we present the main ideas leading 
the standard OGC, used in most environmental 
observatories and that enabling exchanges and uses of 
data from such observatories. OGC is an international, 
non-profit, voluntary consensus standards 
organization consisting of more than 500 companies, 
government agencies and universities [7]. The goal of 
OGC is the creation and establishment of standards 
that enable global infrastructures for delivery and 

integration of geospatial content and services and to 
ease adoption of open, spatially enabled reference 
architectures worldwide. 

Within the last years, Sensor Web Enablement 
(SWE) architecture of Open Geospatial Consortium 
(OGC) has matured into its second generation [1]. The 
main goal of this standards framework is the 
integration of sensors and sensor data into Spatial Data 
Infrastructures (SDI) and thus makes it possible to use 
data measured by sensors in a broad range of 
applications. Thus, sensor data become an additional 
source for geospatial information besides 
conventional data types like maps. In addition, the 
availability of sensor data offers the possibility to 
integrate near real-time measurements with 
conventional geospatial data for visualization. 

The SWE framework consists of a set of standards 
defining data formats for sensor data and its metadata, 
as well as service interfaces to access sensor data, task 
sensors or send and receive alerts based on sensor 
measurements [3].  

In this article, a sensor is defined as a device whose 
purpose is to detect events or changes  
in its environment, and then provide a  
corresponding output. 
 
 
3. Proposed Implementation 

 
This section addresses similarities and specificities 

of O-Life Observatory and presents how OGC-SWE 
standards are integrated in O-Life infrastructure so that 
real-time data sources becomes available to end users.  
 
 
3.1. Similarities and Specificities 

of O-Life Observatory 
 

O-Life is built, as a first step, by combining and 
sharing data already collected and with direct access 
to in-situ sensors.  

An extensive survey has been conducted for  
O-Life supported research projects. It illustrated that 
databases exist as well as data but mostly dispersed, 
diverse, not updated, unpublished, insecure, not 
shared, and not accessible to public. Furthermore, in 
many cases, data from many heterogeneous data 
sources might need to be combined and/or compared 
and different data sources have to be correlated. 
Moreover, there are different data sharing policy 
within the scientific community that prevents access 
to data. Sharing and leveraging data and research 
resources can avoid duplication of very expensive and 
time-consuming efforts, allowing scientists to spend 
more time in data analysis than in data collection and 
discovery, and enabling more people to benefit from 
environmental data. Advanced security concept is 
necessary so that only authorized users are able to 
insert/query data into O-Life infrastructure. 

Hence, it is necessary to develop a standardized 
system for collecting data at national level and develop 
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a data sharing policy resulting in sustainable 
databases, interoperable, shared, and regularly 
updated. This first step aims subsequently to create an 
ambitious Circum-Mediterranean observatory 
network. 

 
 

3.2. Crossing Data 
 

O-Life aims to collect and exchange data from 
various sources, including sensor and human 
observations. Any single problem requires many data 
sets and any single dataset serves many applications. 
As discussed in this paper, sensor data can easily be 
managed by the Sensor Web infrastructure. However, 
in some cases it may be difficult to manage human 
observations as such data do not always have 
compatible structures. For instance, way data are 
georeferenced, type of data (e.g., textual data) can 
make it difficult to integrate data directly as an input 
of Sensor Web. For this reason, we envision four 
possibilities for crossing data that will be explored in 
our work: 

a) Transforming non sensor data so as to consider 
all data sources as inputs of Sensor Web; 

b) Loading non sensor data directly in relational 
tables of the PostgreSQL database used to serialize 
Sensor Web data;  

c) Crossing data thanks to an application within 
our infrastructure, thus relying on an application 
server to deliver the services; 

d) Crossing data outside our platform, this option 
being taken by end-users after importing some data 
from O-Life database. 

In the next section we present the architecture of 
O-Life infrastructure and explain how sensor data will 
be integrated within the infrastructure. 

 
 

4. Proposed Architecture 
 

Our implementation uses the 52 North (52N) 
German initiative for Geospatial Open Source 
software, ‘Sensor Observation Service’ (SOS) and 
‘Observations and Measurements’ (O&M) and 
SensorML [8]. 

SOS is a web service to query real-time sensor data 
and sensor data time series and is part of the Sensor 
Web framework. 52N PostgreSQL database with a 
predefined schema for SOS will be used to store 
sensors data. PostGIS spatial extension will be 
included in the PostgreSQL database. Apache Tomcat 
will be used as Servlet container. The proposed 
architecture is shown in Fig. 2. SOS provides an 
interface for requesting sensor data sets based on 
temporal and spatial query parameters. The responses 
of SOS containing the requested data are then returned 
using O&M. 

O&M framework defines a standard model and 
XML Schema for encoding observations and 
measurements from a sensor, both archived and real-
time. This model defines how to link observed values 
with all relevant properties (i.e., location, time, 

observed parameter, unit of measurement) that are 
necessary to interpret them.  

In the SOS interface, O&M is used in two 
operations: 

- GetObservation: O&M is the default output 
- InsertObervation: O&M is used for encoding all 
values that shall be inserted into a SOS server. 

 
 

 
 

Fig. 2. Proposed architecture for integrating the SOS 
platform into the O-Life architecture. 

 
 

SensorML offers a model and an XML encoding for 
sensor metadata. Information such as the sensor type, 
the owner of a sensor, identifiers of a sensor, 
inputs/outputs of a sensor, can be described in 
SensorML documents [2]. SensorML is used in two 
relevant SOS operations. DescribeSensor operation 
and InsertSensor operation for encoding the 
descriptions of sensors that shall be registered  
at SOS. 

The existing PostgresSQL database server contains 
environmental data from different data providers for 
different thematics and structures.  
The SOS Server comes with its own database schema 
and store. The 52N SOS will maintain its own  
tables. Sensors data will be stored in the  
PostgresSQL database. 

In the next sections, the snow weather monitoring 
case is explained in details to illustrate our proposed 
implementation. 

 
 

5. Case Study: Snow Weather Stations  
 

The observatory system is designed to support 
real-time monitoring that collect sensors data. This 
section introduces the use case of snow monitoring to 
apply our proposed implementation. 

 
 

5.1. Presentation 
 

In many Mediterranean and semi-arid regions, 
mountains are natural water tower for downstream 
plains, support for irrigated agriculture. For Lebanon, 
a significant part of the precipitation falls as snow that 
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accumulates in winter to make an important 
contribution to the spring and summer flows. Yet, 
despite its significance for water surface and for 
groundwater recharge, this water layer is difficult to 
quantify. The study of snow and its cover dynamics is 
instructive for several reasons: trends, hazards and 
climate predictability, redistribution of melted water 
and impact on availability of downstream water.  

Snow weather stations are installed in Lebanon as 
part of an agreement for scientific and technical 
cooperation for research on snow hydrology project 
and an observatory of joint project of the snow in the 
Mediterranean between CESBIO-IRD, the National 
Council for Scientific Research in Lebanon and the 
Saint Joseph University in Beirut [9]. 

A snow weather station consists of a central data 
logger (Campbell CR1000) receiving signals from 
various sensors connected to it. These sensors include: 

a) A temperature and relative humidity probe; 
b) A wind monitor sensors used to measure 

horizontal wind speed and direction; 
c) A sonic ranging sensor, which is an acoustic 

sensor that provides a non-contact method for 
determining snow depth. The sensor determines depth 
by emitting an ultrasonic pulse and then measuring the 
elapsed time between the emission and return of the 
pulse; 

d) Two pyranometers to measure incoming and 
reflected solar radiation; 

e) A gyro sensor to measure rate of rotation around 
the station axis; 

f) A barometer to measure the atmospheric 
pressure; 

g) Battery level sensor to monitor the battery 
power level; 

h) A digital camera to take real-time photos of the 
station surrounding. 

Every 30 mn measurements from all sensors are 
aggregated and saved in a non-volatile storage on the 
station’s data logger. It is a low power consumption 
device that autonomously operates for extended time 
periods on a battery recharged with a solar panel. 
When primary power drops below the threshold level, 
the data logger suspends execution reducing the 
possibility of inaccurate measurements. 

In SensorML description, all sensors are 
described as separate entities and then assembled and 
connected to represent the whole snow station. 

The three snow weather stations are located in 
three different regions in Lebanon (Mzaar, Cedars, 
Laqlouq) comprising sensors measuring temperature, 
snow height, relative humidity, precipitation, air 
pressure, wind speed and wind direction. The sensors 
are powered by solar cells as shown in Fig. 3. Sensor 
observations are sent remotely via a GPRS connection 
to a file server then to the database server hosted in the 
O-Life observatory datacenter using GPRS modem. 
Users will be able to query snow sensors data and 
access animated visualization of spatial-temporal data, 
including time series presentation. 

  

 
Fig 3. Snow weather stations in Laqlouq and Mzaar 

region, Lebanon. 
 
 

Table 1 shows a snapshot of data generated by the 
snow weather stations. 

The methodology applied to snow weather 
monitoring is detailed in the next section.  

 
 

5.2. Methodology 
 

In order to implement SWE system, we identify 
initial factors (feature of interest, procedure, 
phenomenon (observed property), time) and map the 
collected snow data in Table 1 to the UML diagram of 
O&M model shown in Fig. 4. Then the O&M data 
model that is designed as SOS database is filled with 
snow weather data. 

Table 1 shows that the data are described by the 
following attributes: 

- TimeStamp stands for the date and time of the 
measured values; 

- AirTemp (C) is the Air temperature in Celsius; 
- vit_vent (m/s) stands for Wind speed in m/s; 
- Direction vent (degree) stands for Wind 

direction; 
- Std direction vent (degree) measures the standard 

deviation of wind direction; 
- Pression (mbar) is the Atmospheric pressure 

measured in mbar; 
- Geonor (Hz) measures the frequency of vibrating 

wires in Geonor precipitation gauge; 
- Geonor (mm) is the measurement of 

accumulation of precipitation in the bucket; 
- Wind max (m/s) is the Maximum Wind speed. 

 
 



Sensors & Transducers, Vol. 194, Issue 11, November 2015, pp. 99-105 

 103

Table 1. Example of part of the data generated by the snow weather stations. 
 

TimeStamp 
AirTemp

(C) 
vit_vent 

(m/s) 

Direction 
vent 

(degree) 

Std 
direction 

vent 
(degree) 

Pressure 
(mbar) 

Geonor 
(Hz) 

Geonor 
(mm) 

Wind 
max 
(m/s) 

2015-04-09 
08:00:00 

8.06 13.49 190.8 12.5 764.1 2090 27.73 24.5 

2015-04-09 
07:30:00 

8.34 13.34 187.1 10.66 764.3 2090 27.74 23.81 

2015-04-09 
07:00:00 

8.97 14.77 189.8 10.99 764.2 2090 27.72 23.86 

2015-04-09 
06:30:00 

9.19 14.24 186.1 11.49 764.2 2090 27.72 24.7 

2015-04-09 
06:00:00 

8.67 11.11 187.2 13.52 765 2090 27.74 20.24 

2015-04-09 
05:30:00 

9.49 11.18 185.6 10.64 764.9 2090 27.74 22.25 

2015-04-09 
05:00:00 

10.21 13.12 183.3 11.19 764.5 2090 27.74 20.78 

2015-04-09 
04:30:00 

10.63 13.9 183 11.6 764.5 2090 27.73 26.17 

2015-04-09 
04:00:00 

11.36 16.05 188.9 12.64 764.4 2089 27.7 32.19 

 
 

 
 

Fig. 4. UML diagram of basic observation model of O&M specification. 
 
 

The featureOfInterest refers to the real world 
object from which the observation is collected. The 
model is voluntary very generic that it can encompass 
many systems. In our case snow is the central object 
of interest. However we are interested in comparing 
snow characteristics between three different regions. 
Consequently we must include the location in the 
concept of featureOfInterest which then becomes a 
snow station at a specific site.  

In the O&M model the procedures are what 
produce the observations. In our case, this maps to the 
sensors. The snow station is an array of sensors that 
monitor the needed parameters like air temperature, 
wind speed, wind direction, etc. 

The observedProperty is the phenomenom that was 
observed like air temperature, wind speed, wind 
direction, air pressure, precipitation, etc. 

The location to which the observation belongs is 
indirectly referenced by the geolocation of the snow 
station. 

The descriptions of sensors and observations are 
stored in a PostgreSQL/PostGIS database using 
standard metadata format (respectively SensorML and 
O&M). Since we do not need a particular database 
organization, we decided to store the data in a default 
database format using standard requests (InsertSensor 
and InsertObservation). Then, data can be obtained by 
request GetObservation and geolocated by 
GetFeatureOfInterset. 

 
 

5.3. Results 
 

Sensor observations are sent from the stations data 
logger through ftp to the database server at the O-Life 
datacenter and saved as CSV files. Then the SOS 
importer on the database server is used to import the 
files repeatedly every 30 minutes to the database 
server. The SOS Importer is a tool provided by 52N 
for importing observations from CSV files into a 
running SOS instance. 
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The workflow of the system is shown in Fig. 5. The 
users use the 52N Sensor Web Client which provides 
easy access to snow weather time series data stored 
within the SOS. The clients can send a 
requestGetObservation to the SOS and receive the 
observation that is structured based on O&M. Through 
GetObservation operation, user can retrieve 
observations of interest for special features of interest, 
observed property and sensor. Furthermore, the result 
value for special observed property based on temporal 
filtering can be also retrieved. These parameters can 
be requested by making different queries. A station 
measuring air temperature can easily be selected 
interactively from a map, discovered by station's 
metadata. After a station has been selected, data can 
be loaded and displayed in the client as diagram for 
further investigation. 

 
 

 
 

Fig. 5. Workflow of the snow monitoring system. 
 
 

The proposed approach for in-situ sensor near real-
time data acquisition is supposed to be a first step 
towards establishing the SWE framework within O-
Life Observatory. The observatory aims to establish a 
National Spatial Data Infrastructure (NSDI) for 
Lebanon ensuring acquisition, archiving and 
management of multi-scale satellite imagery and in-
situ datasets for the Lebanese territory and making it 
accessible by the scientific community and by various 
public actors involved in environment  
and management. 

Data from in-situ or remote sensing devices form 
the basis for analyzing gradual processes, such as 
snow melting, water shortages, or increasing drought. 
In-situ and satellite measurements are not directly 
comparable due to their basic configurations. In-situ 
sensors provide point based measurements at ground 

level whereas satellites observe the entire atmosphere. 
The near real time in-situ data could be used to 
calibrate and validate remote sensing data and models. 
Later, approaches to consolidate remote sensing data, 
and in-situ data will be considered to get more accurate 
results. This is highly prioritized by the O-LiFE 
observatory to make use and share all available source 
of data. Nevertheless, a special effort should be made 
to add additional in-situ sensors in different research 
areas and to include existing in-situ sensors in the 
country to the Observatory SDI. Besides, solutions to 
include mobile human sensors through mobile 
applications should be considered and developed to 
have vast amount of incoming georeferenced data and 
to allocate these data using the SWE standards. 

 
 

6. Conclusions 
 

In this paper, we investigate the possible ways for 
data management within O-Life observatory. We build 
an interoperable data model for environmental 
monitoring observation within O-Life observatory 
based on OGC-SWE standard formats. This has been 
followed by evaluating the Sensor Web architecture 
which is the set of data model definitions and web 
service specifications using the snow weather stations 
as a first use case. This work is being currently 
implemented in the framework of a collaboration 
between French and Lebanese organizations. Many 
perspectives are associated to this first approach. First, 
we aim at benchmarking our proposal with real data 
collected in the various data sources. Second, we aim 
at studying how our architecture can provide valuable 
services to scientists both for raw data crossing and 
exchanges and for analytical  
processing. Finally, we aim at studying how the  
O-Life data can be shared through Open Data for 
better enabling interoperability and linked to other 
open resources [4]. 
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Abstract: Because of the rapid increase of the elderly, the lack of helpers to take care of the elderly has become 
a serious problem in Japan. A way should be found to enable the elderly to be independent as long as possible. 
The paper refers to the motivation to keep the quality of life high as living willingness. The elderly with living 
willingness would keep their living environments comfortable. On the contrary, the elderly losing their living 
willingness are likely to make disorder in their house keeping, such as lazy cleaning and skipping of dish 
washing. The detection of the disorder of their daily activities makes it possible to find the decline of their living 
willingness early, because the disorder implies their physical and mental health get worse. Instrumental 
Activities of Daily Living (IADL) plays an important role to find the disorder. The activities are conducted to 
improve the quality of life. The laziness of the elderly in IADL implies they are losing their motivation to 
improve the quality of life. The paper proposes a method to recognize IADL, preserving the privacy of the 
elderly. It also figures out conscientious degree the elderly take IADL. The method uses the brightness 
distribution sensor. It provides a classifier of IADL from the brightness distribution. In an experiment for the 
elderly, the f-measure with which the method has recognized activities of cleaning, cooking, and washing are 
0.975, 0.912 and 0.927, respectively. The experiment shows 0.599 in Nagelkerke R2, which indicates how well 
the method figures out conscientious degree in the activities. It reveals the method is precise enough to measure 
the decline of the elderly in the living willingness. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Elderly, Daily living, Privacy, Brightness, Sensor. 
 
 
 
1. Introduction 

 

Japan is suffering from a rapid progress of 
declining birth rate and increasing an aging 
population. As a result, it is worried that Japan will 
be short of nursing care staff by 2025. It is highly 
required to take measures to improve the self-
supporting degree of each of the elderly, which 

means how an elderly person can spend his or her 
daily life independently [1]. Especially, it is essential 
to prevent the elderly from running into a condition 
where they require long-term and constant care in 
daily activities. To achieve the goal, it plays a vital 
role to find symptoms of the decline of their health 
condition from their daily activities. We should pay 
special attentions to the elderly living alone, because 

www.sensorsportal.com/HTML/DIGEST/P_2764.htm
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it is difficult to find symptoms of their decline. As 
one of the symptoms of the decline, the elderly tend 
to lose their motivation to keep high quality of their 
life. The paper refers to the motivation to keep the 
quality of life high as a “living willingness.” The 
decrement in the living willingness of the elderly 
appears in their daily life. It is verified that the 
elderly could be in unhealthy condition physically 
and mentally when a living rhythm changes into 
disordered manner. Moreover, a lazy lifestyle 
negatively affects the self-supporting degree and the 
health of the elderly [2]. 

If we could notice that one’s lifestyle is becoming 
disordered manner, various measures can be taken to 
recover their living willingness. Lawton [3] has 
pointed out the Instrumental Activities of Daily 
Living (IADL) are effective to judge the self-
supporting degree of the elderly. IADL are not 
essential to keep our life. However, if we carry out 
them, we can improve the quality of our life. 
Examples of IADL include cleaning and washing. 
Let us consider to measure the degree of carrying out 
IADL in terms of not only the frequency of the 
execution, but also the conscientiousness in the 
execution. If the degree of a specific elder person is 
high, we can estimate he or she is willing to enjoy 
daily life. On the contrary, an elderly person whose 
degree is getting worse is worried to lose the living 
willingness. The degree of carrying out IADL is 
considered to imply symptoms of the decline of the 
elderly. It is expected that we can find the elderly 
who have just started losing their living willingness. 
Furthermore, it is also expected to provide some 
measures to recover their living willingness. There 
are many works that apply IADL to detect the 
changes of the elderly such as abnormality in health 
conditions [4-5]. They examine the frequency and the 
execution time in each IADL action. This paper 
proposes to use IADL as an index of the  
living willingness of the elderly. It examines the 
conscientious degree of IADL in addition to the 
frequency and the execution time. It is thought  
that the elderly who carry out IADL less 
conscientiously is going to stop IADL actions 
eventually. The examination of the conscientious 
degree of IADL will contribute to the detection of the 
declines of the elderly in the earlier stage with  
higher accuracy. 

This paper focuses on cleaning actions among the 
IADL actions. First, cleaning action is identified with 
the machine learning and extracted from many living 
daily activities. The conscientious degree of a 
cleaning action is figured out from the characteristics 
of the action during the cleaning period. This paper 
proposes a model to identify the conscientious degree. 
The method uses the brightness distribution sensors 
[6] to collect movement logs in order to protect the 
privacy of the elderly. The brightness distribution 
acquired by the sensors brings information significant 
enough for a machine to discern living activities, 
while it makes no meanings for humans to perceive 
what the elderly are doing. 

This study figures out the conscientious degree 
with the difference of the body trunk movement of 
the person carrying out of the living activities. The 
method can discover symptoms of the decline in the 
early stage, using both of the execution degree and 
the conscientious degree. 

The remaining of the paper are organized in the 
following way. Section 2 describes the related works. 
Section 3 explains the method to discern the living 
activity, using brightness distribution sensors. It also 
states how to figure out the conscientious degree of 
discerned cleaning actions. Section 4 illustrates the 
process of an experiment to evaluate the proposed 
method along with its result, followed by discussion 
of the result in Section 5. Section 6 concludes  
this paper. 

 
 

2. Related Works 
 
There is a method to automatically recognize 

activities of the elderly in daily life with cameras set 
up in their house [7]. The camera acquires a lot of 
information unrelated to activities of them from their 
daily life. Since the method pays little attention to the 
privacy of the elderly, it causes the elderly to be 
stressed. It is not preferable to set up a camera in a 
house. A method to recognize living activities with a 
Kinect sensor [8] also has the problem in the 
viewpoints of the privacy protection, because it 
acquires a lot of irrelevant information as well as the 
camera. Techniques to recognize actions at home 
protecting the privacy are proposed with acceleration 
sensors [9], Radio Frequency Identification (RFID) 
[10], infrared sensors [11], ultrasonic sensor [12] and 
laser range finders [13]. Acceleration sensors 
measure the movement of persons who wear them in 
their body. They cannot acquire any data unless they 
are worn. Some of the elderly feel resistance to wear 
them, while others forget to wear them. The method 
using RFID sets up RFID in specific positions and 
objects. It senses logs of used object and movement 
to recognize actions. It costs much to install a lot of 
RFID tags which are necessary for fine recognition. 
In addition, the usability is low, because users have to 
wear RFID readers. The amount of data infrared 
sensors acquire is small and its accuracy is poor. It is 
difficult to figure out living willingness with the 
sensors due to the poor accuracy. Though they can be 
applied to the detection of emergency such as 
accidents and spasms, it costs high to set up many of 
them in various places to overcome their poor 
accuracy. Ultrasonic sensors identify positions of 
persons to know their actions. They are weak to 
shields on straight lines to the persons. It is necessary 
to install many sensors on walls to improve the 
recognition accuracy. It is not feasible to install them 
in ordinal houses. Laser range finders implement data 
acquisition in a wide range. However, it is unrealistic 
to install many of the sensors to detect actions, 
because they are expensive sensors. 
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3. Figuring Out Conscientious Degree 
from Brightness Distribution 

 

3.1. Brightness Distribution Sensor 
 

The method uses brightness distribution sensors 
[6] to protect privacy of the elderly. Fig. 1 shows the 
difference of the acquired data between a Web 
camera and a brightness distribution sensor. The 
brightness distribution sensor acquires only the 
brightness value in the horizontal dimension. It 
recognizes a person, utilizing the fact a brightness 
value changes largely at the position where the 
person moves. Two brightness distribution sensors 
are settled so that the center lines of the data 
acquisition areas of each sensor should cross almost 
orthogonally. The volume of information of the 
sensors is less than that of cameras because they 
acquire only brightness. Privacy is threatened with 
malaise of the acquired information by outsiders. 
Even if outsiders get the brightness information 
showing activities of a specific person, they do not 
understand what the person does. Brightness 
distribution sensors can be set up inexpensively, 
because we can covert commercial web cameras into 
brightness distribution sensors, exchanging their 
lenses into rod lenses. A lot of sensors are not 
required because they acquire as wide range data as 
the web cameras. The sensors save space, because a 
small sensor covers a wide rage. 

 
 

 
 

Fig. 1. Difference between Web camera and brightness 
distribution sensor. 

 
 

3.2. Activity Classification from Local 
Features 

 

The method uses the Bag-of-Features method 
[14] to extract a peculiar feature from the brightness 
data of each living activity. Each pixel of figures has 
various properties. First, the Bag-of-Features method 
clusters pixels of figures into several groups, based 
on the properties. It figures out the histogram of each 
figure, counting points in every cluster. The 
distinguishes images with the features in the shape of 
the histogram. The proposed method calculates the 
three local features for each pixel, consisting of 
background difference values, pixel difference values, 
and frame difference values. Three local features are 
the main elements that can be taken from the 

brightness data. The background difference values 
are picked up from the difference of the target image 
from an image containing no living activity. The 
pixel difference values and the frame difference 
values are derived from special difference and 
temporal difference of the background difference 
value. These local features compose a three 
dimensional space. Let a brightness value be , , 
where  and  denotes the pixel number and the 
frame number, respectively. Let us denote the 
background difference value, the pixel difference 
value, and the frame difference value with , , , , and , , respectively. Three local 
features can be expressed in (1)-(3), when the number 
of the frame showing the background is assumed  
to be 0. 

 , = , − 0, , (1) 
 , = , − , − 1 , (2) 

 , = , − − 1,  (3) 

 
The background difference value is a feature 

corresponding to the existence of a person. The pixel 
difference value expresses the edge of position where 
a person exists. The frame difference value shows the 
movement of a person. Pixels represented with the 
three values are plotted in the three dimensional 
space. All points are clustered using k-means++ [14]. 
The histogram indicating the number of points 
included in each cluster is constructed to show the 
distribution of points for each image. The histogram 
does not provide any location information, which is 
important to identify living activities. For instance, 
the information is important when we want to 
distinguish living activities in which a person moves 
around the entire room like cleaning from living 
activities executed at specific locations like washing. 
The method reflects the location information dividing 
the image into parts equal in their width. A histogram 
is constructed from each of them [15]. Fig. 2 depicts 
the outline when the division is applied to the original 
brightness data. The original brightness data 
corresponding to the whole of the acquisition area are 
bisected and trisected in the proposed method. 
Eventually, six histograms are constructed from a 
single sensor. The method acquires 12 histograms 
from one living activity because it uses two sensors. 

Due to the division of brightness data, features 
representing person movement appears in all of the 
six histograms in living activity where a person 
moves around the entire room like cleaning, while 
those features appears in specific histograms in case 
of washing in which a person stays in a specific 
location. The proposed method constructs a model to 
identify features of each living activity with the 
Random Forest method [16]. The model calculates 
which living activity has been executed, given 
features in an actual living activity. 
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Fig. 2. Constructing histogram from division  
brightness data. 

 
 

3.3. Figuring Out Conscientious Degree 
from Flow Line 

 
The proposed solution pays attention to the 

conscientious degree in the living activity to find a 
smaller change in the living willingness. Each living 
activity has its own index to represent its 
conscientious degree. The method figures out the 
conscientious degree of each living activity where the 
person would move around in the room. Among 
various kinds of living activities, it focuses on 
cleaning, because it is an essential activity to improve 
the quality of the life. It pays an attention on the body 
trunk, which is the most important part for human 
beings in various living activities. 

First, the method presumes the location of the 
body trunk of a target person from the brightness 
value in each sensor. Since the brightness value 
greatly changes at the position the person exists 
within the range of the sensor, the location of the 
body trunk is estimated at the position where the 
change of the brightness value is largest, that is,  
the position with the maximum background 
difference value. The position of the body trunk, , is 
given by (4). 

 

6390

,)(f,Bmax  arg=T s

≤≤ ρ
ρ  (4) 

 
Next, the flow line of the body trunk is 

constructed, arranging the position of the body trunk 
all over the frames in the time series order. The 
proposed method figure out the conscientious degree 
of the living activities where a person moves around 
in the room like cleaning. Using the Hidden Markov 
Model (HMM) [17], the method derives a state 
change diagram to consider staying and movement of 
the person in a flow line. The example of the state 
change diagram the HMM converts from flow lines is 
shown in Fig. 3. The graph of a flow line in the figure 
indicates the position of the body trunk in the course 
of the time, assuming the horizontal axis and the 
vertical axis are the time line and the pixel number, 
respectively. The state change diagram implies the 
flow line in the figure roughly has three states. The 

change of the mean and the variance expresses a 
significant state change. The change of the mean 
means the body trunk moves to another position, 
while that of the variance corresponds to the change 
in the width of operation of the body trunk. The 
conscientious degree of the living activity is figured 
out from the two kinds of state changes. The 
transition probability is used to examine the 
relevance among states. The transition probability to 
a different state is considered to represent the 
movement order and the work procedure in the living 
activity, because it is influenced by the position of 
the body trunk and the change in the width of 
operation. It is not considered as the feature of each 
person, because it varies easily with the order and the 
combination of living activities. The proposed 
method values the transition probability from a 
specific state to itself, which is referred to as the self 
transition probability. When the person stays in a 
specific point, the self transition probability is 
considered to indicate the location and the time 
period of the stay, because it gets little influence from 
the position of body trunk and the change in the 
width of operation. 

 
 

 
 

Fig. 3. State change diagram converts from flow lines. 
 
 

Regarding the self transition probability as the 
feature of the living activity of each person, the 
proposed method calculates the self transition 
probability of each state from the two state change 
diagrams associated with the two sensors. A model is 
constructed to figure out the conscientious degree of 
a specific cleaning activity where the person move 
around the room. The model assumes the self 
transition probability in each state is the explanatory 
variable while the conscientious degree is the 
objective variable. The model uses the logistic 
regression [18], because the objective variable is a 
qualitative variable. The combination that minimizes 
the Akaike Information Criteria (AIC) [18] is 
selected from two or more explanatory variables, to 
construct a model which predicts the conscientious 
degree of the living activity. 
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4. Experiment 
 
4.1. Purpose and Process 

 
We have verified living activities can be 

identified with the brightness distribution with an 
experiment. Using the data collected in the 
experiment, we examine whether the conscientious 
degree is able to be estimated from the difference of 
the body trunk. Fig. 4 shows the experimental 
environment, which is an actual dining-and-kitchen 
space. The photograph in the left side shows the view 
taken from the exit and entrance of the floor plan in 
the right side. The movable space of the experimental 
environment is a 3 meter square. To decrease the 
blind spot, a brightness distribution sensors is 
installed at each of the 2 corners of the space. Each of 
them is mounted at a point of 80 centimeters in 
height. Subjects of the experiment are 20 elderly 
people consist of 8 men and 12 women whose ages 
range from 60 to 70 years old. In the experiment, 
subjects conduct three living activities: cleaning, 
cooking, and washing, according to the standard of 
IADL. In the cleaning, each of them wipes the entire 
floor with a mop, after sweeping with a broom. In the 
cooking, each of them breaks an egg into a bowl to 
mix with favorite seasonings. The subject flies it and 
dishes it up. The washing makes each of them keep 
washing tablewares at the sink. Each of the subjects 
repeats every living activity 3 times, each of which is 
finished within 3 minutes. A whole experiment for 
one subject is organized within 60 minutes so as to 
prevent the conscientious degree of the activities 
from varying with their tiredness. The number of 
times and the length of the activity time is 
determined in consideration of the load of  
the subjects. 

 
 

 
 

Fig. 4. Experimental environment. 
 
 

4.2. Evaluation 
 
With the Bag-of-Features method, we detect 

living activities from features in the brightness 
distribution values sampled in the experiment. We 
have determined to classify the brightness 
distribution values into 25 groups after the 

examination of all combinations. We have used the 
20 fold cross validation so that all 20 experimental 
participants may become test data to evaluate the 
generalization performance. The algorithms used for 
the detection are the Random Forest [16], the Naive 
Bayes classifier [19], and the linear Support Vector 
Machines (SVM) [20]. These algorithms are suitable 
for the detection of living activities because they are 
known to provide high performance under a lot of 
objective variables. The performance of the proposed 
method is evaluated by the f-measure, which is the 
harmonic average of the precision and the recall. The 
precision is an index that shows the accuracy of the 
result because it is the ratio of target actions in 
actions detected by the method. Recall is an index 
that shows the coverage of the result because it is the 
ratio of detected target actions in target actions to be 
detected by the method. We should take a good 
balance of the precision and the recall. Even if the 
precision is high, we are not sure how many target 
actions to be detected are covered by the detected 
actions. The f-measure presents the balance of the 
precision and the recall. 

We have paid a special attention to the cleaning 
to know the conscientious degree of each subject, 
because it is one major instance of IADL a lot of 
people take in daily life. It is thought that the 
cleaning is effective to judge the conscientious 
degree for almost all persons. In the experiment, 
cleaning of each subject is recorded with as a video 
movie to ask people watching it on the conscientious 
degree of the subject as a questionnaire. The 
questionnaire asks 15 twenties consisting of 12 males 
and 3 females to evaluate the conscientious degree of 
the cleaning of each subject with 5 ranks. Based on 
the rounded average of their evaluation, we regard 
the elderly ranked at 4 or more as highly 
conscientious, while ones ranked 2 or less as poorly 
conscientious. We have also examine common 
features for subjects of high conscientious degree and 
ones of low conscientious degree, to find a criterion 
to distinguish subjects with the conscientious degree. 
Focusing on the movement of subjects in the 
experiment space, we apply the HMM to find the 
criterion. The HMM decides the state transition in the 
time series with the Viterbi algorithm after presuming 
parameters concerning to the state with the Baum-
Welch algorithm [17]. Applying the Baum-Welch 
algorithm to all subject flow line, states are identified 
in the flow lines representing the movement of 
subjects. The transition of identified states in each 
flow line is figured out with the Viterbi algorithm to 
each flow line of all participants. In the HMM, when 
we assume too few states, we cannot see any 
difference among subjects, because each subject stays 
in specific states too long. On the contrary, too many 
states make subjects stay in every state too short. In 
both case, we cannot find any difference among 
subjects. After trials for all combinations, we have 
determined 5 is the best number of states to find 
difference in each subject. If many subjects of high 
conscientious degree stay in a specific state, the state 
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indicates the feature of the high conscientious degree. 
The proposed method examines the self transition 
probability of each state. To predict whether each 
subject is conscientious or not, it builds a Logistic 
regression model whose explanatory variables are the 
self transition probability. It selects combinations of 
two or more explanatory variables which minimize 
AIC. The combination of the explanatory variables 
provides the largest influence on estimation of the 
conscientious degree. We calculate Nagelkerke 

[21], which shows the degree of fit of the model 
made by Logistic regression. Nagelkerke  takes the 
value between 0 and 1. The more it approaches to 1, 
the better the degree of fit of the model. 
 
 
4.3. Result 

 
Table 1, Table 2, and Table 3 shows the precision, 

the recall, and the f-measure values in the detection 
using the three kinds of supervised machine learning 
algorithms. As the table shows, Random Forest is 
superior to the others. In all kinds of the living 
activities, the f-measure values exceeds 90 percent 
when Random Forest is used. The conscientious 
degree is high in 6 subjects and low in 3 subjects 
from the result of the questionnaire to 15 twenties. 
Table 4 shows the summary of the result in the 
criteria of the conscientious degree in the 
questionnaire. The table indicates the fineness of 
movement of hands and the body trunk are adopted 
as the criterion a lot of people. The conscientious 
degree decreases when the movement is too large. It 
justifies the proposed method uses the self transition 
probability to figuring out the conscientious degree, 
because the amount of movement influences on the 
staying time of each point. 5 states are derived, 
applying the HMM to the movement of each subject. 
The brightness distribution sensors used in the 
experiment represent the position of the body trunk 
with the angle ranging from 0 to 639, where 0 
corresponds to the left side while 639 to the right side. 
Table 5 shows the mean and the variance of the 
position in each state for Sensor 1 and Sensor 2.  

 
 

Table 1. Precision, recall, and f-measure in the detection 
using the Random Forest. 

 
 Precision Recall F-measure 

Cleaning 0.967 0.983 0.975 
Cooking 0.945 0.881 0.912 
Washing 0.905 0.950 0.927 

 
 

Table 2. Precision, recall, and f-measure in the detection 
using the Naive Bayes. 

 
 Precision Recall F-measure 

Cleaning 0.737 0.949 0.830 
Cooking 0.807 0.780 0.793 
Washing 0.822 0.617 0.705 

Table 3. Precision, recall, and f-measure in the detection 
using the linear SVM. 

 
 Precision Recall F-measure 

Cleaning 0.919 0.967 0.942 
Cooking 0.912 0.881 0.897 
Washing 0.881 0.867 0.874 

 
 

Table 4. Criteria of the conscientious degree  
in the questionnaire. 

 
 Number 

of persons 

Fineness in movement of hands 10 
How to put force 8 
Area within the range of action 7 
Fineness in movement of body trunk 7 
Repetition degree within the area of 
action 

4 

Length of time 3 
How to wash mop 3 
Presence of periodicity 1 
Good quality of posture 1 
Dustpan after sweeping with broom 1 
Whether the cleaned place is seen or not 1 

 
 

Table 5. Mean and variance of the position in each state  
for sensor 1 and sensor 2. 

 
 Sensor 1 Sensor 2 

Mean Variance Mean Variance 
State 1 231 540 120 672 
State 2 303 406 174 140 
State 3 366 281 222 294 
State 4 444 792 337 1507 
State 5 551 1845 489 3777 

 
 

We build several Logistic regression models to 
calculate the conscientious degree, specifying various 
combination of the self transition probability in states 
as explanatory variables. Among the models, the AIC 
gets minimum for the one in which we specify only 
the self transition probability of State 4 of Sensor 2 as 
an explanatory variable. It means the conscientious 
degree is best discriminated when subjects stay in 
State 4 of Sensor 2. Fig. 5 shows the output result in 
the logistic regression. The model figures out the 
conscientious degree, , with 
 

= . . 	, (5) 

 
where  is the explanatory variable. The fitting 
degree of the model is fairly good because 
Nagelkerke  is 0.599. For each of subjects with the 
high and the low conscientious degree, Fig. 6 shows 
the difference of the self transition probability of 
each state derived from Sensor 1, when the subject 
stay in State 4 of Sensor 2. In figure, a horizontal axis 
shows the IDs of the status of Sensor 1.  
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Fig. 5. Output result in the Logistic regression. 
 
 

 
 

Fig. 6. Difference of the self transition probability of each 
state derived from Sensor 1, when the subject stay in State4 

of Sensor 2. 
 
 

The vertical axis shows the average probability of the 
subject staying in each state for both of the high and 
the low conscientious degree. In State 1 and State 5, 
there is a big difference of the average probability 
between subjects of the high and the low 
conscientious degree. 

Suppose a subject stays in State 4 of Sensor 2. 
From Table 5, the subject staying State 1 derived 
from Sensor 1 should be located around B in Fig. 6, 
while the location of the subject staying State 5 of 
Sensor 1 should be around A. These results imply 
subjects with the high conscientious degree are likely 
to stay around A, while ones with the low 
conscientious degree often stay around B. It can be 
said that the conscientious degree is judged high for 
subjects cleaning corner spots emphatically, while 
that of subjects staying in spacious parts is regarded 
low. The conscientious degree is understood from the 
length of the staying time in specific locations. 

 
 

5. Discussion 
 
From the f-measure, it is thought that Random 

Forest is the best machine learning algorithm to be 
applied to detect living activities. The f-measure with 
Random Forest has reached over 90 percent for any 
examined activities. The method measures the living 
willingness from the transition of the execution 
degree calculated from actual living activities for the 

long term. For instance, suppose the elderly have 
engaged in specific activities regularly. It is thought 
that their living willingness decreases, if they get lazy 
for the activities for some time. The laziness is 
expected to be found without loss, because the 
detection accuracy exceeds 90 percent. The proposed 
method is practical enough. Among the examined 
activities, the cleaning is detected with the highest  
f-measure, 0.975. The cooking and the washing are 
inferior to the others, because the location of the 
subjects is similar in the activities. Since people cook 
or wash table wares in the location far from the 
sensors, it is difficult for the sensors to recognize 
small movement of hands and arms in the activities. 
The activities might fail to match with pre-acquired 
features of any activity. It is necessary to select better 
sensor positions to make them recognize the small 
movement in the cooking and the washing. 

In the model to discriminate the conscientious 
degree, we found State 4 of Sensor 2 has the best self 
transition probability. In the questionnaire, the 
conscientious degree of the cleaning is low when the 
movement of body trunk is too large. There are a lot 
of answers which value the width of the movement 
area to judge the conscientious degree. It is thought 
the high conscientious degree is related to the staying 
time in the corner of the room. In the mean time, the 
time length of the cleaning is not mentioned as a 
criterion to judge the conscientious degree. It does 
not work as a criterion because we have specified the 
time length of each activity in the experiment, which 
makes the difference among subjects small. 
Nagelkerke  of the model is 0.599. We can expect 
the improvement of its value, if we can add factors 
which are picked up as the criteria, but not 
incorporated in explanatory variables of the model. 
For example, we can incorporate the force subjects 
put during the cleaning, as shown in the second line 
of Table II, if we can sense it. It has been revealed 
subjects with the high conscientious degree differ 
from those of the low conscientious degree in terms 
of the location they stay. Subjects with the high 
conscientious degree stay longer in the corner of the 
room, because they clean the room carefully. On the 
contrary, subjects low in the conscientious degree 
stay longer in a spacious part of the room. It implies 
we can figure out the conscientious degree from the 
location subjects stay longer.  

The proposed method assumes to learn the floor 
plan of the room beforehand. Even in the case the 
floor plan is changed, the method is applicable 
without trouble, if we specify the floor plan to the 
algorithm. 
 
 
6. Conclusions 

 
The paper has proposed to detect living activities 

with brightness distribution sensors. It has also 
presented a method to figure out the conscientious 
degree of the detected activities. An experiment to 
evaluate the method reveals it can detect cleaning, 
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cooking, and washing with 0.975, 0.912, and 0.927 in 
the f-measure, respectively. The method implies the 
conscientious degree can be figured out from the 
location of cleaning people. Our future work is to 
apply the method to more kinds of living activities in 
various places, to expand the coverage of the method. 
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Abstract: There are many attempts to recognize actions using sensors in homes. Some of them aim to keep 
watching on the elderly living alone, while others try to bring ecological life, scheduling domestic actions 
consuming energy. We need an inexpensive method to make it prevail in the society. In the meantime, 
recognition results threaten privacy, if outsiders obtain them. Almost all people mind whether they are used in 
malicious ways. The sensor should prevent the leak of the privacy of users. This work proposes a method to 
recognize various domestic actions with a single kind of sensors, which is not only inexpensive, but also safe 
enough to protect the privacy. The method uses brightness distribution sensors presenting a sequence of cells, 
each of which indicates the brightness of one direction in the view area of the sensor. The method gets local 
features along with the persons who conduct domestic actions. The method enables to recognize both of 
domestic actions and the period in which they are conducted. To evaluate the accuracy of the method, 10 men 
and women have participated in an experiment, where they take various domestic actions in their own ways with 
4 brightness distribution sensors installed on the wall of an actual kitchen. As a result, the method has marked 
high performance on the recognition of “vacuuming”, “cooking”, and “taking a rest”, along with their periods. 
The method also identifies all examinees who conduct them in high accuracy. It is possible to recognize 
domestic actions in actual home spaces. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Brightness distribution sensor, Domestic action, Recognition of personal actions, Energy saving, 
Living space. 
 
 
 
1. Introduction 

 
There are many attempts to recognize actions by 

robots [1-2], sensing [3] and constructing Internet of 
Things (IoT) [4] in homes. Among them, recognition 
of actions by sensors in homes is expected to bring 
various benefits [5]. It allows us to keep watching of 
the elderly living alone, as well as to make domestic 

action schedules for a family members reducing 
energy consumption. In Japan where the ratio of the 
elderly is increasing rapidly, it is essential to keep 
watching of the elderly living alone, in order to find 
fatal accidents and mental decline due to loneliness. 
Energy saving is also inevitable for people in Japan 
lacking petroleum production. Inexpensive sensors 
would realize to keep watching the elderly, even if 
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there are few persons to take care of the elderly. They 
would also contribute to using electricity efficiently 
in daily activities. The recognition of actions of each 
of family members would be combined with home 
power generation and electric vehicle as a battery so 
as to minimize the energy consumption, avoiding 
degradation of the life quality of whole members. 

On the other hand, recording of domestic actions 
has dangers to reveal the privacy of the family 
members to outsiders. They mind unexpected 
troubles caused by improper use of the records. 
Almost all people hate installing sensors which 
recognize domestic actions from the viewpoint of  
the privacy. 

We need low cost sensors to recognize domestic 
actions with privacy protection. Nakajima, et al. have 
developed brightness distribution sensors [6] to 
detect emergencies for the elderly, protecting their 
privacy. Using the brightness distribution sensors, 
this work presents a method to recognize domestic 
actions. The method identifies domestic actions along 
with persons who take them. A brightness 
distribution sensor has a field of vision like a camera. 
However, instead of a real image of the field, it 
produces brightness values of the field in one 
dimension. It protects the privacy because human 
beings cannot understand the brightness values. 
Brightness distribution sensors are realized 
inexpensively, changing lenses of web cameras into 
rod lenses. 

The paper presents the practicability of brightness 
distribution sensors with the accuracy to recognize 
each of various daily life actions taken in an actual 
environment. We have experimented to distinguish 
10 persons take a mixture of various actions in an 
actual living space. The method has identified both of 
actors and periods of actions such as “vacuuming”, 
“cooking”, and “taking a rest” in high accuracy. 

Section 2 presents related works. The proposed 
method is explained in Section 3. Section 4 presents 
an experiment to verify the effectiveness of the 
proposed method. In Section 5, the paper discusses 
the experiment results. Section 6 concludes the work. 

 
 

2. Related Works 
 
In order to keep watching the elderly, a work 

presented in [7] has conducted a long term 
investigation to detect their accidents. Works 
presented in [8-11] utilize ubiquitous sensors to 
identify domestic actions. The work in [8] recognizes 
physiological actions such as sleeping, meal, 
excreting, and bathing. It detects unusual conditions 
of the elderly with deviation from usual actions. It 
costs high for the method presented in [8] to 
recognize actions, because they use qualified sensors 
which are specialized to find feature of these actions. 
The method does not provide ability to generalize 
actions to be recognized, but recognizes only 4 
actions. It also fails to recognize who takes the 
actions. It does not address the versatility of daily life 

actions. A visit of a person other than the family 
members may cause the method to present 
unexpected outputs. The work explained in [9] is 
similar to the previous one, because it keeps watching 
of the elderly, using accelerometers, video cameras, 
and microphones. 

There is also a method to keep watching of the 
elderly with an integrated platform which manages 
energy and support for the elderly to live safely and 
comfortably [10-11]. These method watches the 
elderly using image data, which a third person  
can understand. 

There are methods to detect domestic actions in 
smart houses [12-15]. The method derive a schedule 
from domestic actions are detected, home power 
generation, and electric vehicle as a battery. Family 
members can accommodate their energy consumption 
in self-sustaining of power, following the schedule. 
The methods should not present a schedule which is 
far from usual daily life [16]. Nakamura et al. 
proposes the method which integrates data by GPS, 
smart taps, and laser range scanners [12]. The method 
cannot identify who has conducted each of actions, 
even though it uses several laser range scanners 
which are expensive. Generally, there are more than 
family members in a house. The fail of recognition of 
actors prevents the method to present a schedule 
acceptable to all members. For example, let us 
consider a family where a specific person is in charge 
of house-keeping. If the method cannot recognize 
actors of actions, it might presents wrong schedule 
that makes other family members to take care of the 
house keeping. 

There are methods to recognize domestic actions 
with smart meters which recognize electric power 
consumption of every electronics [13-14]. There is 
also a method to recognize domestic actions, 
measuring energy consumption of each appliance 
[15]. They cannot recognize domestic actions which 
do not consume electricity. It cannot provide proper 
services, due to the lack of the generality. 
 
 
3. Recognition of Actions and Actors 
 
3.1. Method Overview 
 

In the recognition of domestic actions, we should 
identify actors of the actions, and the periods in 
which actors take the actions. Various domestic 
actions must be recognized with a single kind of 
sensors to reduce the cost. Since actors are identified, 
we should provide a method to protect their privacy.  

The proposed method realizes the recognition 
with sensors which get brightness distribution. The 
sensors extract the brightness distribution from 
original images of target objects. Since it prevents the 
reconstruction of original images, it protects  
the privacy. 

The method calculates a background difference of 
the brightness distribution acquired at home. It also 
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calculates a spatial difference and a temporal 
difference. They include a lot of local features of 
domestic actions. Base on the Bag-of-Features, the 
method represents each of brightness distribution 
data the sensors sample at a specific time as a multi-
dimensional vector. Clustering all of the brightness 
distribution data, the method calculates the centroid 
of each cluster. The centroids are standards to 
represent features of all brightness distribution data. 
For each cell in a specific brightness distribution 
data, the method searches the cluster nearest to the 
cell. Voting to the cluster, it constructs a histogram 
for the brightness distribution data. The features of a 
domestic action of an actor are represented with the 
histogram. It is considered features vary with actors 
and kinds of domestic actions. The shape of 
histograms is similar with each other when a specific 
actor takes the same kind of domestic actions. The 
method constructs a classifier to detect domestic 
actions and their actors from the shape of histograms. 
Actors take their domestic actions anytime. The 
method constructs histograms periodically to 
recognize domestic actions and their actors. 

Fig. 1 shows the overview of the method to 
periodically recognize domestic actions and  
their actors.  

 
 

 
 

Fig. 1. Method overview. 
 
 

Taking the average of the brightness vertically, 
brightness distribution sensors put out brightness 
distribution data which consist of an array of cells as 
many as the number of horizontal pixels of original 
images. The method installs brightness distribution 
sensors at home. It gets brightness distribution data 
of a background image at a situation which contains 
no target person or target object. The method also 
gets a time series of brightness distribution data at a 
situation where a specific actor is conducting each 
domestic action. The method calculates the 
background difference, subtracting the brightness 
distribution data at the domestic action from that of 
the background image. The background difference 
expresses values which change when the brightness 
distribution sensor captures persons and objects 
different from the background image are captured. 
We address three kinds of local elements corresponds 

to the appearance, the shape, and the motion from the 
background difference. The appearance is the 
background difference itself, the difference of the 
brightness of reflecting light of a target from that of 
the background. The shape is expressed with the 
spatial difference of the background difference. It is 
variation of the brightness of reflecting light affected 
by the shape of a target. The motion is expressed with 
the temporal difference of the background difference. 
The motion is the brightness variation of reflecting 
light affected by the motion of a target. 

The method plots all cells of a time series of 
brightness distribution data in three dimension space 
whose axes are three local elements: the background 
difference, the position difference, and the time 
difference. The method classifies all cells in the three 
dimension space into clusters. The centroid of each 
cluster is the representative value of the cluster. On 
the basis of the centroids, the method recognizes 
features of a time series of brightness distribution 
data. Note that each centroid is also represented with 
a three dimension vector whose elements are the 
background difference, the position difference, and 
the time difference. For example, suppose the 
background difference and the position difference are 
0 while the time difference is 10 in the centroid of a 
cluster. The cluster represents a feature pattern of 
motion. The method assigns the vector of each cell to 
the cluster whose centroid is nearest from the vector. 
Let us consider chronological brightness distribution 
data in a domestic action of a specific person. The 
method constructs a histogram which expresses the 
number of vectors in a time series of brightness 
distribution data. The shape of the histograms shows 
features of the domestic action of the person. 

The method also considers where the person takes 
the action in the viewing field of the brightness 
distribution sensor. It divides an array of cells from a 
brightness distribution sensor into two and three parts 
in each period. It also constructs histograms from the 
divided cells. The method takes various histograms to 
construct a discriminator of actions and their actors 
with the Random Forest. The method inputs 
histograms which are constructed newly 
chronological brightness distribution data into the 
discriminator. Providing a new time series of 
brightness distribution data for the discriminator, the 
method recognizes domestic actions along with  
their actors. 

 
 

3.2. Brightness Distribution Sensor 
 
The brightness distribution represents how 

brightness values distribute in an image of a target 
object. Suppose an image of a target represented with 
a matrix, like one taken with a Web camera. The 
brightness distribution is represented with an array of 
cells, each of which expresses the average of the 
brightness of the column corresponding to the cell. 
The result is an array of the brightness which spreads 
in the row direction. A brightness distribution sensor 
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realizes the calculation optically, condensing  
vertical brightness with a rod lense [6]. Fig. 2  
shows information acquired with a brightness  
distribution sensor.  

 
 

 
 

Fig. 2. A brightness distribution sensor. 
 
 

Let n the number of pixels in the row direction of 
the sensor. The brightness distribution at time point t, 
Bt, is 

 

),(),...,1,(),0,( ntBtBtBBt = , (1) 
 

where B(t,p) is the brightness of the p-th cell. 
A brightness distribution sensor has three 

advantages in the recognition of domestic actions. 
First, a brightness distribution sensor covers a large 
angle in a room to recognize various domestic 
actions. It is programmable so as to recognize various 
actions with brightness features. It reduces the 
number of sensors required to recognize domestic 
actions. The sensor has high versatility to recognize 

domestic actions. Second, a brightness distribution 
sensor protects privacy. Since the brightness values 
are averaged optically for every cell, the third person 
cannot reconstruct an image of an actor taking a 
specific domestic action. Third, a brightness 
distribution sensor is inexpensive. We can implement 
a brightness distribution sensor, exchanging lenses of 
a web camera into a rod lenses. Utilizing the CMOS 
sensor of the web camera, we can make an 
inexpensive brightness distribution sensor. 

 
 

3.3. Background Difference 
 
Fig. 3 shows how to calculate the background 

difference. Let I and B are an array of the brightness 
distribution when a target exists, and that when the 
target does not exist, respectively. The background 
difference, D, is the difference of I from B. The 
recognition of domestic actions should not be 
affected by a background such as the wall texture in a 
room. However, brightness distribution data contains 
both of moving objects and the background. Since 
background difference D contains no background 
information, it contributes to more precise 
recognition of domestic actions. Like the brightness 
distribution, background difference D is represented 
with an array 

 
),,(),...,1,(),0,( ntDtDtDDt =  (2) 

 
where D(t,p) is the background difference value of 
the p-th cell at time point t. 

 
 

 
 

Fig. 3. A background difference. 
 
 

3.4. Extraction of Feature Patterns 
with Local Elements 

 
Fig. 4 shows how to extract feature patterns from 

local elements. Let D(t,p) is the background 
difference of the p-th cell in the t-th frame of the 
chronological brightness distribution data recording a 
specific domestic action. For the cell, the method 
calculates three local elements: e1(t,p), e2(t,p), and 
e3(t,p). The first element, e1(t,p), is the background 
difference, which is given with. 

 

),(),(1 ptDpte =  (3) 

It considers only the target, excluding the 
background, to show the appearance of the target. 
The second element is obtained with 

 

)1,(),(),(2 −−= ptDptDpte , (4) 
 

e2(t,p) is the difference of the background 
difference value of the cell from the neighbor one. It 
corresponds to the spatial difference of the 
background difference value. Since the equation 
figures out the brightness difference in the 
neighboring cells, it contributes to recognizing the 
shadow of a target to show its shape. The third 
element is calculated with 
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),1(),(),(3 ptDptDpte −−=  (5) 

 
Since e3(t,p) is the brightness difference in the 

neighboring frames of the same cell, it is the time 
difference of the brightness to recognize motion of 
the target. 

The method performs clustering vectors 
consisting of the 3 local elements. It regards the 
centroid vector of each cluster as a feature pattern. 
Feature patterns allow us to represent motion of the 
target in various domestic actions. For example, in 
vacuuming, many cells would show a feature pattern 
of strenuous movement of arms. The method 
classifies all cells in the three dimension space  
with the k-means. 

 
 

 
 

Fig. 4. Extracting feature patterns from local elements. 
 
 

3.5. Histograms for Location 
 
Fig. 5 shows how to calculate histograms which 

show a feature of domestic actions. For example, an 
actor proceeds vacuuming along a path the actor 
determines. The path varies with each actor. In 
addition, rules to determine paths are qualitative  
and ambiguous.  

For example, one actor might have a rule to 
proceed vacuuming around the table clockwise. We 
should recognize where each feature pattern appears 
to distinguish actors. The method divides each frame 
into two and three parts. Combined with the original 
one, the method gets in total 6 time series of 
brightness distribution data. For each cell in the 6 
time series, the method finds the nearest cluster. The 
method constructs histograms for each time series. 
Histograms constructed from the 6 time series 
represents features of brightness distribution data. 
The features include the location where the actor 
takes the action such as person X proceeding 
vacuuming around the table clockwise. Since each 
actor seems to have his own rule to conduct a specific 
domestic action, the histograms presents features of 
domestic actions of a specific actor. 

 

 
 

Fig. 5. Calculation of histograms. 
 
 

3.6. Recognition of Time Series 
 

The proposed method divides a whole time series 
of the brightness distribution data into several parts. 
To detect when an actor takes a specific action, it is 
necessary to recognize domestic actions along with 
their actors in each part. When an action is 
recognized, it is not preferable for several actions to 
be taken in a single time series of brightness 
distribution data. However, since the timing of each 
domestic action depends on its actor, it is difficult to 
find the switching of one domestic action to another. 
A single time series of brightness distribution data 
can contain several domestic actions. As shown in 
Fig. 6, the method sequentially recognizes domestic 
actions for every time series of fixed length, without 
the consideration of switching of domestic actions. 

 
 

 
 

Fig. 6. Division of a time series of brightness 
distribution data. 

 
 

Instead of the considering any switching of 
domestic actions, the method identifies the domestic 
action conducted for the longest time in a given 
duration. It regards the domestic action as the one 
representing the duration. The method constructs 
histograms sequentially for every duration of a fixed 
length. It gives the histograms to a discriminator 
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based on the Random Forest. 
Through the process, the method recognizes 

domestic actions, their actors, and the periods in 
which the actors conduct the domestic actions. 

 
 

4. An Experiment in Living Space 
 

4.1. A Summary of Experiment 
 
We need a system to recognize that who, when, 

and what domestic action conducts in a living space. 
We experiment by the method to identify that who, 
when, and what domestic action conducts in a living 
space. We validate identification accuracy of the 
method. Actors are ten men and women who are 
twenties. Actors conduct domestic actions one by one 
in a living space in which view angle of brightness 
distribution sensor. Fig. 7 shows a sketch of a living 
space in which a kitchen on flooring and domestic 
actions in the experiment.  

 
 

 
 

Fig. 7. A sketch of a living space and Domestic actions 
in the experiment. 

 
 

We install four brightness distribution sensors in 
order to view a living space in which a kitchen on 
flooring. Domestic actions which appear frequently 
in living space are suitable domestic actions in the 
experiment. Domestic actions in the experiment are 
“vacuuming”, “wiping a table”, “cooking”, “gargling 
and hand washing”, “taking a rest”, and “not exist”. 
The “vacuuming” is a domestic action which an actor 
vacuum a flooring in view angle. We consider an 
actor vacuums under a tables and a chairs by moving 
a tables and a chairs. The “wiping a table” is a 
domestic action which an actor moistens a dish towel 
which is placed dresser by a sink, and wipes a table. 
We consider an actor wipe under objects which is on 
the table by moving objects. The “cooking” is a 
domestic action which an actor takes an egg from a 
refrigerator, stirs the egg by bowl, heats the egg and a 
salad oil by a frying pan, serves on a plate, and 
washes cook utensils. Cook utensils in the 
experiment are a bowl, chopsticks, and a frying pan. 
Ingredients in the experiment are eggs and a salad oil. 
The “gargling and hand washing” is a domestic 
action which an actor washes own hands with soap 
and gargles with water in the sink. The “gargling and 
hand washing” makes a peculiar feature to gravity 
direction in the sink. We install a sensor B in the sink 

so that the sensor B is sideway as ninety degree 
rotation from gravity direction. The “taking a rest” is 
a domestic action which an actor spends time freely 
in view angle of the brightness distribution sensor as 
not setting a rule of conducting specific action. The 
“taking arrest” has a feature which various contents 
of domestic actions. The “not existing” is a state 
which an actor is not in view angle. We use a 
brightness distribution data of the “not existing” to 
verify identification accuracy of domestic actions. 
Actors conduct the “vacuuming”, the “cooking”, the 
“gargling and hand washing”, and the “wiping a 
table” within ten minutes. After conducting four 
domestic actions, Actors conduct “taking a rest” in 
time left of ten minutes. We do not give actors 
directions for these domestic actions specifically. We 
do not also give actors directions for a length of time 
and an order of domestic actions. Brightness 
distribution data is various in the experiment. We 
verify identification accuracy of brightness 
distribution data in the experiment. After ten minute, 
actors take a rest for a minute outside view angle of 
brightness distribution sensors. The “not existing” is 
state which actors take a rest. Actors repeat above 
rule five times. 

 
 

4.2. Evaluation Method 
 
We evaluate domestic actions and actors in the 

experiment. We explain how to get response 
variables in a supervised learning. We take a video of 
domestic actions of each actor for make response 
variables by brightness distribution sensor. We divide 
the video every twenty seconds. We label a domestic 
action on the period in which an actor conduct the 
domestic action such as the longest conducting the 
domestic action in twenty seconds. The “not 
existing” is the only which brightness distribution 
data is constant by everyone. We do not label the 
“not existing” on the period. We explain how to get 
explanatory variables in the supervised learning. The 
method divides one dimension brightness distribution 
data by four brightness distribution sensors every 
twenty seconds. The method uses one dimension 
brightness distribution data. It gets histograms which 
show features of domestic actions. In the experiment, 
the cluster number is twenty five in the k-means 
method. The method divided one dimension 
brightness distribution data every twenty seconds in 
the experiment. A discriminator learns histograms as 
explanatory variables and labels as response variables 
in a period. We use the cross validation to verify the 
discriminator. The cross validation extracts 
histograms of a period as test data and histograms of 
other period is training data in chronological 
background difference data. The cross validation 
repeats assigning test data so that all period is test 
data once. We verify identification ability to actors 
by the recall, the precision, and the F measure in the 
period. The recall is a fraction of a response to an 
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actor by the method in the same actor who has 
conducted. The precision is a fraction of the actor 
who has conducted in the response to the same actor 
by the method. The F measure is harmonic mean of 
the precision and the recall. As with verifying 
identification ability to actors, we verify 
identification ability to domestic actions by a recall, a 
precision, and the F measure in the period. The recall 
is a fraction of a response to a domestic action by the 
method in the same domestic action which has been 
conducted. The precision is a fraction of the domestic 
action which has been conducted in the response to 
the same domestic action by the method. A highly 
trusted method gets high values of the recall, the 
precision, and the F measure of actors and domestic 
actions. The Random Forest cannot identify domestic 
actions which is not conducted long time by actors. 
We verify the sum of periods of each of domestic 
actions. Even though the recognition of the period of 
good accuracy of identification of domestic actions, 
the recognition accuracy is lower in the period which 
is a switching a domestic action and adjacent periods 
are a conducting a bad accuracy identification 
domestic action. We examine that assigning the 
period affects identification ability of the method. We 
consider three misidentification patterns about three 
periods which are sequential. Pattern 1: an actor 
conducts good accuracy domestic actions which 
occur two or three times in three periods. Pattern 2: 
an actor conducts a single kind good accuracy 
domestic action which occurs once in three periods. 
Pattern 3: an actor conducts bad accuracy domestic 
actions in any period. In Pattern 1 and Pattern 3, the 
period is timing of switching a domestic action. In 
Pattern 1 and Pattern 2, an actor conducts only good 
accuracy domestic action(s) in three periods. We 
verify how many these misidentification patterns 
have the period which is center of three periods. We 
consider that what period the method misidentifies 
frequently. We cannot trust a bad accuracy untrusted 
domestic action and a period by the method. We 
exclude the period in which an actor conducts a bad 
accuracy domestic action. 

 
 

4.3. Result of Experiment 
 
The Table 1 shows the result of identification of 

domestic actions. Good accuracy domestic actions 
are the “not existing”, the “vacuuming”, the 
“cooking”, and the “taking a rest”. Bad accuracy 
domestic actions are the “wiping a table” and 
“gargling and hand washing”. 

The Table 2 shows the result of identification of 
actors. Every identification accuracy of actors are 
good. The method recognizes an actor and the period 
in which the actor conducts the “vacuuming”, the 
“cooking”, and “taking a rest” in the experiment. 

We classify six domestic actions into “High 
Accuracy ones” and “Low Accuracy ones” in order 
to verify identification ability affected by periods.  

Table 1. The result of identification of domestic actions. 
 

 Precision Recall F-measure
Not existing 0.782 0.933 0.851 
Vacuuming 0.743 0.759 0.751 
Wiping a table 0.605 0.267 0.371 
Cooking 0.854 0.943 0.897 
Gargling and 
hand washing 

0.855 0.355 0.461 

Taking a rest 0.806 0.709 0.754 
 
 

As shown in Table 1, the high accuracy group 
consists of “vacuuming”, “cooking”, “taking a rest”, 
and “not existing”. The low accuracy group is 
composed of “wiping a table” and “gargling and hand 
washing”. We classify every periods into three 
misidentification patterns which consists of three 
sequential periods. The first pattern is three 
sequential different high accuracy actions in Fig. 8. 

 
 

Table 2. The result of identification of actors 
 

 Precision Recall F-measure 

Actor A 0.770 0.765 0.768 
Actor B 0.824 0.801 0.813 
Actor C 0.781 0.791 0.786 
Actor D 0.877 0.839 0.857 
Actor E 0.894 0.900 0.897 
Actor F 0.785 0.780 0.783 
Actor G 0.852 0.789 0.819 
Actor H 0.758 0.763 0.760 
Actor I 0.726 0.558 0.631 
Actor J 0.793 0.793 0.793 

 
 

 
 

Fig. 8. Percentages of misidentification patterns as a period 
in every actors. 

 
 

In the second pattern, a single high accuracy 
action takes place in the three sequential periods. In 
the third pattern, low accuracy action takes place in 
any one of three sequential periods. The first and the 
third pattern correspond to switching of domestic 
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actions. In the first and the second pattern, there is no 
period where an actor conducts a low accuracy 
action. Fig. 8 shows percentages of misidentification 
for every actor. In all actors, the misidentification 
occurs in the same way; the highest misidentification 
in one low accuracy action in three sequential periods, 
the second highest misidentification in the switching 
of high accuracy actions, and the lowest in successive 
periods of a single high accuracy action.  

 
 

5. Discussion 
 

The length of the period of the “wiping a table” 
and the “gargling and hand washing” is shorter than 
other domestic actions. Therefore, the number of 
samples of these domestic actions is less as shown 
Table 3. Hands move in front of a body in “wiping a 
table” and the “gargling and hand washing”. The 
method fails to extract feature of hands by the 
background difference. The method fails to identify 
these domestic actions. Actors cannot afford to spend 
own free time in the “taking a rest”. The method 
tends to get unique feature of actors in the “taking a 
rest”. The method gets an unexpected high accuracy 
of identification of the “taking a rest” in which there 
is no rule. In domestic actions of a high accuracy 
identification, the method gets a low accuracy of 
identification of periods in which the period is 
switching of domestic actions and adjacent periods of 
the period are low accuracy domestic actions. The 
misidentification of the switching domestic action is 
more little negatively affected than the 
misidentification of the conducting domestic action 
in the recognition of the length of time of the period. 
The method is more trustable than the result in the 
recognition of periods which have domestic actions 
of high accuracy identification. 
 
 
6. Conclusions 

 

In this paper, we propose an identification method 
of domestic actions, actors, and periods. The method 
recognizes various domestic actions with brightness 
distribution sensors. The brightness distribution 
sensor is inexpensive and protects privacy of actors 
by brightness distribution data which the third person 
cannot reconstruct an original image.  

We experiment to utility of the method with 
demonstration which the method detect domestic 
actions by ten actors in daily life. The method 
identifies actors and periods of the “vacuuming”, 
“cooking”, “taking a rest” in a high accuracy. The 
method contributes to watching elderly persons and 
state leveling of electric power consumption. 

We will verify utility of the method with more 
various domestic actions. After that, we will improve 
the method to be state leveling of electric supply, 
accommodating controlled power consumption of 
each home. 
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Abstract: Data sharing, interoperability and quality check are only a short part of the activities connected to the 
data management. Create a procedure to harmonize and disseminate heterogeneous data, collected by different 
meteo-oceanographic buoys in near real-time, is a challenge. In this paper, we describe a system for data 
validation, conversion in a homogeneous and standard format and dissemination adopting Sensor Web 
Enablement (SWE) using XML (eXtensible Markup Language) and OGC’s (Open Geospatial Consortium) 
standards. To meet the needs of different scientific communities as RITMARE (La Ricerca ITaliana per il 
MARE), Jerico (Towards a joint European research infrastructure network for coastal observatories), 
Copernicus, ODIP (Ocean Data Interoperability Platform) and FixO3 (Fixed-point Open Ocean Observatories), 
we decided to adopt SWE standard allowing interoperability between data in near real-time, using Sensor Model 
Language (SensorML) and Observations and Measurements(O&M) standards in a Sensor Observation Service 
(SOS). Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Sensor web, Real-time data, Marine observations. 
 
 
 
1. Introduction 

 

In this paper, we describe the data management, 
in the Italian National Oceanographic Data Center, 
with a short analysis of the importance of role of 
connection between data providers and users and the 
relevance of the interoperability that guarantee the 
success of the system at European level. After this, 
we illustrate in detail the system developed for 
managing near real-time data, using seven different 
steps, starting from the data loader to data 
visualization, passing through data validation. This 
system applies an innovative method, using the 
OGC's Sensor Web Enablement (SWE) standards, 
using SensorML and O&M standards in a Sensor 

Observation Service (SOS), that guarantee data 
sharing, maintaining interoperability and resilience. 
At the same time, it provides new collected data to 
national and international communities, as 
SeaDataNet, RITMARE, JERICO, Copernicus and 
FixO3.  

 
 

2. Data Management 
 
2.1. Meaning of Data Management 
 

The Oceanographic Data Management in OGS 
(Istituto Nazionale di Oceanografia e di Geofisica 
Sperimentale) is managing by the Italian National 
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Oceanographic Data Center. The data management 
consists in several procedures to store, validate and 
disseminate oceanographic data. These procedures 
follow European Directives and the adoption of 
common standards and adapted technologies 
guarantee the interoperability. In this paper we 
referred at physical data and associated metadata, 
acquired in near real-time by two meteo-
oceanographic buoys. 
 
 
2.2. Connection Users to Data 
 

The data management is the element between data 
provider and users. 

An important aspect of the data management is 
the dissemination of data; to realize a system for a 
near real-time data management is complex. The aim 
is to allow users to be able to access and use data in 
real-time. That means to have a system working  
in time. 

In this moment the National Oceanographic Data 
Center disseminates real-time data using two 
different systems:  

NetCDF data format, by an online repository [1], 
adopting OceanSites standards and a Sensor Web 
Enablement (SWE) OGC standards [2]. 
 
 

2.3. Interoperability 
 

Interoperability includes technical interoperability 
(regarding data format and transport format for 
example) and semantic interoperability (for example 
metadata standards and parameter’s vocabularies). 

Interoperability is the key to data management 
system success (SeaDataNet Project): 

 Using common vocabularies: this consists of 
lists of standardized terms that cover several 
domains. Using standardized expressions resolves the 
problem of uncertainties associated with data. 

 Adopting metadata standard for all metadata: 
in near real-time data management we use OGC’s 
standards to collect metadata as SensorML and 
O&M. 

 Using harmonized Data Transport Formats for 
data sets delivery. 

 Using common quality control protocols and 
flag scale: the quality control flag, in this case, is a 
number associated to each measurement field, whose 
value grows according to the importance of the 
failure (0=not controlled, 1=correct, 2=suspect, 
3=dubious, 4=wrong, 5=changed, 9=missing). 

The quality control procedure includes the 
following series of automatic checks: 
- Missing data and data format completeness; 
- Impossible timestamp and measuring position; 
- Duplicate vertical profiles or measures; 
- Spikes by testing data for large differences between 
adjacent values; 
- Invalid values by comparison with min & max 

values fixed for each parameter archived. 

3. Components of near Real-Time Data 
Management System 

 
To manage the near real-time oceanographic data, 

OGS (Istituto Nazionale di Oceanografia e di 
Geofisica Sperimentale) developed a system as an 
answer for the need to find a standard procedure to 
share (near) real-time data collected by the meteo-
oceanographic MAMBO1 buoy (in the North 
Adriatic Sea) and the observatory site E2M3A (in the 
South Adriatic Sea). This procedure has seven 
different elements [3]. 
 
 
3.1. Methodology 
 

The workflow developed for the data 
management (Fig. 1) in (near) real-time is based on 
seven different elements: two meteo-marine stations, 
RT-Loader (Real-Time Loader), DB-Validator 
(Database Validator), the RT-Observations (Real-
Time Observation), the RT-SOS (Real-Time Sensor 
Observation Service) using 52°North implementation 
version 4.2, the RT-Web (Real-Time Web) and the 
Sensor Web Client [4] . 

 
 

 
 

Fig. 1. Workflow. 
 
 

3.1.1. Devices 
 

Currently the OGS manages two different buoys 
that acquire data in (near) real-time: the meteo-
marine buoy Monitoraggio AMBientale Operativo 
(MAMBO1), placed in the Gulf of Trieste, equipped 
with a meteorological station and two multi-
parametric probes, and the E2-M3A, situated in the 
South Adriatic Sea, hosting a meteo station including 
a radiometer aimed, to collect air-sea interaction 
measurements, and a mooring with sensors for 
physical and biochemical parameters. 
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3.1.2. RT-Loader 
 

Real-Time Loader permits to store into a database 
real-time heterogeneous data, coming from different 
kind of instruments and with different formats. This 
is possible by using three main steps: 

 Converting heterogeneous ASCII files formats 
in a unique XML common format, 

 Converting XML entities into objects, using 
Java Architecture for XML Binding (JAXB); 

 Inserting of measurements and the  
associated metadata into a relational  
database (PostgreSQL). 

This workflow needs a supervisor to handle 
automatically the input files, as soon as they are 
created or updated. In this system, this role is carried 
out by a “Apache Camel” application, which checks 
constantly the presence of new files. 
 
 
3.1.3. DB-Validator 
 

Real-Time Validator is a validation procedure 
(data quality control procedure) applied to the 
information to qualify the data values [5], [6], once 
the data have been included in the database. The 
procedure has been developed following the 
European protocols [7] eventually tuned to the 
regional statistics. As a result of the validation 
process, a quality flag is defined for all checked 
information (in the data and in the meta-data) without 
changing or eliminating any data point. 
 
 
3.1.4. RT-SOS 
 

Real-Time SOS is an OGC’s Sensor Observation 
Service that enables to integrate real-time 

observations of heterogeneous sensors into a Spatial 
Data Infrastructure. It works using standard requests 
(e.g., DescribeSensor()). The descriptions of sensors 
and observations are stored in a PostgreSQL/PostGIS 
database using standard metadata format 
(respectively SensorML and O&M) and standard 
requests (InsertSensor() and InsertObservation()). 
Then, the data can be obtained by request 
GetObservation() and geo-located by 
GetFeatureOfInterset().  

Also a Web interface was used, in order to 
visualize observations, the sensors position, their 
observed properties and long term trends of 
observations. It has been implemented using 
JavaScript toolkits (OpenLayers, GeoExt and ExtJS). 

 
 

3.1.5. RT-Observations 
 

Real-Time Observations is a real-time automatic 
procedure that permits to insert Observations into the 
Sensor Observation Service. In the latest 
development, this new element can load in near real-
time data into a SOS, using an OGC standard format 
O&M. This is possible applying a Batch() operation 
and a POST request using JSON as payload.  
 
 
3.1.6. RT -Interfaces 
 

Real-Time Interfaces are the tools used to allow 
users to access and use data in real-time. Currently, 
two different systems are used to visualize and 
download data: an online repository [1], where it is 
possible to download data in Netcdf data format 
adopting OceanSites standards, and a Web Client 
(52° North) (Fig. 2) through it is possible visualize 
and download data [2]. 

 
 

 
 

Fig. 2. SOS Web Client. 
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4. Conclusions 
 

Usually a user expects to obtain immediately the 
data selected from a web interface. The objective of a 
data manager is to realize a working system capable 
to answer to the user needs. In the Italian National 
Oceanographic Data Center we developed a 
procedure to harmonize and disseminate 
heterogeneous data, collected by different meteo-
oceanographic buoys in near real-time. We decided 
to adopt SWE (Sensor Web Enablement) standards 
allowing interoperability between data in near real-
time, using SensorML (Sensor Model Language) and 
O&M (Observations and Measurements) standards in 
a Sensor Observation Service. 
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Abstract: We describe the design and performance of an ultraminiature lensless computational sensor optimized 
for estimating the one-dimensional position of visual bars. The sensor consists of a special-purpose wavelength-
robust optical binary phase diffraction grating affixed to a CMOS photodetector array. This grating does not 
produce a traditional high-quality human interpretable image on the photodetectors, but instead yields visual 
information relevant to the bar-position estimation problem. Computationally efficient algorithms then process 
this sensed information to yield an accurate estimate of the position of the bar. The optical grating is very small 
(120 µm diameter), has large angle of view (140◦), and extremely large depth of field (0.5 mm to infinity). The 
design of this sensor demonstrates the power of end-to-end optimization (optics and digital processing) for high 
accuracy and very low computational cost in a new class of ultraminiature computational sensors. Copyright © 
2015 IFSA Publishing, S. L. 
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1. Introduction 
 

We describe the design and simulated performance 
of an ultra-miniature lensless computational sensor 
optimized for estimating the one-dimensional position 
of visual bars. [1] While the task of estimating the one-
dimensional position of a visual bar can be solved 
easily using traditional cameras and two-dimensional 
signal processing methods, such methods rely on 
cameras that are needlessly large and that have more 
functionality than needed for the sensing task at hand. 
Our approach is to exploit new techniques in 
computational imaging in which (lensless) diffractive 
optics and matched signal processing yield a 
numerical estimate of the one dimensional position of 
the visual bar. Application-specific grating and 
processing, a particular instance of a general class of 
application-specific computational sensors. 

As background, note that the discipline of 
computational imaging involves the design of both 
optics and digital signal processing to achieve a 
desired end-to-end system performance. In many 
sensing and imaging applications much of the overall 
burden of imaging or sensing can be borne by the 
signal processing, and therefore the physical and 
optical constraints upon the optical components can be 
relaxed. [2] Specifically, the optical systems can be 
made with fewer optical components or smaller form 
factors. For instance, a complex multi-element lens 
system can be replaced by a somewhat simpler system 
(containing fewer elements) so long as the digital 
processing corrects the degraded optical image. [3] 
True joint design requires the definition of a global or 
end-to-end merit function (such as RMS image error) 
and an explicit functional relationship between this 
merit function and the optical and signal processing 
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parameters. [4] Under such circumstances, the design 
process can rely on gradient descent in the end-to-end 
merit function. Approximations to this method can 
include taking steps alternately in the optical 
parameters and then the signal processing parameters 
and iterating until convergence. 

Recently, computational imaging systems have 
been designed that eschew traditional refracting or 
reflecting optical elements (lenses or curved mirrors) 
and which rely instead entirely upon diffraction. Such 
devices have been demonstrated in mobile medical 
microscopy [5, 6] and far-field imaging. [7–14] 
Simulation studies have shown that such diffractive 
systems can produce digital images nearly as 
accurately as do ideal lensed systems of the same size, 
but such lensed systems are very difficult to create at 
the spatial scales of diffractive imagers (∼ 100 µm). 
[15] Recently imagers as flat as such diffractive 
imagers have been announced, based on multiple static 
spatial light modulators and compressive sensing. [16] 
These require significant computational resources and 
yield two-dimensional images rather than some image 
estimate. 

Computational sensors nearly always require more 
processing to create a digital image than do 
“equivalent” traditional camera-based systems. 
Consider a diffractive computational imager in which 
light from the scene passes through a diffraction 
grating and is sensed by a two-dimensional 
photodetector array. If we let n denote the linear size 
of the photodetector array, image computation by 
Tikhonov regularization is an  Ο(n4) algorithm, which 
is rather costly for even moderately large sensors. If 
the forward image model can be assumed linear, that 
is 

 
 y = Ax + n, (1) 
 
where the input scene represented as a vector x leads 
to sensor signals y in an optical subsystem described 
by the system matrix A with noise vector n. In such a 
case an estimate of the scene is given by 
 
 = ( + )  (2) 
 
where γ is the regularization parameter that depends 
upon the statistics of the scene and the noise, and −1 
denotes the Moore-Penrose pseudoinverse. 

If the optical image is shift invariant (possibly after 
simple image dewarping to correct for optical barrel 
distortion), then fast-Fourier-based deconvolution 
algorithm of complexity O(n2 ln n) can be used. [13] 
We denote the shift-invariant point-spread function as 
PSF(x,y), where x and y are positions on the image 
sensor plane. We denote the two dimensional Fourier 
transform of the point-spread function as  
P(ωx,ωy) = F[PSF(x,y)]; the Fourier transform of the 
sensor output is, analogously, Y(ωx,ωy) = F[y(x,y)]. 
Then the Fourier transform of the deconvolution 
kernel needed to compute the image is then 

 

 ( , ) = ∗( , )( , )  , (3) 

 

where ∗ denotes complex conjugation and, as above, γ 
is a scalar regularization parameter whose optimal 
value depends upon the noise n. The estimate of the 
scene is then efficiently computed in the Fourier 
domain by 
 

 = [ ∙ ] (4) 
 

Such convolution algorithms represent a small 
proportion of the overall computational cost of analog-
to-digital conversion, data transfer, and so forth. As 
the cost of computation continues to decrease, the 
additional computational burden of computational 
imaging systems over traditional systems will become 
less and less. Nevertheless, for the line-position task 
we address here, we seek here to avoid such image 
computation. 

The above discussion centered on computational 
imaging, and while nearly all high-level computer 
vision and pattern recognition algorithms (object 
recognition, bar-code reading, face recognition, ...) 
operate on image data, many sensing and image 
estimation tasks do not require such a digital image as 
an intermediate state. These sensing tasks are 
particularly attractive for low-power sensors, for 
instance: 
• Overall brightness estimation; 
• Point depth estimation; 
• Color gamut estimation; 
• Visual flow estimation; 
• Vibration estimation; 
• Axial visual flow or “looming” estimation (visual 

flow toward or away from the sensor); 
• Visual orientation estimation; 
• Image change detection; 
• Visual mark localization and spatial tracking. 

In computational sensors of the sort described 
here, the algorithms addressing such sensing tasks can 
operate on the raw sensor signals, without the need for 
a traditional image. For this reason, we informally 
consider the diffractive optical element as a 
computational device - one that performs a signal 
processing function in parallel, in negligible time (the 
time it takes light to pass through the thin grating), and 
with zero electrical power dissipation. Indeed, in 
computational imaging designers can consider optical 
elements as performing computations and digital 
algorithms as performing optical transformations. Our 
task in the work reported here is to exploit 
computational sensing design methodology to 
simplify the optical component and reduce the 
computational cost for one such target application: 
visual-bar-position estimation. Our broad motivation 
is to create inexpensive, low-power, application-
specific sensors for use in mobile and standalone 
applications in automotive, biomedical, smart 
architecture, smart cities, and the Internet of Things 
arenas. 
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We begin in Section 2 with a description of the 
image estimation task at hand, then turn in Section 3 
to our overall design methodology. Next, we discuss 
in Section 4 both our hardware design, in particular 
our special optical phase grating and the optical 
signals it captures, as well as the digital signal 
processing. We present the overall sensor performance 
and computational cost in Section 6, and conclude in 
Section 7 with a brief summary and suggestions for 
future research. 
 
 

2. Image Estimation Task 
 

Fig. 1 illustrates the image estimation task at hand. 
The scene consists of a vertical luminous bar of 
unknown horizontal position x within a visual field of 
±70◦ or θf = 140◦ full field on a dark background. (We 
also verified sensor functionality using spatially 
random or “noisy” backgrounds.) The bar can be of 
arbitrary spectral composition in the visible range  
400 nm < λ < 700 nm. Throughout, the field luminance 
is greater than roughly 500 lux (the industry 
recommended light level for normal office work, 
computer work, show rooms, laboratories, etc.), but 
we found that performance does not depend 
significantly upon luminance as long as it is within a 
few orders of magnitude of this value. Such an image 
estimation task appears in numerous practical 
applications from machine inspection (e.g., alignment 
of moving parts in situ), horizon tracking in unmanned 
aerial vehicles, lanetracking in autonomous road 
vehicles, estimation of the height of liquids in medical 
equipment such as test tubes, and others. We report 
here our design (including optical diffraction and 
digital signal algorithmics) and the results of our end-
to-end performance tests. 

 
 

 
 
Fig. 1. The image sensing task is to estimate the left-right 
position, x, of a long vertical visual bar on a dark background 
in the far field (distance from sensor greater than 2 mm). The 
full-field angle-of-view of the sensor is θf =140°. 

 
 

3. Sensor Design Methodology 
 

As mentioned above, computational sensing and 
imaging relies upon the joint design of both the optics 

and the signal processing for a desired end-to-end 
performance of the digital imaging system. The ideal, 
true joint method is to form a global criterion or merit 
function, such as predicted image mean-squared error, 
then determine how the optical and the signal 
processing parameters affect this merit function, and 
then iteratively adjust all parameters simultaneously to 
optimize this global merit function. [4] For 
complicated optical systems, the dependency of the 
merit function upon a system parameter, such as the 
shape parameter governing a diffraction grating, 
cannot be determined analytically. In such cases, a 
number of related or approximate design 
methodologies can be used instead: one can adjust the 
optical parameters then the signal processing 
parameters, then the optical parameters and so on until 
global convergence of the merit function is reached. 
Alternatively, one can design a fixed optical element 
that has desirable application-specific properties and 
then optimize the signal processing. In our current 
work, we employed the latter technique. 

As mentioned in Sect. 1, we model the sensor as a 
linear system, that is, y = Ax + n. (Other models, such 
as simple multiplicative noise, could also be assumed.) 
Here x is n-dimensional and y and n are  
m-dimensional, and hence A has dimensions n × m. 
During design, we computed the system matrix A once 
for each candidate diffraction grating, then used it with 
bars at different positions x to simulate the signals on 
the photodetector array. We then implement the signal 
processing algorithms to estimate the bar position (cf., 
Sect. V). All simulation steps were implemented in 
Matlab. 

 
 

4. Sensor and Phase Grating 
 

We are not aware of any general theory for 
deriving analytically the relationship between grating 
parameters of candidate phase gratings and a final 
merit function reflecting the accuracy of the final bar 
position estimate. The physical processes of 
diffraction, the constraints of grating 
manufacturability, and so forth, make such an 
analytical relationship complicated indeed. For that 
reason, we explored a number of grating designs “by 
hand,” guided by knowledge of manufacturing and 
physical constraints. The active portion of the gratings 
we explored were 120 µm in diameter, commensurate 
with sensor hardware described elsewhere. [10] 
Because the sensing problem appears one 
dimensional, we first tested linear (vertical) gratings. 
These yielded poor results in part because of 
geometrical effects due to sources at different depths: 
the projected images were curved toward the 
periphery, and that curvature depended upon the 
optical wavelength of light. Because the intermediate 
images varied significantly and in highly nonlinear 
ways for source bars of different spectral composition 
and spatial depth we could not design simple signal 
processing methods that reliably estimated the bar 
position across all such variations. 
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We then explored several classes of two-
dimensional gratings. A traditional Fresnel diffraction 
grating gave informative images for bars emitting at 
its single design wavelength, but not for bars emitting 
elsewhere throughout the visible range. For this 
reason, basic Fresnel gratings and gratings closely 
related to it, were unacceptable. A particularly 
intriguing class of gratings were based on fractals, 
which were designed to be relatively insensitive to 
wavelength. [17] While these yielded intermediate 
images that were indeed robust to spectral variations, 
the spatial shape of the resulting images were 
somewhat complicated so no simple signal processing 
algorithms could accurately estimate the bar location. 
Fig. 2 shows representative candidate gratings we 
explored. 

 

 
 

Fig. 2. Representative candidate binary phase gratings tested 
for onedimensional bar position estimation. Given the 
spatial symmetry of the barestimation task, we restricted our 
consideration to radially symmetric and bilaterally 
symmetric gratings. 

Fig. 3 shows the imaging performance of several 
grating designs (including the panchromatic Fresnel 
zone plate, see below), designed at the intermediate 
wavelength λ = 550 nm but rendered at λ = 470 nm. 
The image of Leonardo’s Mona Lisa was computed 
using fast Fourier deconvolution. [13] In traditional 
computer vision methodology, the ideal intermediate 
optical image would be sharp lines independent of 
wavelength, but such images cannot be achieved using 
binary phase gratings. Our goal, then, is the create 
optical images such that signal processing can estimate 
the visual bar location reliably, and at low 
computational cost, regardless of wavelength and 
distance of visual bar. 

 
 

 
 

Fig. 3. Images produced by several of the candidate binary 
phase gratings shown in Fig. 2 for input scene tendered in 
blue light. These images were computed from the raw sensor 
signals by fast Fourier deconvolution, described elsewhere. 
[13] The images in the right column are radially dewarped 
versions of those in the middle column. 

 
 

The grating that provided an easily processed image 
despite variations in bar spectral composition was the 
panchromatic binary Fresnel zone plate, governed by 
Eq. 5: 
  

 , (5) 
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where Θ[·] is a Heaviside step or threshold function, a 
a bias constant, z0 a spatial distance corresponding to 
the distance of a virtual point source that interferes 
with normal plane waves, the ki the wave numbers of 
the optical wavelengths chosen from the range desired, = √ 1 is the unit imaginary number and | · | denotes 
absolute value of a complex number. This grating can 
be considered the mixture of separate Fresnel zone 
plates each designed with different wavelengths.  
Fig. 4 shows a typical panchromatic Fresnel zone plate 
created with three wavelengths λi = 470,550 and  
700 nm, corresponding to blue, green and red ranges 
of the optical spectrum. This grating yielded 
intermediate images of visual bars such as shown in 
Fig. 5. 
 
 

 
 
Fig. 4. Panchromatic binary phase Fresnel zone plate 
generated according to Eq. 5. This circularly symmetric 
grating yield optical images on the photodetector matrix that 
are robust to variations in source spectral content, as shown 
in Fig. 5. 
 
 
5. Signal Processing 
 

Every grating we tested produced wavelength-
robust, narrow intermediate optical images of visual 
bars at the center of the visual field (θ = 0°) but 
somewhat complex multimodal images of bars at large 
field angles (e.g., θ = 40°). It is likely that a method of 
spatially varying dictionary learning [18] or complex 
dewarping followed by Bayesian or other pattern 
classification method [19] could be used to estimate 
the bar location from such optical images but such 
methods are computationally costly. Our goal was to 
find an algorithm with low computational cost, and 
thus we sought algorithms that were spatially 
independent, that is, applied the same algorithmic 
steps throughout the sensor domain. 

The estimation problem is one-dimensional (the 
left-right position of the visual bar) and thus our first 
algorithmic step was to project the sensor signals onto 
a one-dimensional horizontal line. This step integrates 
signals over vertical lines and hence reduces the 
effects of image noise, variations due to optics and 

background image noise. The optical signals were 
reliable and accurate throughout the full field of view. 
The next computational step is to estimate some 
measure of the center or central tendency of the one-
dimensional projected signal. We explored several 
computationally efficient statistical estimation 
methods to this end: 
• Peak or mode; 
• Peak or mode after Gaussian smoothing; 
• Mean of a Gaussian fit to the signal; 
• Gradient pre-processing, three of which are 

illustrated in Fig. 6. 
 
 

 
0° +30° 

 
Fig. 5. Simulated raw signals on the photodetector array 
produced by the panchromatic Fresnel zone plate of Fig. 4 
for a visual bar at 0◦ and 30◦ for λi = 470,550,700 nm, top to 
bottom. Notice that on the sensor optical axis (0°) the 
intermediate image is sharp and centered in the sensor matrix 
while off the axis (30°) the image is structured, has multiple 
lobes, and is wavelength dependent. (Through simple signal 
processing lobes due to different discrete incident 
wavelengths can be isolated.) Note especially that the quality 
of the optical images is lower than would be produced by a 
larger, more-expensive lens-based optical subsystem. 
Nevertheless, these images are adequate for the image 
estimation task at hand. 
 
 
6. Sensor Performance 

 
Fig. 7 shows the results of five different signal 

processing algorithms for the most robust diffraction 
grating, the panchromatic binary Fresnel zone plate. 
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Each subfigure shows three curves representing the 
estimated bar position (ordinate) versus the actual bar 
position (abscissa) in long, medium and short 
wavelengths—red, green and blue. (In most 
subfigures, the three component curves overlap 
significantly and hence appear as one curve.) Each 
curve has a general sigmoidal or ogive shape due to 
geometric effects and Snell’s law of light passing 
through the grating at large incident angles (a version 
of barrel distortion). 
 
 

 
 

Fig. 6. The blue curves represent the projection of the full 
two-dimensional sensor signal along the vertical direction 
(i.e., parallel to the visual bar). The methods of central 
tendency estimation (for source angle) that were most 
accurate, reliable and robust to source spectral variation 
were the peak and the peak after a Gaussian smoothing (see 
below). This latter estimate did not depend upon the variance 
of the smoothing Gaussian, throughout a wide range of such 
variances. 

 
 

 
 

Fig. 7. The estimated bar center (in pixels on the sensor) 
versus bar position in the field of view for a panchromatic 
Fresnel zone plate. Each subfigure contains three curves (for 
λ = 470,550 and 700 nm light), but in several subfigures the 
curves overlap significantly and hence appear as one curve. 
The five signal processing algorithms are (left-to-right, top-
to-bottom) are: maximum or peak; peak after Gaussian 
smoothing; gradient based estimation; peak after log 
processing; mean of a Gaussian fit. 

 
 

The desiderata for the sensor, as expressed in the 
properties of these curves, are: 
• All three color curves should overlap perfectly 

throughout the entire angle range (field of view), 
indicating that the location estimate is independent 
of spectral composition of the visual bar 

• All three curves of estimated position versus 
location of central tendency should be monotonic 
(a bijection), so that the unique angle estimate can 
be computed from the image center estimate by an 
inverse function or lookup table 

• All three curves should extend through a large 
angle of view, here roughly 140° 

• The response curve should be antisymmetric with 
respect to the location of the central axis (θ = 0°), 
indicating geometric consistency. 
Both first two subfigures - peak as well as peak 

after Gaussian smoothing–show excellent 
performance on all four desiderata and accuracy of 
roughly 0.2° throughout the field of view, raising to 
0.4° at the extremes of the field of view. The 
difference between the computational costs of these 
two methods are negligible compared to the full 
computational costs. Either of these methods, then, 
would be acceptable in a fielded sensor application 
where the processing could be done one the chip. 

The overall space computational cost of the 
estimation algorithm was 1.0 kB without lookup table 
for inverting the sigmoidal curves (as in Fig. 7), and 
time cost 6.0 Mflop/sec at video rates, and hence easily 
implemented in embedded processors or special 
CMOS. The signal projection step of the algorithm 
could be parallelized in a SIMD microarchitecture, but 
such speedups are not needed in practical applications. 

 
 

7. Conclusions and Future Directions 
 

We have designed and tested through extensive 
simulations an ultra-miniature lensless sensor for 
estimating the one dimensional position of a visual bar 
throughout a large field of view and regardless of the 
spectral composition of the bar. Our end-to-end design 
approach led to an optical element (panchromatic 
binary Fresnel zone plate) that while somewhat 
complicated in design, is simple to manufacture and 
mount on a CMOS image sensor. The signal 
processing operates on the raw sensor signal (rather 
than a reconstructed or computed image) and is very 
computationally efficient. 

There are a number of directions for future work in 
end-to-end optimization based on these results, such 
as extending these methods to other image sensing 
functions. Finally, the deep challenge of developing a 
general-purpose theory for global end-to-end 
optimization of diffractive electro-optical systems 
incorporating physical constraints—analogous to the 
theory developed for traditional reflection and 
refraction based imagers [4]—remains elusive. 
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monitoring activities and to support the deployment of modern Wireless Sensor Network (WSN) techniques. 
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1. Introduction 

 

Structural Health Monitoring (SHM) deals with 
the detection of damages to which civil and industrial 
structures, such as roads, bridges, canals, buildings 
and aero-space vehicles are subjected to. It can 
prevent collapses and breaks, avoiding permanent 
damages to structures, thus simplifying and 
improving the effectiveness of their maintenance. 
Depending on application scenarios, SHM requires 
many different types of sensors, including pressure 
sensors, vibrating-wire strain gauges, inclinometers, 
crackmeters, etc. Nowadays, most SHM systems in 
the market are wired. However, the deployment of a 
wired system in a wide area or in a harsh 
environment, can pose both economical and practical 
limitations. For this reasons, WSNs have been 
proposed as an ad-hoc network infrastructure to 
support SHM, avoiding prohibitive costs of wired 

systems and easing the on-field deployment. 
Nowadays, SHM supported by WSN is an active and 
well-established research field and some wireless 
SHM systems are now entering the market. The work 
presented in this paper introduces the MMS, a 
wireless, low-power, scalable hardware architecture 
dedicated to SHM. A key feature of the MMS is its 
high modularity that allows easy customization of the 
platform depending on the number and the type of 
sensors required by the specific application scenario. 
In addition, MMS fully supports multi-hop wireless 
communication paradigm and mesh networks. The 
remainder of this paper is organized as follows: 
Section 2 presents the state-of-the-art on both wired 
and wireless SHM systems. In Section 3 we explain 
the motivations supporting the design choices made 
during the development of the MMS, while in 
Section 4 we introduce the features characterizing our 
system. In Section 5, we present the hardware 
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prototype while in Section 6 we report tests and 
validation results. Finally, in Section 7, we give 
conclusions and directions for the future. 

 
 

2. State of the Art 
 
Nowadays, most SHM systems available on the 

market, such as the Geomonitor by Solexperts [2], 
are wired. However, deploying those systems can be 
cumbersome: besides the installation costs, a detailed 
deployment plan is required to face evolving needs of 
different construction phases. Moreover, cables are 
subjected to accidental cuts and damages and, in 
some scenarios, their installation is infeasible or 
inappropriate (e.g., historical buildings). Along with 
wired systems, some standalone data loggers 
dedicated to SHM are commercially available, 
among the others: Solexperts SDL [2], Geokon 8002-
16-1 [3] and Keller GSM-2 [4]. These systems are 
simpler to install, but they do not allow real-time 
remote monitoring and require frequent in-situ access 
by qualified personnel to collect data. 

The introduction of wireless communications in 
SHM gives immediate advantages in terms of easier 
deployments and reduced maintenance and personnel 
costs. However, when monitoring devices are 
battery-powered, the use of wireless communications 
is among the most energy demanding feature that can 
significantly limit the devices lifetime. Prominent 
examples of wireless monitoring systems are: 
National Instruments Wireless Data Acquisition 
(WiFi-DAQ) [5] and MicroStrain's wireless sensor 
network [6]. While the former supports IEEE 802.11 
standard, the latter is compliant with IEEE 802.15.4. 
Both products adopt a conservative approach by 
limiting wireless communication to 1-hop. 
Supporting multi-hop wireless communications was 
investigated in several research papers in the last 
decade [7-9]. Multi-hop networking provides a 
number of advantages: scalability (larger areas can be 
covered), reliability (failure and multiple routing 
paths without single point of failure) and ease of 
deployments (the presence of multi-hop relay nodes 
allows to bypass obstacles like walls and metal 
structures). Recently, National Instruments presented 
the NI WSN [10]: a multi-hop battery-powered WSN 
supporting up to 36 nodes configured in a mesh 
network and up to 3 years node lifetime. 
 
 
3. Motivations 
 

As seen in the previous section, WSNs are slowly 
entering the market of SHM applications. An attempt 
to develop a robust solution and to test it in realistic 
application scenarios was made in the GENESI 
Project [11]. The main goal of that project was to 
design and implement a “novel generation of green 
wireless sensor networks which can be embedded in 
buildings and infrastructures at the time of 

construction and be able to provide a monitoring and 
control intelligence over the whole structure 
lifetime”. The project involved the monitoring of a 
bridge construction site in Fribourg [12] and the 
construction of a tunnel for the B1 underground line 
in Rome [13], by means of WSNs. The outcomes of 
these experimental activities, highlighted the 
advantages of WSN technology compared to old 
monitoring techniques. According to the application 
requirements provided by the SHM experts, GENESI 
nodes can support a number of heterogeneous 
sensors. However, a GENESI node can manage only 
a single sensor per type, while there are some 
applications in which multiple instances of the same 
sensor are needed. As an example, in a 3-axis 
deformation analysis, a single wireless node may 
need to interface with three instances of a vibrating-
wire strain gauge while to monitor a concrete 
junction the node may need to interface a current-
loop inclinometer sensor and a resistive displacement 
sensor. Other commercial solutions, such as the NI 
WSN described in Section 2, can handle multiple 
instances of the same sensor but can not support 
different sensor families at the same time. In general, 
the development of new ad-hoc devices addressing 
the specific requirements of an SHM deployment is 
impractical, while the adoption of commercial 
solutions in such contexts is not optimal in terms of 
flexibility, size and costs. This brought us to propose 
a novel low-power slotted modular system made by a 
set of modules connected through an internal 
communication bus. This solution features one 
wireless master module managing a group of 
extension modules, each one designed to interface a 
specific sensor set. The flexibility of the proposed 
architecture, named MMS, allows us to support a vast 
number of SHM applications by simply plugging into 
each node the required extension modules. By 
changing the master module, it is also possible to 
easily modify the wireless technology, thus 
effectively adapting to the heterogeneous needs of 
indoor and outdoor communication requirements. 

 
 

4. System Architecture 
 
4.1. Preliminary Considerations 
 

The original MMS architecture presented in [1] 
was based on a master/slave communication 
abstraction where “a master module, provided with 
radio capability and responsible for most of 
computational tasks, communicates through a low-
power shared bus with a maximum of four extension 
modules (slaves)”. The new architecture embraces the 
same principle but requires the design of a new low-
power shared bus.  

The low-power shared bus in [1] was based on the 
Serial Peripheral Interface (SPI) Protocol with 
dedicated Chip Select (CS) and interrupt lines for 
each module. The rationale for this choice was to 
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minimize the power consumption of the whole 
platform by allowing the master module to 
selectively activate each extension module acting on 
the corresponding chip select line, thus, without 
affecting the power consumption of the other 
installed on the platform. Despite the effectiveness of 
such solution from the power consumption 
perspective, the elevated number of dedicated lines  
(2 shared lines for the power supply, 3 shared lines 
for the SPI and 2 dedicated lines, CS and interrupt, 
for each extension module) forced us to develop a 
backplane board with a pre-defined number of slots 
at design time. In the original release, shown in  
Fig. 1, we chose to support one master module and  
4 extension modules, as a good trade-off between 
size and modularity. 

 
 

 
 

Fig. 1. First version of the Modular Architecture. 
 
 

This choice quickly revealed its limits: the 
additional backplane board increased the overall size 
of the platform and its costs for the electronics, and it 
also required extra costs for the ad-hoc housing. To 
overcome these limits we took hints from existing 
modular housing solutions available on the market 
and we updated our design as described below. We 
found out that most of the considered modular 
products are based on O type DIN rail standard [14], 
a widely used solution for mounting circuit breakers 
and industrial control equipment inside racks. To 
ease the communication between modules, such 
solutions commonly provide a 5 lines shared bus. 
Hence, we implemented our system in a modular 
DIN housing and we redesigned the low-power 
shared bus to be compliant with the reduced number 
of lines offered by DIN bus. This led us to  
the new MMS architecture described in the  
following sections. 

 
 

4.2. Low-Power Shared Bus 
 
The availability of only 5 shared lines in the bus 

drastically reduces the implementation options for a 
master/multi-slave communication system. Excluding 
power and ground lines, the low-power shared bus 
has to be implemented on the remaining 3 shared 
lines. To overcome this constraint, we used the Inter 

Integrated Circuit protocol (I2C) which is a multi-
master/multi-slave serial communication protocol 
based on two open-drain lines bus [15]. The 
communication protocol, which is master initiated, is 
based on the transmission of a 7 bit address, i.e., the 
slave address to which the master wants to 
communicate, followed by a read/write bit and a set 
of protocol dependent commands. The third open-
drain shared line has been used by the extension 
modules to trigger the master to start a 
communication. The master module polls to slaves to 
identify which extension module triggered the 
interrupt on the third line. Fig. 2 shows the new 
architecture with a detailed view of the new low-
power shared bus implementation. 

This new solution easily scales with the number 
of extension modules (the standard implementation 
of the I2C bus is designed to support up to 
127 devices), thus increasing the flexibility and 
optimizing the size of the MMS. However, from the 
power consumption perspective, we need to pay 
attention to several drawbacks: 

• Wake-up. When the master module issues an 
I2C start command, all the extension modules wake 
up to perform the address matching, even if the 
communication is addressed to one  
module only. 

• Polling. When an extension module starts a 
communication, it notifies the master using the 
interrupt line. Subsequently the master polls all the 
devices to find the initiator. 

• Latency. The I2C protocol needs more data to 
be sent over the bus with respect to the SPI one, this 
increases the latency and the power consumption of 
the MMS. 

In Section 6.3 we analyzed each of these aspects 
measuring the power consumption overhead related 
to this new implementation with respect to the 
original low-power shared bus. The results show that 
the overall consumption of the MMS is marginally 
affected by this choice. 

 
 

 
 

Fig. 2. New Modular Architecture. 
 
 

4.3. Master Module 
 

As in the first version of the MMS, the master 
module is responsible for managing the wireless 
connectivity within the WSN and manages the 
extension modules. When switched on, the master 
performs a discovery routine for dynamically assign 
the I2C addresses to each extension modules and to 
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retrieve the configuration information from them. 
Then, the master computes the sensing schedule and 
switches to the operational mode. Below a typical 
master-initiated interaction with the extension 
module is described: 

1. The master issues an I2C start command over 
the bus and sends the address of the extension 
module followed by a write bit and a data  
request command. 

2. The extension module wakes-up and starts the 
conversion while the master enters a low-power state, 
waiting for an interrupt. 

3. The master wakes up when an extension 
module pulls down the interrupt line. 

4. The master polls all the modules searching for 
the initiator. 

5. When found, the master sends a Data Read 
command to retrieve the new data. 

6. When the read finishes the extension module 
puts the interrupt line in high impedance and enters 
sleep state again. 

7. The master module checks the interrupt line 
level for other extension module that are willing to 
communicate. If the line is still low, it jumps to step 
4 otherwise it goes back to sleep. 

 
 

4.4. Extension Module 
 
The extension modules provide the hardware 

interface to external sensors. Each module 
communicates over the low-power shared bus with 
the master by means of an I2C-capable 
microcontroller. When powered-on, the extension 
modules participate to the I2C address assignment 
managed by the master module. Once an extension 
module gets an address, it switches to a sleep state 
and wakes up only upon the detection of an I2C start 
command on the bus. The extension module can 
initiate a communication by pulling down the shared 
interrupt line of the low-power shared bus, which 
activates the polling procedure by the master. 

Each extension module provides a register 
configuration area that enables the interaction with 
the master module. The register area is divided in 
5 subsections as follows: 

• The Information area [read-only] stores 
information such as device type and revision. This 
area allows the master to identify the extension 
module, e.g., sensors supported, channels available, 
etc. 

• The Command area [write-only] is used by 
the master to trigger commands to the extension 
module such as a read command. 

• The Settings area [read/write] stores settings 
for each sensor channel such as the sensor type 
connected, the periodic sampling value, etc. 

• The Channel flags area [read-only] is used 
by the extension module to notify that a new data is 
available. 

• The Channels data area [read-only] is used 
by the extension module to store the last sensor value 
read. 

An example of extension module register 
implemented on our test board is shown in Table 1. 

The hardware interface provided by each module 
depends on the sensors it supports: it can be fully 
digital, e.g., to interface RS-232 or RS-485 
peripherals, or analog, to connect sensors such as 
current-loop, vibrating wire strain gauges, resistive 
etc. Each extension module can support different 
kinds of sensors or several sensors of the same type. 

 
 

Table 1. Extension module register area example. 
 

Address Register 
0x00 Device type 
0x02 Device description 
0x03 Cmd channel 0 
0x04 Cmd channel 1 
0x05 Cmd channel 2 
0x06 Cmd channel 3 
0x07 Configuration channel 0 
0x0e Configuration channel 1 
0x17 Configuration channel 2 
0x1f Configuration channel 3 
0x27 Data flag channel 0 
0x28 Data flag channel 1 
0x29 Data flag channel 2 
0x2a Data flag channel 3 
0x2b Data channel 0 
0x3b Data channel 1 
0x4b Data channel 2 
0x5b Data channel 3 

 
 

4.5. Power Module 
 

The modular design of the new MMS allows us to 
support a number of interchangeable power modules 
which provide the power supply to the whole MMS 
through the power line on the bus. The modules 
support any kind of battery type providing a voltage 
between 3 and 5.5 V as well as the 240 V AC and 
energy harvesting solutions. Notice that this 
flexibility was not possible in the previous release of 
the MMS, since the power unit had to be integrated 
into the backplane at design time. 

 
 

5. Hardware and Firmware Development 
 

We developed and assembled the new version of 
the MMS at the Department of Computer, Control 
and Management Engineering of the University of 
Rome “La Sapienza”. The current version includes 
one master module, two demo extension modules and 
two power modules. As opposed to the first 
prototype, this version fits in a complete modular 
housing solution based on pluggable slots and snap-in 
connections for external sensors (Fig. 3). The whole 
system was housed in a steel IP66 enclosure with a 
mounted DIN rail, an external antenna and IP66 cable 
glands. 
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Fig. 3. The MMS with a power module, a master module 
and two extension modules. 

 
 
5.1. Master Module 

 
The master module is responsible for radio 

communication and for managing the extension 
modules. It is based on the MagoNode OEM [16], a 
wireless hardware platform specifically designed for 
WSN applications. The MagoNode is based on the 
Atmel Atmega128RFA1 (RFA1) System-On-Chip 
microcontroller (MCU) equipped with 128 kB of 
ROM (Read Only Memory), 16 kB of RAM 
(Random Access Memory) and an embedded 
2.4 GHz radio transceiver fully compliant with the 
802.15.4 standard. The radio range is extended 
through a power efficient RF (Radio Frequency) 
front-end which enhances radio performance while 
keeping the power consumption low. The main 
figures in terms of power consumption are: radio 
transmission 27.7 mA @+10 dBm, radio reception 
14.5 mA and <2 µA in sleep. The master module is 
equipped with a NOR flash for persistent data 
storage, three status leds, a mini-usb plug and an  
RP-SMA (Reverse Polarity SubMiniature version A) 
antenna connector. An optional wireless HART [17] 
communication module can be installed based on  
application requirements. 

The firmware is written using TinyOS [18], an 
event-driven, open-source operating system (OS) 
dedicated to Wireless Sensor Networks. TinyOS is 
designed to cope with typical constraints imposed by 
Wireless Sensor Networks: low computational 
capabilities, limited memory and scarce energy 
resources. TinyOS also provides a set of libraries 
implementing low-power wireless protocols for 
medium access control and routing. The 
implementation of the MMS firmware on TinyOS 
allows an easy and effective integration of our system 
in large-scale WSNs deployments. 

 

5.2. Demo Extension Module 
 

We developed a general-purpose extension 
module for demo applications which  
provides 4 24-bit analog channels, 2 excitation 
current outputs and 2 external voltage references. The 
device logic is handled by an efficient ARM  
Cortex M0+ MCU. The MCU provides the I2C 
hardware interface and the interrupt channel required 
by the low-power shared bus communication, an SPI 
interface for the 24-bit ADC and a set of General 
Purpose Input/Output (GPIO) pins for driving the  
3 status leds of the module. As opposed to the first 
MMS prototype which could switch off the power of 
the extension modules, in this case the low-power 
shared bus has an always-on power line. This forces 
all the extension modules to remain (by default) in a 
sleep mode when inactive: they are enabled only 
when an address match event on the I2C peripheral 
occurs. The demo extension module supports a sleep 
mode with a current consumption of 1.5 µA1. As the 
master module, the firmware was implemented using 
the TinyOS operating system which provides the 
primitives for I2C and SPI communication and for 
handling the sleep mode of the device. 
 
 
5.3. Power Module 
 

We currently support two basic power modules: 
an AA and D type 3.6 V thionyl chloride battery. A 
module to power the MMS via the 240 V AC is in an 
advanced development stage and we are also working 
on the integration of an energy harvesting module 
supporting solar cells. 
 
 

6. Experiments 
 
In our experiments of the new MMS design, we 

first measured the power consumption during a local 
data acquisition (i.e., with wireless radio disabled), 
then we evaluated the system in a Wireless Sensor 
Network testbed. The former measurement validates 
the effectiveness of the low-power design in our 
architecture, while the latter demonstrates how the 
MMS features energy consumption levels suited for 
WSN applications. Finally, we performed a set of 
measurements aimed to demonstrate how the energy 
consumption overhead introduced by the new design 
of the MMS (see Section 4.2) is negligible if 
compared to the overall system consumption. 

 
 

6.1. Local Data Measurements 
 

All the measurements were done powering the 
MMS system with a Rigol DP1308A programmable 
DC power supply, providing 3.0 V. The MMS was 

                                                 
1 An errata specific to the MCU revision used in the extension 
module avoided to reach this value which refers to the newest chip 
revisions. 
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connected in series to a Rigol DM3068 digital 
multimeter that sampled the current consumption at 
10 kHz. The measurements were taken from an MMS 
made of a master module and a single demo 
extension module connected to a displacement 
sensor, i.e., a potentiometer with 4 kΩ  
series resistance. We performed a single master-
initiated sampling request which consists in the  
following steps: 

1. The master module sends the address of the 
extension module and sets a bit in the command area 
register to trigger one sample from a single channel 
on the selected extension module. 

2. The extension module starts the conversion 
while the master goes back to sleep waiting for  
an interrupt. 

3. The extension module generates an interrupt 
to the master notifying that it has a new data sample 
available. 

4. The master polls all the modules, reading the 
data flag area. Whenever a flag notifies new data 
available, the master retrieves the new data. 

In a second experiment, we repeated the same 
procedure using an additional demo extension 
module connected to an identical transducer where 
the master performs a sample request from each 
module. The current consumption of both tests are 
shown in Fig. 4. The data conversion time, which is 
equal to 50ms, is determined by the sampling rate of 
the ADC which was configured to 20 samples per 
second. As expected, the current consumption during 
data conversion is doubled in the two extension 
modules configuration since each module performs 
the conversion at almost the same time. In addition, it 
is clearly visible how the sample request and data 
retrieval phases last twice in the two extension 
modules configuration since the master module needs 
to perform these activities sequentially for both 
modules. In both MMS setups, the system 
automatically switches back to sleep mode as soon as 
the data retrieval phase is completed. 

 
 

 
 

Fig. 4. MMS current consumption during local  
data acquisition. 

 
 

Table 2 summarizes the average current and 
energy consumption of each phase measured on both 
configurations. Note that for the two extension 
modules configuration there are overlapping effects 

between phases: when the master module sends the 
start conversion command to the second extension 
module, the first module is already converting. 
Similarly, during the data retrieval phase, when the 
master module starts to download the new data from 
the first module, the second one is still converting. 
This explains the differences in the average current 
consumption during the sample request and data 
retrieval phases of the two modules configuration 
with respect to the single one. 

 
 

Table 2. Local measurement - consumption details. 
 

 Single ext. 
module 

Double ext. 
module 

State 
Avg. 

current 
(mA) 

Energy 
(µJ) 

Avg. 
current 
(mA) 

Energy 
(µJ) 

Sleep 0.0035 N/A 0.005 N/A 
Sample 
request 

3.65 28 5.23 67 

Data 
conversion 

1.69 281 3.36 543 

Data 
retrieval 

2.79 104 3.57 178 

Total 1.95 413 3.51 788 
 
 
6.2. WSN Testbed 
 

We tested the two extension module 
configuration, described in the previous section, in an 
indoor wireless sensor network deployment located at 
the basement of our department. The testbed setup 
(Fig. 5), consisted in 10 IRIS wireless devices [19] 
building a multi-hop wireless sensor network 
together with the MMS. Each IRIS mote was 
configured to generate one packet of 88 bytes every 
minute and to transmit it over the network. 

 
 

 
 

Fig. 5. Testbed map. 
 
 

The MMS was set to locally sample one channel 
from each extension module generating 2 sensor 
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readings every minute in order to transmit the 
sampled data over the wireless medium at the same 
rate as the IRIS motes. All data packets are routed 
through the multi-hop network toward a gateway, 
which is responsible for data aggregation and storing. 
We used the Collection Tree Protocol [20] as routing 
algorithm and the BoX-MAC medium access control 
protocol [21], both provided by the TinyOS operating 
system. To save energy, the MAC protocol was set 
with a radio duty cycle of 2 % which represents a 
common value when long lasting wireless sensor 
networks are deployed. The testbed ran for 5 hours 
and collected statistical information embedded in the 
packets transmitted every minute by each node. 

Table 3 reports detailed power consumption 
statistics, averaged over all the IRIS motes and 
compared with the one of the MMS. We observe that 
the power consumption of the MMS is similar to the 
one of the IRIS motes. Despite these measurements 
strongly depend on the position of the MMS in the 
network topology, this similarity shows that our 
solution is comparable in terms of energy 
requirements to a common WSN platform. 
Furthermore, the energy consumption of the 
sampling activity is less than 1% of the overall 
consumption that is largely dominated by the radio 
activity. We are aware that different transducers (e.g., 
the current-loop family) can consume more energy 
during conversion. This would significantly impact 
the fraction of energy consumed by the sampling 
activity. However, this consumption is exclusively 
related to the adopted transducer and does not depend 
on our architecture. 

 
 

Table 3. Testbed - consumption details. 
 

State 
MMS 

Platform 
IRIS Platform 

(Avg.) 
Energy Sleep  
(J) 

0.26 0.13 

Energy Radio Tx 
(J) 

4.56 4.79 

Energy Radio Rx 
(J) 

1.23 1.28 

Energy Radio Idle 
(J) 

19.84 25.65 

Energy Sampling 
(J) 

0.23 0 

Total 26.13 31.85 
 
 
6.3. Design Overhead 
 

As discussed in Section 4, we adopted a new 
design for the low-power shared bus, increasing the 
flexibility and reducing the cost of the MMS. 
However, these advantages come at the expense of a 
higher management complexity of the system that 
caused an increase of the power consumption. 
Obviously, the higher is the number of extension 
modules, the higher is the complexity, thus the power 
consumption overhead increases accordingly. In this 

section, we evaluate the overhead of the new MMS 
design in terms of power consumption when 
compared to the original design. 

Wake-up, polling and latency are the three main 
factors that cause the consumption overhead. We 
consider a configuration made of a master module 
and 4 extension modules performing a local 
measurement cycle as the one described in Section 
6.1 to measure the contribution of each of those 
factors to the overall power consumption. 

Wake-up: When the master module starts an I2C 
communication, it writes on the bus the address of 
the module it wants to communicate with. This 
activity wakes up all the extension modules that start 
an address matching procedure. Thanks to the new 
architecture of the M0+ MCU of the extension 
modules, the address matching procedure is carried 
out only employing the I2C peripheral integrated in 
the chip, without the need to awake the MCU (this 
mode is called sleepwalking [22]). This feature wakes 
up the MCU only upon an address match event, 
reducing the overall power consumption of the 
address matching procedure. At the standard I2C 
100 kbit/s datarate, the address transmission requires 
90 µs. Assuming 3.0 V and 50 µA current 
consumption of the sleepwalking peripheral, the 
energy required by an extension module to perform 
an address matching procedure on the low-power 
shared bus is 14 nJ. Considering that for each  
request there are 3 extension modules that do not 
match the address, the overall energy wasted for each 
request is 42 nJ. 

Polling: The master module polls each extension 
module by looking at the data flag area which notifies 
whenever a new data is available. On the low-power 
shared bus this operation is performed as in Fig. 6: 
the master first send a write request followed by the 
register address of the data flag area and successively 
a read request.  

 
 

 
 

Fig. 6. Polling I2C communication detail. 
 
 

The extension module replies with the content of 
the data flag area and, if no data is available, the 
communication ends. The whole procedure, which is 
8 bytes long, is performed in 840 µs on a standard 
100 kbit/s datarate I2C channel. The measured current 
consumption of the MMS during a polling procedure 
is 4 mA that, assuming 3.0 V supply, brings to an 
energy of 10.1 µJ per extension module. In the 
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configuration under test, there are 3 polled extension 
modules over 4 that do not provide new samples, 
hence, the wasted energy is 30.3 µJ . 

Latency: We observed that the new design of the 
low-power shared bus requires, on average, 6 
additional control bits each 10 data bits transmitted 
with the old implementation. This constraint 
increases latency in communications and, in turn, 
power consumption. The reason why more control 
bits are needed relies on the more complex I2C bus 
management compared to the SPI protocol used by 
the old design. Assuming a local data measurement 
procedure as the one described in Section 6.1, the 
protocol transmits 6 additional control bytes. 
Considering 4 mA current consumption of I2C 
communication, 3.0 V supply and a standard 
100 kbit/s I2C datarate, the additional energy for each 
extension module measurement introduced by 
latency is 5.8 µJ. Note that we are not considering the 
latency introduced by the different supported 
datarates of each protocol since it is limited by noise 
immunity requirements. 

Based on these measurements, the overall energy 
overhead of the low power shared bus in a local 
measurement procedure is 36.14 µJ which represents 
a consumption overhead of 9 % when compared to 
the overall energy consumption measured in a single 
extension module configuration of Table 2. Recalling 
that the sampling activity accounts for less than 1 % 
of the overall energy consumption of the MMS, we 
can conclude that the energy overhead of the new 
MMS design is totally negligible. 

 
 

7. Conclusion and Future Work 
 

In this work, we presented further developments 
of the Modular Monitoring System, a novel low-
power wireless modular architecture designed for 
SHM applications. Our platform, the MMS, takes 
advantage of a low-power shared bus connecting 
slotted extension modules that interact with a master 
in a master/slave communication abstraction. The 
extension modules, which can be combined as 
needed, allows the MMS to face the continuously 
evolving needs of most SHM scenarios. Thanks to its 
peculiar characteristics, the MMS overcomes 
commercial state-of-the-art WSN solutions for SHM, 
like the NI WSN, which do not offer enough 
flexibility to fulfill requirements of many application 
contexts in a both cost-effective and efficient way. 

The new implementation overcomes the size and 
costs issues of the first prototype presented in [1] 
offering an improved architecture based on DIN 
standard modular housing. This solution also offers 
an increased flexibility by supporting interchangeable 
power sources. We validated the effectiveness of the 
system low-power design, performing energy 
measurements during data acquisition from actual 
transducers. In addition, we tested the MMS within a 
real WSN deployment, to demonstrate the 
compliance of the system in such applications. 

In the near future, we plan the develop several 
additional extension modules able to support most of 
the sensors used in SHM, such as strain wire gauges, 
crack meters, inclinometers, displacement sensors, 
etc. and additional master modules to support 
different wireless frequencies (e.g., 433 MHz, 
868 MHz, 915 MHz) and certified industrial wireless 
protocols like Wireless Hart.  
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