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Guest Editorial 

This Special Issue titled “Smart Sensing Technology for Agriculture and Envi-
ronmental Monitoring” in the book series of “Lecture Notes in Electrical Engi-
neering” contains the invited papers from renowned experts working in the field. 
A total of 17 chapters have described the advancement in the area of agricultural 
and environmental monitoring. 

This book has outlined the recent advances, development and applications of 
the fundamentals and analytical concepts, modelling and design issues, technical 
details and practical applications of different types of sensors and sensing technol-
ogy for the monitoring of the agricultural and environmental conditions.  Sensors 
are the most important component in any system and engineers in any field need 
to understand the fundamentals of how these components work, how to select 
them properly and how to integrate them for different applications for the monitor-
ing of the agricultural and environmental conditions. 

The proposed book has focused on the different aspects of sensing technology, 
i.e. high reliability, adaptability, recalibration, information processing, and data 
fusion.  It will highlight validation and integration of novel and high-performance 
sensors specifically designed to support for monitoring agricultural and environ-
mental conditions.  

We do sincerely hope that the readers will find this special issue interesting and 
useful in their research as well as in practical engineering work in the area of agri-
cultural and environmental monitoring. We are very happy to be able to offer the 
readers such a diverse special issue, both in terms of its topical coverage and geo-
graphic representation. 

Finally, we would like to whole-heartedly thank all the authors for their contri-
bution to this special issue.  
 
 

Subhas Chandra Mukhopadhyay, FIEEE, Guest Editor 
School of Engineering and Advanced Technology (SEAT) 

Massey University (Turitea Campus) 
Palmerston North, New Zealand 

S.C.Mukhopadhyay@massey.ac.nz 
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An Autonomous Wireless Sensor/Actuator 
Network for Precision Irrigation in 
Greenhouses 

Christos Goumopoulos 

Department of Information & Communication Systems Engineering, Aegean University, 
Samos, Greece 

Abstract. In this work we describe the design of an adaptable decision support 
system and its integration with a wireless sensor/actuator network (WSAN) to  
implement zone specific irrigation control in greenhouses via wireless communi-
cation. Our research has focused on the provision for proactive applications by 
deploying sensor networks and connecting sensor data with actuators through an 
ontology-based decision-making layer. The system developed provides for real-
time monitoring and control of both agricultural inputs and outputs (irrigation con-
trol). A simple rule editor is also provided through a graphical user interface for 
the domain-expert to specify the knowledge base. 

Keywords: wireless sensor actuator network, ontology, decision support,  
precision irrigation, distributed system, rule-based system. 

1   Introduction 

Thanks to developments in the field of wireless sensor networks (WSNs) as well 
as miniaturization of the sensor boards many scientific fields can benefit by ex-
ploiting WSNs as an effective tool for application research. WSNs are becoming 
integral to a number of applications, including environmental monitoring [9], 
building energy management [12] and multi-player games [6]. Agriculture has 
also become an important application field of WSNs [19]. For example, The 
LOFAR [1] and PLANTS [11] projects applied WSNs in the precision agriculture 
domain. Through the use of WSNs fine grained measurements can be programmed 
at fixed time intervals [2] or based on an event driven model [5]. Also they can be 
programmed in such ways in order to follow specific routing protocols [13].  

At present the information gathered by sensor networks deployed in a field are 
mainly used to monitoring and reporting on the status of the crops [3, 14, 16]. 
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However, agricultural environments make a good candidate for using proactive-
computing approaches for applications requiring a faster than human response 
time or that requires precise, time-consuming optimization. For example, irriga-
tion is a major issue in many farms. An ideal proactive system would optimize 
water needs in different areas of the farm with available water, particularly be-
cause water is a limited, shared resource. Being able to water plants more selec-
tively and precisely on the basis of individual plant needs and available water, 
would save water.  

In this work we describe the design of an adaptable decision support system 
and its integration with a wireless sensor/actuator network (WSAN) to implement 
zone specific irrigation control in greenhouses via wireless communication. Our 
research has focused on the provision for proactive applications by deploying sen-
sor networks and connecting sensor data with actuators through an ontology-based 
decision-making layer. The system developed provides for real-time monitoring 
and control of both agricultural inputs and outputs (irrigation control). A simple 
rule editor is also provided through a graphical user interface (GUI) for the do-
main-expert to specify the knowledge base. 

In Section 2 we discuss the architecture and design of our system. A layered 
modular architecture of the system is proposed to enable system flexibility and ex-
tensibility. Section 3 gives details of the wireless sensor/actuator network platform 
developed. Section 4 discusses the ontology-based decision making layer. An illu-
strative example application of our developed system in the precision agriculture 
domain is given in section 5. In the next section we discuss the lessons learnt from 
this effort and finally we give the conclusions. 

2   Architecture and Design 

The overall goal of the research and development effort described in this work 
was to devise an integrated system in the form of a plant growth monitoring and 
control system comprising a distributed network of sensors for sensing the plant 
growth activity and environmental conditions, and plant growth control actuators, 
an ontology of plant lifecycle domain knowledge and decision support mechan-
isms that associate sensor data with actuators.  

In a high level view the process performed by our system can be seen as a 
plant/environmental context management process. We model this process as a 
measurement-translation-reasoning-actuation control cycle (Fig. 1). A mechanism 
for low-level context acquisition, which reads plant/environmental signals from 
sensors, starts this cycle. This information is probably not in a format that can be 
used by the system in order to make decisions or reach a conclusion. In a second 
phase the signals are interpreted and high-level context information is derived. For 
example, temperature and soil moisture sensors return an analogue signal (voltage 
value) which must be then converted, after a calibration phase, to a digital valua-
ble knowledge. This phase is usually performed within the sensor nodes, optimiz-
ing both network throughput and battery life by avoiding unnecessary send/receive 
messages. Aggregation of context is also possible meaning that semantically rich-
er information may be derived based on the fusion of several measurements that 
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come from different sensors. To determine water stress, for example, requires 
monitoring of plant’s leaf temperature, ambient temperature and soil moisture 
content. The aggregation of context is an operation that is performed at higher  
levels of the system, usually at the coordinator node.  

 

 

Fig. 1 Measurement-translation-reasoning-actuation control cycle 

Having acquired the necessary context it is possible to assess the state of the 
plant and decide appropriate response activation. This state assessment will be 
based on a set of rules, which either is obtained from plant science research 
through a manual and time consuming process. The raw (sensor) and high (fused) 
level data, their interpretation and the decision-making rules are encoded in an on-
tology. The reaction may be as simple as turn on a light or send a message to the 
user or a composite one such as request watering to the pot in case of drought 
stress or as spraying mist in case of heat stress. Such a decision may be based on 
local context or may require context from external sources as well, e.g., weather 
station supporting prediction of plant disease spreading. 

Fig. 2 illustrates the system architecture in a conceptual view. The wireless  
sensor/actuator network (WSAN) is implemented as a grid of nodes that commu-
nicate and exchange data using radio links. The core technology of a WSAN node 
is a commodity mote (a battery supplied board with a microcontroller, a memory 
unit for data storage and a transceiver for communications) connected to a variable 
number of sensors to provide the necessary monitoring functionality. Furthermore, 
it is possible to connect actuator units to activate devices associated with agricul-
tural inputs (e.g., irrigation). The network can be configured in a master-repeater-
worker operation pattern. The network is synchronized by a single gateway node  
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(master) which collects all sensor measurements before forwarding them to po-
pulate a MySQL relational database managed by the coordinator node. Repea-
ters may be defined to extend the master sync-signal over multiple hops, if  
necessary. 
 

N
od

e

 

Fig. 2 High-level system architecture 

The gateway of the WSAN is connected to an autonomous component which is 
called the Driver Operator (DO). In the DO a specific driver is designed and  
implemented for each sensor subsystem (WSAN or standalone sensors) imple-
menting the communication protocol with the hardware. It is also responsible for 
wrapping binary data coming from the WSAN or low-level requests to the motes 
into a structured stream of information, including data time stamping, that is trans-
ferred between the WSAN and the Coordinator Node (CN). The functionality of 
the CN is based on the following core software components: Decision Support 
System (DSS) and Knowledge Base (KB). The DSS has the responsibility to take 
all sorts of decisions according to the knowledge acquired with the analysis of the 
stored information. The KB includes all the knowledge that supports the decision-
making process in the form of an ontology. 

The high-level system architecture envisages the use of standalone devices that 
will communicate directly to a DO making use of a specific communication proto-
col. The standalone devices consist of highly complex sensors such as an infrared 
imaging system. Such sensors cannot be connected directly to the WSAN due to 
their complexity, power consumption, cost and data size that have to be trans-
ferred to the CN. 

Finally, our architecture allows through a web based interface the user to  
monitor remotely the collected data and request graphs on demand, or to change 
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certain variables of the network (e.g., sampling rate) mainly for performance 
purposes. 

3   Wireless Network Hardware Platform 

Developing complete sensor systems for environmental monitoring is currently a 
complex and expensive endeavor. There is a trend towards leveraging commodity 
technologies to enable the construction of cost effective sensor platforms, enabled 
by recent growth in wireless communications and microprocessor controlled con-
sumer devices. This leads to small, low cost, limited functionality devices working 
in a cooperative networked mode, to form a single system. 

Our WSAN was designed using Crossbow’s MICAz wireless sensor motes 
(MPR2400), which are equipped with the Atmel ATmega128L processor running 
at 8MHz, 2.4 GHz Chipcon CC2420 IEEE 802.15.4 compliant  ZigBee radio fre-
quency transceiver, 128KB program memory, 512KB measurement flash, and 
4KB EEPROM [7]. A data acquisition board (Crossbow’s MDA300CA), was used 
to process the analog outputs from the sensors and to control actuators. The board 
has a 12-bit analog-digital converter (ADC) with an 8-channel multiplexer, and a 
sampling rate of 50 kHz. On this board, seven channels (A0-A6) are single-ended 
analog channels. The input range for the analog signals is 0-2.5V. Four additional 
channels are differential analog channels. Three excitation channels and two LED 
channels occupy the rest slots of the analog channels. For input signals of higher 
than 2.5V, a voltage divider is necessary to scale down the voltage levels. The re-
sult of ADC can be converted to voltage with the formula: Voltage = 2.5 × 
ADC-READING / 4096  

Finally, the MIB520CA base station module provides USB connectivity to the 
central system and MICAz motes for communication and in-system programming. 
Fig. 3 gives an overview of the hardware platform employed. MICAz and 
MDA300CA or MIB520CA are connected respectively through the 51 pin  
connector. 

 
 

 

 

 

Fig. 3 The hardware platform includes a Mote Processor Radio platform (MPR2400), a data 
acquisition board (MDA300CA) and a Mote Interface Board (MIB520CA) for network 
base stations and programming interfaces 
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On the software side, the microcontroller runs TinyOS [17], an optimised 
operating system that allows fast configuration of the sensor nodes implement-
ing communication with active messages [8]. For the implementation  
of the applications which run on the motes we used the nesC programming 
language [10]. 

3.1   Sensor Interface 

For the greenhouse application domain, the sensor interface portion developed 
allows soil moisture probes, humidity and temperature sensors to be interro-
gated by the controlling software running on the mote’s microcontroller.  
Table 1 summarizes the principal features of the sensors that have been inter-
faced to the mote. 
 

Table 1 Summary of principal features of sensors interfaced to the mote 

Sensor ECHO EC-10 HumiRel 
HM1500 RS151-237 

Measured data Volumetric Water 
Content (VWC) 

Relative  
humidity 

Leaf, air temperature 

Range 0 to saturated VWC 1 to 99 %RH -50 to 150 °C 
Resolution 0.1 %VWC  +25 mV/%RH 0.1 °C 
Accuracy ±1 to ±3% VWC ±3 %RH ± 0.2 °C 
Response time 10 ms 10 sec 10 sec 
Supply VDC 3.3 VDC 3.3 VDC 5 VDC  
Output 450-1550 mV 1325-3555 mV 670.1-185.97 ResΩ 
URL www.decagon.com www.digikey.com www.rs-components.com  

 
The requirements for a contact temperature sensor are that the sensor has a 

large sensitivity to small changes in temperature (≤0.5 ºC), low thermal mass, 
high thermal conduction, low cost and is small enough to place on the plant leaf 
to measure its temperature. A thermistor is a device that fulfils these criteria 
and is readily available. Thermistors are made of a piece of semiconducting 
material that changes its resistance with changing temperature. These can be of 
two types, NTC or PTC (negative thermal coefficient or positive thermal  
coefficient). The resistance of these devices also varies. A NTC device with a 
nominal resistance of 10kW at 25 ◦C was chosen. The analogue to digital con-
version on the microcontroller is only capable of reading and digitising a vol-
tage, so due to the changing resistance with temperature characteristics of the 
thermistor, a voltage divider was used to convert the resistance change into a 
voltage change. Fig. 4 shows the relationship between temperature and meas-
ured voltage with a load resistor that is about half of the nominal greenhouse-
temperature resistance. 
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Fig. 4 Flattened thermistor response in divider network 

For the humidity sensor interfaced to the MDA300CA we use the conversion 
formula that is provided by the manufacturer: 
 

%H=(int)((-3.9559E-6*adc2 + 6.1797E-2*adc – 67.681)+0.5) 
 

A range of commercial soil moisture sensors are available on the market, but 
some of the criteria that were required for our application were that the sensor 
be of small size to fit a 1 L pot (approx. 10 cm length) and have a fast response 
time. The ECH2O EC-10 sensor, supplied by Decagon was eventually chosen. 
EC-10 adaptor cable for connection contains three wires, which are connected 
to excitation E3.3, single ended analog channel and GND respectively in 
MDA300CA board. The sensor is 10 cm long and uses capacitance to measure 
the dielectric permittivity of the surrounding medium. The volume of water in 
the total volume of soil most heavily influences the dielectric permittivity of 
the soil due to the relatively higher dielectric of water (80) compared to other 
constituents of the soil (mineral soil 4; organic matter 4; air 1).  This allows the 
association of the changing permittivity and the soil water content. The sensor 
gives out a mV signal that is proportional to the water content. In order to get 
accurate measurements we performed calibration of the sensor in the peat sub-
strate that was used in our application following the process described in [1]. A 
series of peat/water mixtures were used to obtain data on the sensor output. 
Sensor readings were obtained for different sensors and repeated 3 times. Fig. 5 
shows the calibration curve that was obtained on averaging values from the 
above experiments. 
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Fig. 5 Plot of sensor output for 3.3V dc supply for calibration of the EC-10 sensor 

Fig. 6 summarizes the connections of the sensors discussed above to the 
MDA300CA module. 

 

 
  

Fig. 6 Greenhouse sensors connections to MDA300CA schematic 

3.2   Actuator Interface 

The MDA300CA module has two relays that can be used for the activation of var-
ious devices. In our case it can handle toggling of the irrigation distribution sys-
tem. In principle, the mote’s controlling software, via a transistor switch, activates 
a relay that activates the device. In the following we describe the irrigation system 
interfacing. 

Fig. 7 shows the irrigation distribution unit. The solenoid operated water valves 
turn on the plant watering system which supplies four distinct zones of plants. 
This allows watering only the zone that starts drying. A fifth water valve provides 
humidity control. When this valve is open, it delivers water to a central spraying 
system that can be mounted in the apex of the greenhouse to maintain a good level  
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of humidity. The MDA300CA module controls a switch. When this switch is 
closed it completes the relay circuit causing the electromagnet to attract the cor-
responding switch to the on position causing the solenoid to open. 

 

 

Fig. 7 Schematic layout of the irrigation distribution unit 

To control the distribution of the water an application level component con-
trolled by the coordinator node needs to be installed. In order for this system to 
work the module has to take commands from the master mote in order to know 
what section to irrigate and for how long. The operation of the irrigation is as fol-
lows. The master sends a command via its radio link to the worker mote control-
ling the actuator. This command is sent to the module in the irrigation distribution 
unit that converts the signal to a voltage level that the microcontroller can read. 
Once the microcontroller receives a valid command it will perform a task to turn 
on a pump and open a particular solenoid in order to irrigate a specific section of 
the crop layout. 

3.3   Message Structure 

Communication with the WSAN is based on active messages. The message struc-
ture is partly predefined by the TinyOS. The packet size includes 7 bytes of gener-
ic active message fields and a maximum of 29 bytes for the payload. The payload 
in our case uses 22 bytes formatted according to the type of the message. The 
communication protocol implements three message types: request, reply and 
event-driven data reporting. These message types allow implementing the two 
general data collection paradigms, commonly known as push and pull. Part of the 
payload structure of the message is shown in Fig. 8 (we omit the standard fields of 
TinyOS active messages). The sequence number field is used to ensure that pack-
ets will not arrive at the gateway out of order. The source and destination ad-
dresses define the message originator and recipient respectively. Address 0xFF is 
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used for the gateway and the range 0x00 to 0xFE is used for the workers. The ac-
tion type field specifies the action to be performed (e.g., taking measurements, 
controlling pumps, etc.). 

 

Seq. 
No

Source 
Address

Destination 
Address

Action
Type

Data
ADC 1

Data
ADC 8

...
1 2-3 4-5 6 7-8 . . .            21-22

 

Fig. 8 Part of the message structure 

4   Ontology-Based Decision Support 

According to Uschold and Gruninger, an ontology is a tool that can conceptualise 
a world view by capturing general knowledge and providing basic notions and 
concepts for basic terms [18]. The ontology developed for our system sets up a 
concept framework on how the knowledge about sensors, actuators and systems 
available on one hand and the biological studies about plant stressing and sensing 
mechanisms and consequent plant behaviour on the other hand can be formalized 
in order to make plants an active part of the resource management process. The 
decision-making process based on the sensing of plants is also structured for the 
selected set of sensors and actuators and the correlated biological information al-
lowing interpreting the plant behaviour. 

The knowledge that is required by the Decision Support System can be divided 
into various categories: 

Knowledge regarding the plant itself. In this category knowledge such as the 
name and the species of the plant is described. Additionally this category contains 
knowledge about the growth and the development stages of plants. 

Knowledge regarding plant parameters being monitored by sensors. This cate-
gory contains information about the available sensors that can monitor the plant 
parameters as well as relative knowledge like the range of values, the threshold 
values and the interpretation of the aforementioned values. 

Knowledge regarding the state of plants. This category contains information 
relevant to the plant stressing and sensing mechanisms and the signals that plants 
perceive and send to the environment. Specifically, the possible states of a plant 
implied by its parameters and monitored by sensors are part of this knowledge. 
For example, the representation of stresses, like the water stress, diseases and 
symptoms belong to this category of knowledge. 

Knowledge regarding environmental parameters. The knowledge about the en-
vironmental parameters that we can measure and monitor is essential in order to 
define the state of a plant. For example, parameters like the temperature, the hu-
midity, the carbon dioxide, the light and the soil moisture play a major role. The 
description of these parameters, their range and threshold values are also  
represented. 

Knowledge regarding sensors/actuators. The sensors and the actuators play a 
crucial role in precision agriculture resource management. In particular the use of 
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sensors requires a description that specifies their type, the parameter they measure, 
the range of their values as well as their sensitivity and accuracy.  

Rules for decision making. This category refers to the knowledge that supports 
the decision-making process. This knowledge is represented as a set of rules 
which are used for various decisions. Firstly, there is a need for a set of rules that 
will take into account both plant and environmental parameters and the description 
of a plant in order to diagnose a plant’s state. Secondly, the decision-making is 
based on a plant’s state, its description and user defined policies and determines 
the possible actions of the system, like the request for a resource. The decision-
making process will be based on a set of rules in operational representation forms, 
which will be applied on existent knowledge and allow the use of the ontology for 
reasoning providing inferential and validation mechanisms. The reasoning is based 
on the definition of the ontology, by using first-order predicate calculus. The user 
can define or update existing rules using a front-end tool and expressing the rules 
with simple if-then-else logic. 

Some of the basic concepts represented in the ontology are the following: Sen-
sor, Actuator, Parameter, EvironmentalParameter, PlantParameter, PlantState 
and Rule. In the ontology these concepts are represented as different classes, which 
have a number of properties. Fig. 9 and Fig. 10 illustrate, for example, subsumption 
relationships for the concepts Parameter and PlantState respectively. The specifi-
cation of the ontology was performed using the Protégé ontology development tool 
(http://protege.stanford.edu/) based on the OWL standard language. 

 

+Name : string
+Min/Max : float
+Type : string

Parameter
EnvironmentalParameterPlantParameter

LeafTemperature

ChlorophyllFluorescence

ChlorophyllContent

MethylSalicylate

MethylJasmonate

Ethylene

AmbientTemperature

SoilMoisture

Humidity

CarbonDioxide

SoilNitrate

AmbientLight

 

Fig. 9 Subclasses of  concept Parameter 

 

Fig. 10 Subclasses of concept 
PlantState 
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The outline of the DSS architecture is shown in Fig. 11. The Process Manager 
(PM) is the coordinator module of the system and the main function of this mod-
ule is to monitor and execute the reaction rules defined by the supported applica-
tions. These rules define how and when the infrastructure should react to changes 
in the environment. The Hardware State Manager (HSM) maintains a repository 
of the hardware environment (sensors/actuators) reflecting at each particular mo-
ment the state of the hardware. The Communication Module (CM) is responsible 
for handling the communication with the different device drivers which implement 
the communication protocol with the WSN or the standalone sensor device. 

 

Communication
Manager

Common Information Bus

Data & Rules

Ontology 
Manager

Hardware State 
Manager

Ontology
Process

Manager

Rule 
Manager

Inference 
Engine

 

Fig. 11. DSS Architecture 

The Ontology Manager (OM) module has been defined for the manipulation of 
the knowledge represented into the ontology and to provide the other modules of 
the system with parts of this knowledge with a level of abstraction. This means 
that only the OM needs to understand Ontology and be able to use it; all other sys-
tem modules can query the OM (through the PM) for the information that they 
need without any knowledge about the ontology language and its structure. There-
fore any changes that may be done to the Ontology affect only the OM and the rest 
of the system is isolated from them. The OM provides methods that query ontolo-
gy for the definition of specific concepts, and for the existing instances of specific 
concepts, like the environmental parameters.  

The Rule Manager (RM) is the mechanism that manages the rule base of the 
system and its basic functionality is to provide to the other modules the rules that 
define an application’s logical operation. The basic operations of the RM are to 
query about the rules of an application and to update them. For the initialization of 
the decision-making process apart from the rules the initial facts are necessary 
which represent low level environmental/plant context sensor measurements or in-
ferred plant states. In this respect, the RM is also responsible for the creation of 
the initial facts of a specific application. For example, an initial fact is the defini-
tion of the existence of the plant type with its specific parameters, states and poss-
ible actuations that participate in its rules. In order to create this initial fact the RM 
needs to know knowledge that is stored in the ontology. For that, it queries the 
OM through the PM for any information that it needs, like what are the parame-
ters, the states and the sensors/actuators.  

The Inference Engine (IE) is the module of the DSS architecture that supports 
the decision-making process. This module exploits the Jess (Java Expert System 
Shell) rule engine (http://herzberg.ca.sandia.gov/jess/). The execution of this  
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module is started based on the initial facts (defined by the RM from knowledge 
emerged from the ontology through the OM) and the rules stored in the rule base. 
The IE module is informed for all the changes of parameters values from sensors 
measurements through the HSM. When the IE is informed for such a change it 
runs all its rules. When a rule is activated the IE informs for the activation of this 
rule and for the knowledge that is inferred the PM, that is responsible to transfer 
this knowledge to any module that needs it. 

Regarding the Rule Base currently the rules are stored in CLIPS format and the 
concepts that appear are emerged from the ontology. This is an approach of build-
ing rules on top of ontologies. Fig. 12 shows the design of the ‘Heat Stress’ calcu-
lation rule for the irrigation application using a simple rule editing tool targeted 
for the domain expert that provides a visual interface based on a node connection 
model.  

 

 

Fig. 12 Editing the ‘Heat Stress’ rule for the RC area of the irrigation application 

The rule consists of three conditions combined with a logical AND node. The 
first condition checks the applicability of a specific area (RC for Right Center) of 
the field layout for which we need to evaluate the heat stress state. This is an ar-
tificial condition that helps resolving the fact identifiers in the generated CLIPS 
code. The second condition checks whether the difference between plant leaf and 
environmental temperature, in that area, is over 0.9° C. An expression builder faci-
litates the definition of the condition relying on concepts stored in the ontology. 
The third condition checks whether the average soil moisture in the specific area is 
over 60%. The rule, as designed, states that when all conditions are met then the 
heat stress state of the RC area must be set to active (HeatStress ACTIVE). 

In Fig. 13 we give the generated CLIPS code for the RCHeatStress rule de-
fined with the rule editor. Actually, for each user-defined rule the generated code 
includes both the ‘Activated’ part (RCHeatStressA shown in Fig. 13) and the 
‘Deactivated’ part (RCHeatStressD implied) as the complementary rule to  
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ensure data integrity. The namespace of the facts depends on the irrigation area 
(e.g., RC) and the resolution is performed automatically based on the Irriga-
tionArea parameter selected in the user interface (Fig. 12). 

 
(defrule RCHeatStressA 
?ePlant<-(ePlant (name ?name) (RCAmbientTemperature ?RCAmbientTempe-
rature) (RCLeafTemperature ?RCLeafTemperature) (RCSoilMoisture 
?RCSoilMoisture) (RCDroughtStress ?RCDroughtStress) (RCHeatStress 
?RCHeatStress) (RCNeedIrrigation ?RCNeedIrrigation) ... (RCHeatStress 
FALSE) ) 
( test (and (> (- ?RCLeafTemperature  ?RCAmbientTemperature) 0.9)  
(> ?RCSoilMoisture 0.6))) 
=> 
(retract ?ePlant) 
(assert (ePlant (name ?name) (RCAmbientTemperature ?RCAmbientTempera-
ture) (RCLeafTemperature ?RCLeafTemperature) (RCSoilMoisture ?RCSoil-
Moisture) (RCDroughtStress ?RCDroughtStress) (RCHeatStress ?RCHeat-
Stress) (RCNeedIrrigation ?RCNeedIrrigation) ... (RCHeatStress TRUE) 
)) 
(call ePlantOS.inference.Entity fireInferenceEngineEvent "RCHeat-
Stress=TRUE") 
) 

Fig. 13 CLIPS code for the Activated part of the RCHeatStress rule  

Using a rule editor for defining application business rules emphasizes system 
flexibility and run-time adaptability. In that sense, our system architecture can be 
regarded as a reflective architecture that can be adapted dynamically to new re-
quirements. The decision-making rules can be configured by domain experts ex-
ternal to the execution of the system. End-users may change the rules without 
writing new code. Therefore, the power to customize the system is placed in the 
hands of those who have the knowledge to do it effectively. 

5   System Deployment 

The application described in this section is composed of a strawberry plant (Fraga-
ria ananassa) where the plant is controlling irrigation. Irrigation is applied accord-
ing to the specific requirements of the plants in different parts of the crop array, 
thus illustrating the precision delivery of agricultural inputs. Fig. 14 shows snap-
shots of the experimental setup.  

The plant/environmental parameters explored for the application development 
are: Plants’ leaf Temperature (PT), Ambient Temperature (AT), and Soil Moisture 
(SM). PT was chosen as it indicates drought and heat stress [15]. Since we cannot 
measure the stress itself, we measure indicators of stress, i.e., PT compared to AT 
and substrate moisture (SM). Comparing the plant and ambient temperature indi-
cates a plant’s response to its environment. Coupling these with a SM reading al-
lows determination of whether the plant is heat stressed or drought stressed.  
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Therefore, if the plant has adequate water (determined by the soil moisture probe) 
but the plant temperature is high this means that it is heat stressed and requires 
misting to cool it.  However, if the temperature is high and the moisture content 
low, then pot irrigation is required. 

 

 

Fig. 14 Experimental setup (left); attaching a thermistor to a strawberry (right) 

The field setup consists of an array of 96 plants placed in a greenhouse, ar-
ranged in an array of 12 by 8 (Fig. 15). The setup consists of 4 different zones: 
Left-Edge (LE), Right-Edge (RE), Left-Center (LC), Right-Center (RC) and also 
there is the zone specified for misting which overlaps with the RC zone. The setup 
integrates the thermistors and the soil moisture probes into one system that can ir-
rigate when required and also determine when to stop the irrigation. Each zone can 
be controlled using individual solenoids. Misting can be applied to the grey area 
only for this setup. 

A total of 12 Crossbow motes are required to instrument the field: 8 modules 
are used for connecting the various sensors, each one ‘supervising’ the sensors in 
the neighbourhood of an array of 3 by 4 plants; 1 module is sensorless and is used 
as a gateway with the coordinator node; and 3 modules are used for controlling the 
irrigation system. The nodes are housed tightly in IP-67 rated water-proof packag-
ing to withstand the harsh conditions of the field. The sensor nodes are manually 
placed however the mapping to the zones is administered at the WSAN configura-
tion. For energy-efficiency considerations, the sensor nodes are reporting data 
once per five minutes and were programmed to be in sleep state while not sending 
or communicating. The data collected by the sensor nodes is gathered by the coor-
dinator node, for local processing and logging. Interaction then is possible  
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Fig. 15 Schematic indicating the location of the thermistors and soil moisture sensors in the 
crop array 

between the coordinator node and other devices for managing the delivery of  
agricultural input according to the decision-making rules. 

The application business logic is expressed upon a set of plant/environmental 
parameters, plant states and possible actions (all defined in the ontology) in the 
form of a set of rules. Table 2 contains the applicable rules for the RC zone ap-
plied during the reproductive phase of the crop. Rules for evaluating the plant 
states and actions to be performed are shown. According to our model it is possi-
ble that different zones or demand sites to have different threshold values depend-
ing on different microclimate conditions, different soil types, etc. The threshold 
values may also vary according to the growing phase of the crop. At least three 
different phases are defined for strawberry cultivation (i.e., vegetative, reproduc-
tive and runner development) and within them several irrigation periods each with 
different irrigation requirements. In the strawberry fruiting stage, for example, 
more irrigation is required for quality production. Existing knowledge from the 
horticulture literature can be easily integrated into our system through the ontol-
ogy and rule editing tools described earlier. 

Two additional parameters must be defined for the prototype to be properly 
working; the duration of irrigation/misting and an idle time which specifies the  
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amount of time the rules should be disabled, after the action is performed. This is 
to allow the ecosystem to absorb the changes. The values used for the example 
application were 1 min and 4 hours respectively. 

Table 2 Application rules 

Rule Body 

RCDroughtStress 

 
IF RCLeafTemperature – RCAmbientTemperature > 0.9 °C  

THEN RCDroughtStress  TRUE   

ELSE  RCDroughtStress  FALSE 

RCHeatStress 

 

IF RCDroughtStress AND RCSoilMoisture > 60%   

THEN RCHeatStress  TRUE ELSE  RCHeatStress  FALSE 

RCNeedIrrigation 

 

IF RCDroughtStress AND NOT RCHeatStress   

THEN RCNeedIrrigation  TRUE  

ELSE  RCNeedIrrigation  FALSE 

RCNeedMisting 

 

IF RCDroughtStress  AND RCHeatStress   

THEN RCNeedMisting  TRUE  

ELSE  RCNeedMisting  FALSE 

6   Discussion 

On the agronomic part of the experiment the instrumentation of the strawberry 
field with the wireless sensor network and the plant-driven irrigation resulted in a 
notable reduction in water consumption (~20%) with respect to traditional agricul-
tural practices involving user defined timed irrigation based on rules of thumb 
(twice or thrice a week for 1-2 hours). The later was applied in a parallel setup for 
the same growing period of the crop. The irrigation treatments were imposed from 
the beginning of the flowering to the end of the fruit maturity from early June to 
late September. The quality of the crop was also slightly improved with the preci-
sion irrigation treatment vs. traditional irrigation (yield of 686.4 g/plant vs. 679.6 
g/plant). Fig. 16 illustrates the water supplied to each group.  

The use of the ontology for the organisation of concepts and definition of op-
erational semantics has been successfully tested and revealed the advantages of 
this approach. Using ontology for defining application business logic emphasizes 
system flexibility and adaptability. In that sense, our system architecture can be 
regarded as a reflective architecture that can be adapted dynamically to new re-
quirements. By specifying the rules structure and semantics in an ontology that de-
fines various parameter/states types as well as the arguments that the rules are 
based upon we can use the ontology to verify rules validity. This also makes easier 
the inclusion of environmental/plant context parameters in rules, since we know 
the rules structure and the kinds of values different arguments can take. 
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Fig. 16 Total amount of water (lt/plant) supplied to each group 

Fig. 17 shows the temperature differential between the thermistors with the 
0.9°C threshold marked across the graph. As can be seen from the graph, when the 
plant overheated and the differential between thermistors crossed the threshold, 
the pumps were triggered which brought about a reduction in leaf temperature. 
This graph also demonstrates the reliability of the system control over an extended 
time period. 

 

Fig. 17 Zone specific temperature differential between leaf and ambient  

The reliability of the WSN is of great importance as lost of data may venture 
the decision support layer of the system and thus the correct delivery of inputs. 
There are several measures that have been taken to alleviate this risk. First each 
sensor node will store each measurement in its local memory and will overwrite it 
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when an acknowledgement is received. In addition the use of sequence numbers in 
the packets allows the coordinator node to detect easily lost packets, if the MAC-
layer fails to deliver them after attempting a number of retransmissions. 

7   Conclusion 

We have proposed a system that integrates agricultural data measurement and 
analysis process with the decision making process for determining when and 
where to irrigate, and how much water to apply. The deployment of smart water 
management on a large scale is extremely important given the irrigation needs of 
the agricultural sector (irrigation uses up to 80% of total water in some regions) 
and the decreasing availability of water for irrigation. 

Moving our research towards to a more autonomous system with self-
adaptation and self-learning characteristics, we have been exploring ways of  
incorporating learning capabilities in the system. Machine-learning algorithms can 
be used for inducing new rules by analysing logged datasets to determine accu-
rately significant thresholds of plant-based parameters and for extracting new 
knowledge and extending the system ontology. 
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Optical Sensors to Assist Agricultural Crop 
and Pasture Management 

Ian Yule and Reddy Pullanagari 

Massey University, Palmerston North, New Zealand 

Abstract. Optical sensors offer the opportunity to assess the amount and qual-
ity of pasture and crops growing in the field. This is of great importance to 
farmers as it will allow them to; allocate feed for animals much more accu-
rately than previously possible, and also, design fertiliser and chemical treat-
ments for crops based on the actual crop need calculated through observing the 
plant. Both of these applications are important as agriculture attempts to satisfy 
the twin demands for increased production and improved sustainability, requir-
ing efficient resource use. Present methods often involve destructive sampling 
and removing samples to a laboratory, results often take a number of weeks to 
produce. 

A range of optical sensors have been developed or adapted to sample growing 
crop in the field. One of the main challenges is to develop robust calibration and 
validation methodologies for this group of technologies. The target crops and pas-
tures are variable both spatially and temporally, increasing the challenge. A range 
of statistical approaches have been developed.  

Basic two channel VIS/NIR sensors are capable of estimating biomass, a three 
channel sensor will give additional information and estimate crude protein, while 
a 16 channel sensor is capable of determining crop and pasture nutritive parame-
ters with moderate accuracy. Hyperspectral sensing although more complex, does 
give an improved level of accuracy in determining these nutritive parameters. 
This is a significant step forward for farmers enabling them to measure and man-
age their pasture and crop to a much higher level of precision than previously 
possible. 

Keywords: VIS/NIR sensors, Multispectral sensing, Hyperspectral sensing. 
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1   Introduction 

Remote sensing is defined as “the science and art of obtaining information about 
an object, area, or phenomenon through the analysis of data acquired by a device 
or sensor that is not in contact with the object, area or phenomenon under inves-
tigation”(Lillesand et al 2004). In remote sensing optical sensors such as (spec-
trophotometers, spectroradiometers and radiometers) have been used to detect 
emitted and reflected electromagnetic energy and convert it to a signal that can 
be represented as numerical data or as an image. The wavelength regions used 
for vegetation studies are the visible, VIS(400 to 700 nm); Near Infrared, 
NIR(700 to 1300 nm); and Mid IR, (1300 to 2500 nm), these are the regions 
used.  

2   Sensors 

The primary source of electromagnetic energy is the sun, sensors that depend on 
the sun to illuminate their target are called “passive sensors”. Most space and air-
borne sensors rely on sunlight for their light source. One exception is the  
Raptor™ air borne sensor, (Holland Scientific Inc, USA) which has its own light 
source but can be used at a range of 15 to 40 m from the target. Sensors which 
have their own light source are termed “active sensors”, the main advantage of 
these sensors is that they can be used in any natural lighting condition  as they are 
reacting to their own light source. Due to the desire to minimise illuminating 
power demand, these sensors are often designed to have limited sensing range, 
(0.8 m to 2.5 m).  

When solar or synthetic radiation hits a target it can be absorbed, transmitted 
or reflected, these energy components are a function of wavelength (λ) and the 
target material. Spectral reflectance is the property used to depict the targets fea-
tures and is defined as the ratio of the reflected radiation to the total radiation fal-
ling on the object, (Lillesand, et al. 2004). The spectral reflectance is usually ex-
pressed as a number between 0 and 1, for any individual wavelength. The 
reflectance will vary at individual wavelengths between objects so that different 
objects will have a different spectral signature.  Examples of spectral signatures 
from different targets recorded using an ASD FieldSpec Pro are depicted in  
Figure 1. 

The instruments described here are detailed in Table 1. The ASD is a hyper-
spectral radiometer which has a spectral range between 350 and 2500 nm. The 
other sensors described are much simpler, two, three or sixteen channel sensors.  
The output of the sensors from each channel is manipulated into a vegetation  
indices to describe vegetation features. A large number of indices have been de-
veloped which researchers have used to identify physical and chemical features of 
green vegetation and discriminate between plants or discriminate between plants  
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of the same species. In all cases these simpler sensors have a sensing channel in 
the visible waveband and one in the near infrared waveband. As can be seen from 
Figure 1 the reflectance of each type is different and helps to characterise the ob-
ject’s features. A large number of indices have been developed which researchers 
have used to discriminate between plants or discriminate between plant of the 
same species. A large number of these indices are centred around the red edge, 
(between the visible and NIR wavebands) as this is the main region of impor-
tance. The two and three band sensors take readings at the prescribed wave-
lengths with differing band width depending on the methods used within the  
sensor, the indices refer to ratios describing the differences between the VIS and 
NIR regions.  
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Fig. 1 Spectral Signatures of soil, dry and green vegetation. (Using an ASD Fieldspec Pro 
Spectralradiometer). 

The indices were reviewed by Pullanagari (2009) who demonstrated  indi-
ces for different purposes such as atmospheric indices, general and structural, 
soil, water, chlorophyll and leaf area indices. These indices have generally 
been generated by individual researchers seeking to gain a better explanation 
of data compared to existing indices. It does however indicate that there are 
spatial and temporal differences as crops and pasture change with maturity and 
season. A sample of some of the more common indices used in studies are il-
lustrated in Table 2. Seasonal variation exists and constant re-calibration and 
validation are required if accuracy is to be maintained throughout the growing 
season. 
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Table 1 Sensors used by the authors which are further described in this chapter 

 

Table 2 Commonly used Vegetation Indices 

Name of the indice Formula Author 

Normalised difference 
Vegetation Index 

(NDVI) 
 Rouse et al (1973) 

Simple Ratio Index (SR)   Jordan (1969) 

Soil Adjusted Vegetation 
Index (SAVI) 

(1+L) (NIR-VIS) (NIR-VIS +L) Huete (1988) 

Pasture Index (PI)   

Normalised Difference 
Water Index (NDWI) 

 
 

Gao et al (1996) 

RDVI  Rougean and 
Breon (1995) 

 

Sensor Developer 

Spectral 
Range nm, 
(number of 
channels) 

Spectral 
Resolu-

tion (nm) 

Spatial 
Resolu-
tion (m) 

Crop Circle 
(ACS-470) 

Holland Scien-
tific Inc., USA 

440-760 (3) 20-40 < 1 

Cropscan 
(MSR-16) 

Cropscan Inc., 
USA 

460-1680 
(16) 

7-16 < 1 

CropSpec Topcon, USA 730-810 (2) 10 < 1 

GreenSeeker 
(RT-500) 

N Tech Indus., 
USA 

656-774 (2) 25 < 1 

ASD FieldSpec 
Pro 

Analytical Spec-
tral Devices Inc., 

USA 

350-2500 
(2150) 

1.4-2 < 1 
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3   Statistical Methods 

Proximal sensors have been successfully deployed in commercial crops, particu-
larly wheat, maize (Roberts, 2009; Solari, 2008). Less research has been com-
pleted on pasture which tends to be more variable due to different stages of  
maturity, pasture mixes, weeds and animal grazing patterns. For example, in pas-
ture Flynn et al (2008) found a correlation (r2 = 0.64), between pasture mass of tall 
fescue and NDVI, using a Greenseeker active proximal sensor which was also 
used to correlate (r2=0.69) NDVI with N uptake of Bermuda grass (Mosali 2007). 
Trotter et al (2010) used a Crop Circle ACS210 sensor to predict the herbage mass 
of tall Fescue and found an r2 of 0.71.  

Hyperspectral instruments have shown a greater potential to explain the bio-
chemical features of plant material than the broad band multispectral sensors. 
These can be explained through narrow band indices similar to the broad band 
equations used for multispectral sensors. Mutanga et al(2004) used a narrow band 
Simple Ratio (SR) indices to estimated biomass of Cenchrus ciliaris grass to a co-
efficient of determination of 0.80. Studies have indicated that narrow band indices 
are useful in predicting leaf area index, biochemical content and water potential of 
leaf and canopy with high accuracy.  

In order to utilise the information from the greater number of wavebands 
more sophisticated statistical methods have been employed. Sanches (2009) 
demonstrated that multivariate analysis (where hundreds of wavebands could 
be used to extract information) gave improved estimates of vegetation charac-
teristics compared to univariate analysis. Step wise multiple linear regression 
(SMLR) is a multivariate statistical method used widely in laboratory based 
NIRS analysis, mainly due to its simplicity compared to other methods  
(Marten et al 1985). This method involves selecting a few optimal wavebands 
which can explain a large proportion of the variation in the property of inter-
est. SMLR has been criticized due to problems of over fitting the data associ-
ated with multicollinearity affecting the prediction power, further issues exist 
relating to the lack of consistency in wavelength selection. (Grossman et al 
1996).  

To overcome some of these problems, principal component regression 
(PCR) has been proposed as a two step process (Esbensen, et al., 2009), using 
principal component analysis (PCA) and multiple linear regression, (MLR). In 
addition Partial Least Square Regression (PLSR) is another method commonly 
used in hyperspectral radiometery because it can deal with numerous multicol-
linear variables as well as dealing with situations where the number of inde-
pendent variables are greater than the number of observations, (Wold et al 
2001). 
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4   Results 

4.1   Multispectral Sensors 

The performance of three multispectral sensors has been tested over a number of 
crops totalling an area of 900 ha. A number of plant growth stages have been tar-
geted, using wheat, maize and ryegrass for seed production. The purpose of the 
trial was to establish how similar the sensors were in their results. They operate at 
slightly different wavebands, as illustrated in Table 2, because they measure at 
different wavelengths the calculated values for indices such as NDVI are differ-
ent. However it is the standardised performance that was considered for compari-
son, can they all detect areas of low and high biomass? The sensors were placed 
on tractor mounted sprayers with a working width of 24m. The sensors were read 
at between 2 and 5 Hz, the data was placed in a cell size of 24 by 24m, this 
formed a raster within a geographical information system (GIS) package that al-
lowed the individual layers of data to be compared. The standardized population 
from each sensor was compared as illustrated in Figure 2. A reasonable level of 
agreement was generally achieved although some differences did emerge espe-
cially in the later stages of growth. Maps  of the data were also produced as the 
example in Figure 3, which again indicated a high level of agreement in a maize 
crop. The situations where the sensors are not giving consistent results are not 
random and are being studied further in order to understand what is driving the 
difference. 
 

 

Fig. 2 Comparison of standardised population of NDVI values for a 48 ha Maize paddock 
at growth stage V7. GreenSeeker (x) vs. CropCircle (y) 
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maize

 

Fig. 3 Photosynthetically active biomass maps for 48 ha maize paddock. Indicating relative 
trends, dark green areas are areas of higher biomass. 

 
 
 
 
 

Cs Polygons
6.84 - 18.54   (2.7 ha.)
18.54 - 23.64  (7.4 ha.)
23.64 - 27.39  (15.0 ha .)
27.39 - 31.01  (14.4 ha .)
31.01 - 40.8   (9.2 ha.)

Crop Circle Vi2 NDVI
0 - 0.3      (2.2 ha.)
0.3 - 0.4    (5.5 ha.)
0.4 - 0.48   (15.0 ha.)
0.48 - 0.55  (12.8 ha.)
0.55 - 0.73  (13.0 ha.)

Greenseeker NDVI Dec 2010
0.27 - 0.49  (2.5 ha.)
0.49 - 0.6   (6.8 ha.)
0.6 - 0.68   (11.0 ha.)
0.68 - 0.76  (13.7 ha.)
0.76 - 0.85  (14.6 ha.)

Greenseeker Sensor 

Crop Circle Sensor 

Cropspec Sensor 
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The sensors were designed to be used with associated software to control fertil-
iser inputs to the crop. Generally, in spring the outcome is to apply more nitrogen 
to areas of lower biomass so that the plant can increase in physical size, allowing 
more photosynthetically active radiation to be captured, thereby increasing yield. 
Although  the range of sensor values are different a universal algorithm is still 
possible using the range of data produced from each sensor, where the slope of the 
function is set by the range of sensor data, allowing very similar fertiliser applica-
tion plans to be produced from the different sensors.   

Multispectral sensors have also been used to estimate pasture biomass and 
pasture quality parameters. An extensive experiment was conducted where cut 
samples were used to relate NDVI to pasture biomass. The result for estimating 
biomass showed similar results to earlier research. (r2 = 0.59, NDVI; r2 = 0.69, 
PI). Estimates of standing crude protein had a higher level of explanation with r2 
= 0.63, NDVI and r2 = 0.77 for PI . The addition of a third waveband, incorpo-
rated into a Pasture Index,  gave  improved accuracy and when considering 
standing crude protein rather than biomass the level of explanation was further  
increased. The Crop Circle ACS470 has the ability to measure that third chan-
nel, whereas the other sensors detailed in Table 1 only have two measurement 
channels.  

A 16 channel CropScan™, hand held, passive sensor was also used to estimate 
a range of pasture quality parameters. These included: crude protein(CP), acid de-
tergent fibre(ADF), neutral detergent fibre(NDF) and metabolisable energy(ME). 
Similar levels of explanation were achieved over a greater range of quality  
parameters when two band indices were developed. Using a stepwise linear re-
gression Pullanagari (2011) showed that pasture quality could be predicted with 
moderate accuracy. The wave bands identified were different for each parameter 
with 11 of the possible 16 instrument wavebands featuring for 4 quality parame-
ters, as illustrated in Table 3. 

 

Table 3 Coefficients of determination (r2) between crop reflectance of best regressors and 
pasture quality components using stepwise linear regression to select important 
wavelengths. Pullanagari et al. (2011) 

Pasture 
Quality 

component 

Selected Regressors 
(wavelengths) nm 

 
Calibration 

 
r2 RMSE 

 
CP 

 
620, 700,930,1080 

 
0.72 

 
2.82 

ADF 670,700,740,970,1200 0.59 2.69 

NDF 770, 800, 930, 970 0.45 5.33 

ME 770, 930, 970 0.72 0.53 

CP crude protein, ADF acid detergent fibre, NDF neutral detergent fibre, ME metabolisable  
energy. 
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Pasture is known to change throughout the growing season and using a partial 
least square regression of all 16 channels available within the CropScan instru-
ment was used to illustrate the differences. High levels of explanation were 
achieved when datasets were sub-divided according to season. The results are  
illustrated in Table 4, although protein was successfully predicted in all three sea-
sons ME (an important determinant of livestock performance) was not well pre-
dicted in the spring and summer seasons.   

Table 4 Calibration and cross-validation of spectral and pasture nutritive value data using 
partial least square regression (PLSR) at three sites during three seasons (autumn, spring 
and summer) in 2009-2010 in Waikato, Taranaki, Manawatu and Canterbury regions, New 
Zealand. 

 

 

4.2   Hyperspectral Sensing  

An ASD Fieldspec Pro was used on a number of commercial dairy farms in New 
Zealand to determine the same range of pasture quality parameters. Pullanagari et 
al (2011) demonstrated that it was possible to develop relationships between these 
parameters and the first derivative of the spectral reflectance acquired in the 350 
to 2500 nm range using partial least squares regression (PLSR).  The study in-
volved in-field measurement of pasture samples, followed by cutting and labora-
tory sampling in order to create calibration models and validation data sets.  
Results have been very encouraging with a high level of explanation of the data. 
Nash-Sutcliffe efficiency (NSE) and Ratio Prediction Deviation (RPD) were used  
 

 
 Pasture nutritive value 
 CP ADF NDF ME 

  Autumn season (n=248) 

Calibration r2 0.80 0.80 0.80 0.84 
RMSE 2.05 2.15 4.09 0.49 

Leave-one-out 
Cross-validation 

r2 0.76 0.77 0.76 0.82 
RMSE 2.2 2.31 4.41 0.52 

 RPD 2.00 2.09 2.05 2.34 
  Spring Season (n=85) 

Calibration r2 0.80 0.55 0.65 0.5 
RMSE 1.83 1.08 1.73 0.27 

Leave-one-out 
Cross-validation 

r2 0.69 0.23 0.5 0.23 
RMSE 2.13 1.15 2.07 0.32 

 RPD 1.89 1.21 1.42 1.15 
  Summer Season (100)  

Calibration r2 0.86 0.60 0.5 0.5 
RMSE 1.84 1.51 3.49 0.44 

Leave-one-out 
Cross-validation 

r2 0.80 0.45 0.30 0.28 
RMSE 2.1 1.7 4 0.48 

 RPD 2.2 1.34 1.21 1.20 
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along with calculating r2 and RMSE values. These indicated a high level of accu-
racy and low root mean square error for the pasture quality parameters CP, ADF, 
NDF and ME. Table 5, adapted from Pullanagari et al (2011) indicates the results. 
ME was predicted with high accuracy as well as protein content.  

Table 5 PLSR results between first derivative reflectance and pasture quality 
concentrations for cross-validated calibration and validation datasets. Adapted from 
Pullanagari et al (2012) 

Pasture quality 
parameters 

Cross-validated calibration set  

r2 RMSECV RMSECV% Bias RPD NSE  

CP 0.82 2.08 10.10 0.07 2.34 0.81  

ADF 0.81 2.13 8.163 -0.02 2.28 0.80  

NDF 0.77 4.22 9.703 -0.07 2.08 0.76  

ME 0.83 0.46 4.082 0.01 2.46 0.83  

 
r2 coefficient of determination, RMSECV root mean square error of cross vali-

dation, RMSECV% root mean square error of cross validation percentage, 
RMSEP root mean square error of prediction, RMSEP% root mean square error of 
prediction percentage, RPD ratio prediction to deviation, NSE nash-sutcliffe effi-
ciency, y = measured parameter , x = predicted parameter using reflectance. 

5   Conclusions 

This chapter summarises research work examining the utility of optical (multis-
pectral and hyperspectral) sensors in crop and pasture management.  These sensors 
show a good deal of promise in terms of generating management information such 
as photosynthetically active biomass as well as crop and pasture quality parame-
ters, such as crude protein and metabolisable energy. The statistical methods sur-
rounding the use of these sensors are extremely important in determining accurate 
results as spatial and temporal variability will be encountered.  

Producers are being required to grow more food with less environmental impact 
and technologies like these can help guide management to efficient production.  
The technologies are reducing in cost and therefore increasing in availability to 
commercial producers which is likely to stimulate further interest. Traditional test-
ing methods are expensive and time consuming, requiring destructive sampling, 
with the samples being sent to a specialist laboratory. The methods described here 
can be used in the field and results are available immediately. One issue is that 
ground or milled dried samples are likely to be more consistent than field ob-
served samples where the structure of the plants or sward has an effect. Further 
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work is required to overcome these difficulties but the methods do appear to offer 
a great deal of promise and have the potential to make a large contribution in mak-
ing agriculture more efficient in the future.  
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Abstract. Field monitoring is always an important issue in modern agricultural 
management and therefore an efficient, automatic system for environmental data 
collection is needed. An ideal system for this purpose should be able to record 
long-term and up-to-the-minute environmental fluctuations. In this paper, we report 
a remote pest monitoring system which was newly designed with large-scale, long-
distance, long-term, and real-time agricultural information collection capabilities. 
The proposed system was built upon wireless sensor network (WSN). The system 
consists of three major components: a network of wireless automatic counting traps 
(WACTs), a remote monitoring platform (RMP), and a host control platform 
(HCP). WACTs transmit environmental data to RMP through a WSN. The RMP 
packages all data sent by WACTs into an SMS message, and delivers this message 
to HCP by using a Global System of Mobile Communication (GSM) module. Users 
can search all historical sensing data from HCP and a website. The proposed sys-
tem has been tested in the field since August 2008, and the data transmitted from 
the monitored field has demonstrated that the system is capable of monitoring envi-
ronmental parameters and population dynamics of the Oriental fruit fly in real-time. 
The data collected by the proposed system offers useful information to researchers 
to analyze the relationship between the population dynamics of the fruit fly and the 
environmental parameters. Based on the analysis, we believe that a better operation 
decision can be made in pest monitoring and management. 

Keywords: agricultural management, oriental fruit fly, pest monitoring, popula-
tion dynamics, wireless sensor network. 
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1   Introduction 

There are 148 species of fruit flies (family Tephritidae) recorded in Taiwan [17]. 
Among them, the Oriental fruit fly, Bactrocera dorsalis (Hendel), is one the most 
well-known pests in the island, which causes huge agricultural damage year after 
year [14,23,37]. 

A female Oriental fruit fly can lay about 1200 to 1500 eggs during her life-
time, in rare occasion she lays more than 3000 eggs. The fly likes to oviposit 
on ripe fruits, but sometimes the unripe ones are also the targets. It takes about 
16 days to develop from an egg to an adult and 9 days more to be sexual matur-
ity under a warm environment in summer. The fruit fly can produce 8-9 genera-
tions each year. The Oriental fruit fly is widespread throughout Southeast Asia, 
including Taiwan, Malaya, Thailand, and Pakistan. Hawaii, Mariana Islands, 
and some parts of continental United States, such as California, also reports its 
existence [10]. The fly makes fruit rotten and dropped, so the quality and quan-
tity of infested fruits are declined. More than 150 species of fruits and vegeta-
bles, including those economic important ones, such as guava, peach, mango, 
and citrus, have been recorded as the host plants of the Oriental fruit fly,  
so far, [36]. 

Taiwan, an island with 36000 square kilometers and a wide range of terrain, is 
abundant in many kinds of fruits and vegetables. Unfortunately, up to 90% of 
fruits and vegetables in Taiwan is the host of the Oriental fruit fly, and thus the 
economic turmoil caused by the Oriental fruit fly reaches 4 billion US dollars [13]. 
The government has to spend about 5 million US dollars to initiate the compre-
hensive control program (CCP) annually. A variety of CCPs, combining pest den-
sity survey and annihilation have been proposed to prevent the loss caused by the 
Oriental fruit fly [18], such as physical, biological [11,42], integrated [27] and 
chemical [12] controls, sterile-insect [3,26], male annihilation [32,45], and bait 
application [35], techniques. In some cases, a surveillance system is combined 
with different control techniques. Among these CCPs, the male annihilation is typ-
ically used in Taiwan. After the flies are attracted by the attractant (i.e., methyl 
eugenol) mixed with insecticides placed in a trap, the number of the flies can be 
manually counted. More than 60 monitoring stations, each of which includes 9 
spots equipped with fly traps, and thus totally 540 monitoring traps have been set 
up in Taiwan [1,8]. The number of the trapped flies is counted and recorded every 
10 days. 

Although there are other CCPs in progress for monitoring the Oriental fruit 
flies in Taiwan, the major concern of these programs is to monitoring the fly den-
sity rather than analyze the factors that involved the population dynamics of the 
Oriental fruit fly. Past studies have demonstrated that the ecology of the Oriental 
fruit fly is influenced by the factors like temperature, solar illumination, and dif-
ferent kinds of crop [2,7,29]. A better understanding of these factors helps farmers  
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and researchers to design a more effective CCP. However, the cost of manually 
measuring the environmental factors at a large-scale application is rather high. It is 
thus necessary to develop an automatic surveillance technique which can provide 
accurate and useful information regarding pest population and environmental pa-
rameters in real-time. 

Such an automatic surveillance system can be built upon wireless sensor net-
works (WSNs). WSN is a relatively new technique and has been well-known by 
its flexible sensing characteristics in satisfying various requirements. It has also 
been used in a variety of domains, including military [45], industry [19.28], pol-
lution monitoring, healthcare service [15,39], ecological and natural environment 
surveillance [20,21,38]. In general, a WSN is composed of a number of wireless 
sensor nodes and an energy-rich sink node. The wireless sensor node is in charge 
of carrying out the sensing tasks. It integrates sensors, microprocessors, commu-
nication modules, and power supply into a small circuit. The sink node is de-
signed to gather all of the sensing data received from wireless sensor nodes, and 
then the sink node transmits the data to a remote base station. Via a communica-
tion protocol, when a command is issued either from a researcher’s cellphone or 
from the base station on a scheduled time, the real-time sensing data will be au-
tomatically relayed between sensor nodes to the destination, the base station. The 
incorporation of wireless communication and WSN technologies has led to a 
larger scale of data acquisition and a higher sampling frequency than those pro-
vided by conventional, manually measuring approaches. In many applications of 
WSN, the renewable energy such as solar energy is used to sustain the network 
operation. 

Recently, WSN technology has also been applied to many agricultural and food 
industry applications, due to their advantages of significant reduction and simpli-
fication in wiring and installing. For example, WSN was used in a vineyard to ac-
quire the data on air temperature, soil temperature, soil moisture content, relative 
humidity, and solar illumination [24]. It was also employed to get proper timing of 
irrigation by sensing the soil moisture and soil temperature [43]. [5] and his team 
utilized the WSN technology to manipulate the behavior of cattle, and Ruiz-
Garcia’s team [31] exploited the same technique to monitor the fruit logistics in 
real-time. In addition, some similar works on precision agriculture [4,6,30] have 
involved the WSN technology. [44], for example, reported on the recent develop-
ment and future perspective of wireless sensors in agriculture and food industry. 
They classified the applications of WSN into five categories: environmental moni-
toring, precision agriculture, machine and process control, building and facility 
automation, and traceability systems. However, in [44] and other previously pub-
lished studies, WSN applications designed for trapping and counting insect pests 
are rarely mentioned. 

In this study, an ecology monitoring system of the Oriental fruit fly built upon 
WSN technologies has been deployed in the Chia-Yi agricultural experiment sta-
tion, Taiwan Agricultural Research Institute (23° 26' 23.14'' N, 120° 16' 38.09'' O).  
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By equipping each wireless sensor node with an automated counting and trapping 
device, this system is capable of automatically reporting environmental conditions 
(e.g. temperature, humidity, illumination, wind speed, wind direction, and rainfall 
volume) and the number of the Oriental fruit fly in real-time [14]. The user can 
access the sensed data via Internet and find the results of statistical analyses. The 
hardware structure and the software design of the proposed ecological monitoring 
system for the Oriental fruit fly are introduced in Section 2. To verify the relation-
ship between the system counting and manual counting of the Oriental fruit fly, a 
nonparametric analysis is carried out in Section 3. Section 3 shows the linear re-
gression results when taking temperature and humidity readings into account. In 
this section, the results of the spatial distribution of the Oriental fruit fly and the 
potential relationship between the hotspots and the sensing data are also revealed. 
Finally, Section 4 provides some conclusions regarding the proposed ecological 
monitoring system. 

2   Materials and Methods 

2.1   System Configuration 

This Oriental fruit fly monitoring system includes a set of wireless automatic 
counting traps (WACTs), remote monitoring platforms (RMPs), and a host control 
platform (HCP). The conceptual diagram of the proposed system is depicted in 
Fig. 1. 

 

 

Fig. 1 Conceptual diagram of the proposed remote wireless automatic monitoring system 
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WACTs are deployed at locations of interest in the monitoring area. Each 
WACT includes an automated counting trap and a wireless sensor node. The 
counting trap is modified by integrating the traditional fruit fly trapping tube with 
an automatic counting module installed in the tube. The sensor node is equipped 
with a light sensor and a temperature/humidity sensor. The wireless sensor node 
collects the ecological information and sends the information package back to 
RMPs by using the routing path optimized by HCP. Therefore, the proposed moni-
toring system can provide high spatial and temporal resolutions sensing on the en-
vironmental factors. 

RMP is equipped with an anemograph, temperature/humidity sensors, a GPS 
receiver, a GSM module, and a Zigbee transmission module. It measures the envi-
ronmental factors and transmits all sensing data collected from WACTs to HCP. 
Based on different power consuming requirements, two different types of RMPs 
are designed, namely MSP-based RMP (MSPRMP) and PC-based RMP 
(PCRMP). MSPRMP is designed upon the basis of a microcontroller (MSP430). 
Since MSPRMP has an advantage of low power consumption, a solar panel is in-
tegrated into MSPRMP as its power source. In contrast, PCRMP is sustained by 
commercial electricity. Built on a personal computer (PC), PCRMP is a highly 
multifunctional and stable platform for field surveillance applications. Each 
PCRMP is equipped with an anemograph, a temperature/humidity sensor con-
nected via RS232-USB interface. Since RS232-USB interface is a standard inter-
face widely used in industry, it allows PCRMP to be integrated with different 
kinds of sensors with ease. 

HCP is built on a PC-based server and equipped with a GSM modem and a 
MySQL database [16]. Users can query the real-time field sensing data, statistical 
analysis results, and historical records via a web service interface provided by 
HCP. HCP also allows system administrators to manage all WACTs and RMPs 
through a graphical user interface (GUI) monitoring program designed on the de-
velopment platform of LabVIEW (National Instruments, Inc.). In addition, HCP is 
able to generate an optimal topology for each affiliated WSN, to receive the mea-
surement readings from RMPs in the data format of short message service (SMS), 
to store the readings into MySQL database, and to transmit instant commands to 
RMPs using SMS messages on GSM platform. 

2.2   Wireless Automatic Counting Traps (WACT) 

WACT is built by integrating an automatic counting trap [14] with a wireless sen-
sor node. The automatic counting trap is modified from the traditional fruit fly 
trapping tube by installing an automatic detecting module in the tube to determine 
the number of the Oriental fruit flies caught by WACT. The wireless sensor node 
is equipped with a light sensor and a temperature/humidity sensor. These sensors 
are utilized to measure environmental parameters that are time-synchronized with 
the number of fruit flies determined by the automatic counting trap. The structure 
of WACT is illustrated in Fig. 2. 
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2.2.1   Wireless Sensor Nodes 

An MSP430 microprocessor, developed by Texas Instruments Inc, is used as the 
core-processing chip installed in the wireless sensor node (Octopus II) as shown in 
Fig. 3. The MSP430 microprocessor controls the temperature/humidity and illu-
mination sensors, and transmits the sensing data to the wireless communication 
module microprocessor, CC2420 chip, which is a 2.4 GHz IEEE 802.15.4 com-
pliant radio frequency (RF) transceiver chip. 

2.2.2   Automatic Counting Traps 

An automatic counting trap is made by a traditional Oriental fruit fly trap, a signal 
modulation module, an 8051 microcontroller, and two fly entering tubes equipped 
with four pairs of infrared interruption sensors [14]. A mixture of chemical male-
specific attractant and insecticide is placed in the trap to attract and kill male fruit 
flies [34]. To avoid the counting fault caused by fly hover, a double-counting rou-
tine is implemented in the 8051 microcontroller that controls the infrared interrup-
tion sensors [14]. When the fruit fly hovers through the tube, the infrared interrup-
tion sensors will detect such event, and the double-counting routine is then 
activated to provide accurate pest counting results. 

 

 

Fig. 2 A practical outer and inner layout of a WACT 

The signal modulation module designed by integrating four comparators and 
four monostable multivibrators (MMs). The main purpose of this module is to 
capture the event of fruit fly hovering through the tube, and to translate such event 
by issuing an interrupt signal to the 8051 microprocessor. First, the comparator is 
used to compare the output voltage of the infrared interruption sensor with a thre-
shold voltage. If the output voltage of the infrared interruption sensor is higher, 
the interrupt signal will be sent to MM. Consequently, the MM issues a 5 V square 
wave and transmits the square wave to the 8051 microcontroller. Finally, the 8051 
microcontroller converts the signal into counting data by the double-counting  
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routine and then transmits the number of fruit flies captured in the trap to the  
wireless sensor node (Octopus II) every 30 minutes. The number of fruit flies and 
concurrent readings of temperature, humidity, and illumination using sensors on 
the wireless sensor node are sent to RMP. 

2.3   MSP-Based Remote Monitoring Platform 

The block diagram of MSPRMP system is shown in Fig. 4. MSPRMP is built 
upon a low-power microcontroller, MSP430-FG4619, developed by Texas In-
struments as its central processing unit. MSPRMP also contains four external de-
vices, an external GPS receiver, a GSM modem, a temperature/humidity  
sensor, and an anemometer. These external devices are connected to a switch cir-
cuit that functions as a multiplexer which supports connections of them to the 
MSP430 microprocessor via a serial port (UART1, Universal Asynchronous  
Receiver/Transmitter). The block diagram of MSPRMP is shown in Fig. 4. 

 

 

Fig. 3 An illustration of the architecture of wireless sensor node (Octopus II) 
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The anemometer used here is AM-4203 made by the Lutron Company. It is 
able to measure the speed of wind with an accuracy of ±2.0%. The AM-4203 pro-
vides a RS-232 compatible serial port to communicate with MSP chip. The tem-
perature/humidity sensor used in MSPRMP is SHT75, which is produced by Sen-
sirion and has a built-in microcontroller to measure temperature and relative 
humidity of air, simultaneously. SHT75 provides highly stable and accurate mea-
surement of air temperature and humidity with measurement errors of ±2.0% and 
±0.4 ˚C, respectively. The GSM module (model no.: FASTRACK Supreme 20) 
produced by WAVECOM Corporation is used in both RMP and HCP. The GSM 
module meets both GSM900 and GSM1800 specifications, and it has basic func-
tionalities of generic cell phone with General Packet Radio Service (GPRS) mod-
em capability. In addition, the GPS receiver (GM44, San Jose Navigation Corpo-
ration) with an RS-232 interface is used in MSPRMP. The GPS receiver provides 
15 m positioning accuracy, mainly utilized to coordinate the geographical infor-
mation of RMP. Furthermore, GPS time tag is used to synchronize the system 
time of MSPRMP. Fig. 5 shows a practical deployed MSPRMP and its internal 
configuration. 

 

 

Fig. 4 Block diagram of MSPRMP that integrates microcontroller and external devices 

The MSP chip is connected with Zigbee transmission module via a serial port 
(UART0). Thus, the proposed MSPRMP is capable of managing and monitoring 
WACTs deployed in the sensing area. MSPRMP sends control commands and col-
lects environmental parameters from all WACTs. Consequently, MSPRMP inte-
grates all of the sensing data from WACTs and the data generated by itself, and 
then transmits all information to HCP by sending SMS text messages over a GSM 
network. 
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2.4   PC-Based Remote Monitoring Platform 

The PC-based remote monitoring platform (PCRMP) is developed in the JAVA 
platform and connects with a GPS module, a GSM modem, a professional weather 
center set (WS-2310 Manual, LaCrosse Technology, Inc., 2010) [25], and a Zig-
bee transmission module. The deployment of a PCRMP and its internal configura-
tion is shown in Fig. 6. The weather center set is used to obtain a variety of envi-
ronmental readings including temperature, humidity, wind speed, wind direction, 
atmospheric pressure, wind chill temperature, dew point temperature, and rainfall 
volume. 

 

 

Fig. 5 The deployed MSPRMP and its internal architecture 

 

Fig. 6 The deployed PCRMP and the internal architecture 
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The WS-2310 automatic weather center set transmits its sensing data to 
PCRMP via a RS-232 compatible serial port. This weather center set has a tem-
perature sensitivity of 0.2°F (ranging from –21.8°F to +157.8°F), a humidity sen-
sitivity of 1%RH (ranging from 20%RH to 95%RH), and a pressure sensitivity of 
0.1 mph (ranging from 0 mph to 111.8 mph). All of the external devices are con-
nected to PCRMP via UART. 

The software of PCRMP is designed to control the Zigbee transmission module 
and the GSM modem using TinyOS library and short message service (SMS) 
JAVA library, respectively. The libraries provide PCRMP with many ready-to-use 
subroutines. The block diagram of PCRMP regarding the software and hardware is 
depicted as Fig.7. 

 

 

Fig. 7 System block diagram of PCRMP that demonstrates the interface between software 
and hardware devices 

The working flowchart of PCRMP is shown in Fig. 8. First, PCRMP checks all 
UART interfaces and starts a topology initialization process to establish initial lin-
kage tables for all WACTs. During the topology initialization process, initial link 
tables are transmitted to HCP via the GSM module. HCP calculates the optimal 
routing paths for all WACTs, and send them back to PCRMP for setting up optim-
al routing tables for all WACTs. PCRMP collects the sensing data from WACTs 
and itself every 30 minutes. Finally, HCP generates a number of SMS text mes-
sages, and sends them to HCP over a GSM network. 

2.5   Graphical User Interface (GUI) Monitoring Program  
for the Host Control Platform 

After RMPs transmit the sensing data to HCP, the sensing data are stored in a 
MySQL database. A GUI monitoring program is developed in LabVIEW 7.1  
(National Instruments, Inc.) as shown in Fig. 9. The program is built by five pri-
mary components, user account management sub-program for identifying users’ 
security clearance, a GSM control sub-program for receiving and sending SMS 
text messages (see Fig. 9 (a)), an optimization algorithm for determining best  
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routing paths for WACTs, a sub-program for displaying instant network topology 
(see Fig. 9 (b)), and a MySQL inquiry sub-program for fetching historical sensing 
data (see Fig. 9 (c)). The operating procedure of the GUI monitoring program is 
depicted in Fig. 10. The entire operational procedure can be divided into two 
parts: 

(1) Initialization: Users are allowed to access main menu of HCP after successful 
authentication. The GSM module is then initialized by the program to check 
whether a GSM service is available to communicate with RMPs. If the initia-
lization process fails, the program will reset the GSM module, and retry the 
initialization process again until it succeeds or it reaches a timeout limit. 

 

 

Fig. 8 An overall flowchart of PCRMP for network initialization, data collection and 
transmission process 

(2) WSN Setup: After the initialization process is done, HCP will optimize the to-
pology of WACTs if it receives the SMS text messages that contain the linkage 
tables of WACTs under control of a RMP. The objective of the optimization is 
to balance the network traffic and to prolong the network lifetime of WACTs 
using the first order load-balanced algorithm with static fixing scheme [9]. For 
example, the initial linkages (dashed green lines) and optimized paths (solid 
dark green lines) of a given set of WACTs are illustrated in Fig. 9 (b). Moreo-
ver, HCP notifies RMPs regarding the data return period (DRP) determined 
previously by administrators. In this study, DRP is set to 30 minutes for all 
RMPs. Thus, RMPs periodically return the sensing data according to DRP. 

After the sensing data is reached to HCP, the data will be automatically stored into 
a MySQL database for further analysis and inquiry (see Fig. 9 (c)). Furthermore, 
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HCP is able to monitor the population dynamics of the Oriental fruit fly. If the 
number of the Oriental fruit flies significantly increases, a SMS alarm message 
will be sent to the administrators or government officials over a GSM network. 
Such SMS alert is an essential notification for them to initiate pest control strate-
gies before pest outbreaks. 

 

  
                     (a)                                      (b) 
 

 
(c) 

Fig. 9 A GUI program of HCP for managing sub-networks. (a) shows the system management 
page, (b) shows the topology control page and (c) shows the data query page provided by HCP 

 

Fig. 10 Operating procedure of the GUI monitoring program 
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2.6   Web Service Interface on the Host Control Platform 

A web service interface is established to provide public network access for exter-
nal users to retrieve real-time and historical records, i.e. fly counts and environ-
mental factors, collected by the proposed WSN-GSM based ecological monitoring 
system via the Internet. The website is fully integrated with the MySQL database 
to provide efficient data retrieval service. Furthermore, such web service interface 
allows farmers and researchers to apply pesticide accurately and study population 
dynamics of the Oriental fruit fly. By integrating with Google Maps, the web ser-
vice interface also provides geographic information of all deployed WSNs, as 
shown in Fig. 11. Figure 12 demonstrates a user-friendly graphical inquiry service 
provided by the web service interface. Figures 13 and 14 demonstrate the outputs 
of the inquiry service when external users retrieve history records collected by a 
PCRMP and a WACT. 

 

Fig. 11 Illustration of the web service interface on HCP that shows the geographic informa-
tion of the deployed ecological monitoring system 
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Fig. 12 Illustration of the web service interface on HCP that demonstrates the sensing data 
inquiry service provided by HCP 

 

Fig. 13 Graphical inquiry of the data collected from PCRMP of network no. 11 
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Fig. 14 Graphical inquiry of the data collected from WACT of network no. 11 

3   Implementation and Experiment 

3.1   Experimental Environment 

Our ecological monitoring system for the Oriental fruit fly has been deployed at 
Chia-Yi Agriculture Experiment Station, Taiwan Agricultural Research Institute. 
The system includes four networks1, and their network numbers are no. 11, 12, 13, 
and 14. The physical positions of WACTs affiliated to the four networks are 
drawn on a satellite view map shown in Fig. 15. Network No. 11 is deployed in a 
60 m × 60 m orange orchard with a PCRMP and ten WACTs. Network no. 12 and 
13 are deployed in the same guava field of size 20 m × 60 m, where network no. 
12 contains one PCRMP and twelve WACTs, and network no. 13 contains one 
PCRMP and ten WACTs. The averaged distance between any pair of WACTs in 
networks no. 12 and 13 is about ten meters, and PCRMPs are surrounded by 
WACTs at the center of the guava field. Finally, network no. 14 consists of twenty 
WACTs and a PCRMP deployed in a 50 m × 30 m orange orchard. PCRMP col-
lects environmental data from its underlying WACTs every thirty minutes, and 
then organizes the data into SMS text messages for sending back to HCP over a 
GSM network.  

 

                                                           
1 The data from network no. 11, 12, 13, and 14 is collected in the duration from 1st of July, 

2008 to 16th of December, 2008; from 1st of August, 2008 to 10th of March, 2009; from 
8th of August, 2008 to 10th of March, 2009; and from 16th of March, 2009 to 31st of Mach, 
2010, respectively. 
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Fig. 15 The physical positions of WACTs affiliated to the four networks 

Accuracy is one of the major challenges of designing a reliable ecological mon-
itoring system. Three datasets were formed by the sensing data collected from 
networks no. 11, 12 and 13, respectively. Each dataset offers fly counts and envi-
ronmental factors for the duration of roughly five months. Faulty records were 
removed from the datasets resulting in 355, 176 and 121 data points for accuracy 
evaluation. Furthermore, the sensing data collected from network no. 14 for the 
duration of around one year was used to perform hotspot analysis of the Oriental 
fruit fly. Such analysis would provide useful information regarding the association 
between climate factors and habitat changes of the Oriental fruit fly. 

3.2   Statistical Analysis of the Fly Counting Accuracy Provided  
by the Proposed Monitoring System 

Fig. 16 shows the linear regression of the counting results from (a) network no. 
11, (b) no. 12, and (c) no. 13. Each data point in Fig. 16 indicates the numbers of 
flies counted manually (corresponds to the ordinate) and automatically by the pro-
posed ecological monitoring system (corresponds to the abscissa). Regression 
coefficient can be used to interpret the independent association between the pest 
numbers obtained by manual counting and system counting. Regression coeffi-
cients for networks no. 11, no. 12 and no. 13 are 0.9142, 1.0524 and 1.1385, re-
spectively. The R2 represents the goodness of fit of the linear regression model to 
the real data points. R2 for networks no. 11, no. 12 and no. 13 are 0.9375, 0.7913 
and 0.7753, respectively. Furthermore, to ensure that the proposed ecological 
monitoring system worked properly, the performance of the pest number counted 
by the system was examined against the manually counted data. As shown in  
Fig. 17, the cumulative distributions of the system counted data and the manually 
counted data resulted in a high correlation r = 0.9991, 0.9996, and 0.9995, respec-
tively. These results show that the pest counts obtained by the proposed system are 
highly correlated to the real numbers of pests caught in the pest traps. 
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(a)                                     (b) 

 

 
(c) 

Fig. 16 Results of linear regression analysis of the fly counts obtained from (a) network no. 
11, (b) network no. 12, and (c) network no. 13 

3.3   Temperature and Humidity Sensors Calibrations for WACTs 

During deployment, all of the temperature sensors and humidity sensors are seal in 
WACTs. Since WACTs are exposed to sunlight, it makes the temperature and 
humidity readings to have positive and negative biases, respectively. Therefore, an 
adjustment method for calibrating the temperature and humidity readings is 
needed. 

Assuming temperature and humidity in a small area are nearly uniform. 
Temperature and humidity of the area can be represented by averaging the tem-
perature and humidity readings from all WACTs deployed in the area. Since 
RMP is equipped with high-precision temperature/humidity sensors, the tem-
perature and humidity readings from RMPs are treated as true weather condi-
tion in the area. By applying linear regression to the data collected in August, 
2008, the R2 for temperature calibrations for network no.11, 12 and 13 are 
0.9336, 0.8355, and 0.8998 (Fig. 18), and the R2 for humidity calibrations  
are 0.9439, 0.8407, and 0.9070 (Fig. 19), respectively. The analysis results  
show strong associations between data obtained from WACTs and RMP,  
which means that linear models for temperature and humidity calibrations are  
available. 
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(c) 

Fig. 17 Cumulative distributions of the manually counted data and the system counted data 
obtained from (a) network no. 11, (b) network no. 12, and (c) network no. 13 

 



Design, Implementation, and Testing 51
 

  
(a) 

 
(b) 

 
(c) 

Fig. 18 Linear regression analysis for temperature calibration resulting from (a) network 
no.11, (b) no.12, and (c) no.13 
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(a) 

 
(b) 

 
(c) 

Fig. 19 Linear regression analysis for humidity calibration resulting from (a) network 
no.11, (b) no.12, and (c) no.13 
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3.4   Analysis for the Spatial Distribution of the Oriental Fruit Fly 

Identifying hotspots is essential for the deployment of a remote ecological moni-
toring system. Hotspot means concentrations of Oriental fruit flies within a limited 
geographical area that appear over time. Such analysis can reveal particular areas 
that attract fly concentrations. By knowing the hotspot information, we can deploy 
lesser WACTs at particular areas instead of picking random locations because we 
know that Oriental fruit flies will continually appear at hotspot areas. 

To locate hotspots in the sensing field, we can deploy a sufficient number of 
WACTs in the field. Consequently, population distribution analysis can be per-
formed using multiple regression method [22]. The goal of the regression analysis 
is to fit a given set of observed samples to an regression equation, and then the eq-
uation can be used to estimate values of unknown dependent variables. The ob-
served samples herein are fly counts and coordinates of WACTs deployed in the 
field, and unknown dependent variables are fly counts at locations without 
WACTs. Thus, the population distribution of Oriental fruit fly in the entire field 
can be predicted via multiple regression analysis. 

The multiple regression analysis was performed in MATLAB using sensing da-
ta collected by network no. 14 in which consists of twenty WACTs and a PCRMP 
deployed in a field of size 50 m × 30 m. WACTs are deployed in a 4 × 5 grid as 
shown in Fig. 15. Each sensor nodes are spaced by roughly five meters apart, and 
PCRMP is located at the center of filed. The data from network no. 14 is collected 
in the duration from April 2009 to March 2010. The sums of fly counts reported 
by all WACTs and their coordinates are used in the multiple regression analysis, 
and results of population distribution estimations for each month are shown  
in Fig. 20. 

In Fig. 20, the dark red region indicates higher population density in the field; 
one the other hand, the dark blue region represents smaller population density. The 
analysis results indicate that the distribution of the Oriental fruit fly concentrates 
over the northwest regions of the field. With such knowledge, an economical 
process can be made for making network no. 14 to operate using lesser electric 
and maintenance resources. 

In addition, climate factors, e.g. temperature and rainfall volume, are known to 
have crucial influences to the population distribution of the Oriental fruit fly. For 
example, the cumulative rainfall volume and the average temperature every month 
are shown in Fig. 21. Apparently, it demonstrates that the rainfall volume in Au-
gust 2009 is large (especially during the strike of Severe Tropical Storm Morakot 
from August 5, 2009 to August 8, 2009) and the average temperature is relatively 
lower than that in July and September in the same year. According to the related 
studies [7,40,41], they indicated that the superabundant precipitations may in-
crease the population size of Oriental fruit fly. But the soil loss caused by supera-
bundant precipitation is a negative factor that is may block the Oriental fruit fly to 
drop larvae into soil to pupate. Consequently, the number of new adult flies de-
creases. According to the sensing data collected by network no. 14, the number of 
captured flies in August, September, and October is 2142, 3119, and 186, respec-
tively. It is reasonable to infer that the superabundant precipitation in August may 
be one of the crucial factors that decreases the population size of the Oriental fruit  
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Fig. 20 Spatial distribution of the Oriental fruit fly estimated by multiple regression analy-
sis using sensing data collected by network no. 14 in the duration of one year 
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Fig. 21 Monthly cumulative rainfall volume from April 2009 to March 2010 (network  
no. 14) 
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fly. In the future, we will collect more data using the proposed monitoring system 
to clarify the association between superabundant precipitation and population size 
of the Oriental fruit fly. 

4   Conclusions 

This study has developed an automatic ecological monitoring system of the Orien-
tal fruit fly. Based on the WSN technology, the environmental parameters can be 
remotely recorded in real-time. Besides, the labor cost can be reduced effectively. 
Through the website of this ecological monitoring system, researchers or farmers 
can directly get the sensing data to perform further statistical analyses. 

After implementing the linear regressions, the results show that the data col-
lected by the proposed WSN-based ecological monitoring system is very close to 
the data made by manual inspection. The ecological monitoring system can be 
used to collect the large-scale, long-distance, and long-term pest information. The 
design of high spatial and temporal resolutions in monitoring also provides poten-
tial applications for pest alarming in the field. Moreover, combining with different 
biological identification sensors, this ecological monitoring system can be used to 
supervise different species of invading pest. This system, therefore, can serve as a 
reference role for decision-making of the pest control strategy. In the future, the 
population dynamics model of the Oriental fruit fly can be built based on the data 
collected by the proposed system. 
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Abstract. Near Infrared (NIR) Reflectance spectroscopy has established itself as 
an important analytical technique in the field of food and agriculture.  It is 
quicker and easier to use, and does not require processing the samples with 
corrosive chemicals such as acids or hydroxides. However, in earlier times, the 
samples had to be ground into powder form before making any measurements. 
Thanks to the development of new soft ware packages for use with NIR 
instruments, NIR techniques could be used in the analysis of intact grains and 
seeds. While most of the commercial instruments presently available work well 
with small grain size materials such as wheat and corn, they were found to be 
unsuitable for large kernel size products such as shelled or in-shell peanuts. In 
this chapter, principles of NIR Reflectance spectroscopy were reviewed, in 
particular reference to the water and oil bands. Also presented are some recent 
applications of NIR for the rapid and nondestructive measurement of moisture 
and total oil contents in shelled and in-shell peanuts. Applicability, and 
limitations of NIR reflectance method in the analysis of fatty acid composition of 
different varieties of peanuts while they are in their shells was also discussed.  
Ability to rapidly and nondestructively measure the water and total oil content, 
and analyze the fatty acid composition, will be immensely useful in the grading 
process of grains and nuts.  
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1   Introduction and Literature Review 

Electromagnetic energy is characterized by its frequency, wavelength, and energy 
and covers a broad spectrum. The wavelengths of visible light are in the range of 
400–700 nm. Infrared radiation is the next range of the electromagnetic spectrum 
and is subdivided into the near infrared (NIR) and far infrared (FIR). Near infrared 
radiation is right after the visible red range, and spans a wavelength range between 
750 and 3000 nm. In theory, infrared radiation is the result of molecular 
vibrations, transitions or rotation in solids, gases, and liquids [1]. When the 
molecules absorb radiation energy, they are elevated into an excited state where 
the molecules vibrate and create an absorption spectrum in the infrared region. 
The frequency or wavelength of the molecular vibration has a primary peak and a 
series of harmonics or overtones, based on the molecular structure. The spectrum 
shape of any material depends on the characteristics of these vibrations. The 
position of the fundamental bands in the IR region is well defined [2]. The 
approximate position of the overtones can be identified by dividing the 
wavelength of fundamental vibration by 2, 3 and 4 for the first, second and third 
overtones, respectively [3]. Overtones and combination bands of fundamental 
bands of IR region occur in NIR region. Generally, these overtones and 
combination bands are weaker than the fundamental bands. Also, the spectral 
responses for organic materials are more pronounced in mid IR region, but 
positions of the functional groups are well differentiated in NIR region. Thus, NIR 
spectra can be used for quantitative analysis than qualitative analysis of material 
compositions. NIR spectroscopy is an old, but an improved technology now. The 
NIR region was first discovered in 1800 in an attempt to measure the heat energy 
of solar emissions beyond the red portion of the visible spectrum. NIR 
spectroscopy works on the principle of interacting electromagnetic radiation with 
matter, and the consequent energy transfer. Applications of NIR spectroscopy 
techniques are getting more popular in food quality analysis. Considerable 
research towards the application of NIR spectroscopy to detect the harmful 
pathogens in milk and other dairy products and animal products like meat and 
eggs is under active trials [4–6]. 

Electromagnetic response in the NIR region is primarily from the vibrational 
response of O–H, C–H, C–O and N–H molecular bonds. Hydrogen bond has more 
spectral stability in NIR region, which helps greatly in food quality analysis and 
possible information of the chemical composition present in the food. Functional 
groups bonds are well associated with the energy absorption bands in the NIR 
region. The intensity of this absorption energy will increase or decrease depending 
on the overtone of the absorption bands in NIR region. However, the absorptivity 
of NIR bands is much lower than the mid-infrared bands, enabling the NIR 
radiation to penetrate deeper into a sample, and give a much better analysis of the 
constituents of the sample. Food components such as water, ethanol, sugars  
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Table 1 Major overtone and combinations bands in NIR region 

 

Functional group  Band type Wavelength range 
(nm) 

H2O (water) 
H2O (water) 
H2O (water) 

R–NH2 (amino groups) 
    

R–NH2 (amino groups) 
CHO (aldehyde group)  
–COOH (carboxyl group)  
–OH (hydroxyl groups) 
–OH (hydroxyl groups)  
–OH (hydroxyl groups) 
RCOOR’ (ester groups) 

Combination bands 
1st Overtone 
2nd and 3rd overtone  
Combination bands 
 
1st Overtone  
2nd and 3rd overtone  
Combination bands  
Combination bands  
Combination bands  
1st Overtone  
2nd and 3rd overtone  
   

1900–1950, 2250 
1400–1450 
950–1000 

2150–2200 
 

1450–1550 
760–840, 970–1000 

2190–2220 
1880-1910 
2060-2090 
1410-1480 
920-945 

 
 

(fructose and glucose), organic acids, phenolic compounds, and food oxidative 
products contain a lot of the chemical bonds that absorb energy in the NIR 
spectrum increasing the possibility of applying NIR spectroscopy to measure food 
quality. Table 1 shows the major overtones and combination bands of common  
functional groups present in food materials that could be identified in NIR spectral 
region. The strong signals of the functional groups occurred at NIR region include 
C–H, O–H, C=O, N–H, –COOH and aromatic C–H groups. NIR spectroscopic 
instrumentation, models for NIR analysis, and application of NIR spectroscopy to 
oil seeds are examined here. In particular, the possibility of applying NIR 
spectroscopy to peanut grading and quality analysis along with certain 
characteristics of peanuts are discussed. In the peanut industry, peanuts are graded 
by Federal-State Inspectors to determine the sale price. The overall grade of the 
peanut is determined by considering quality factors such as moisture content, meat 
content, size of the pods (in-shell nuts), kernel size, damaged kernels, and foreign 
material. Peanut samples of a recommended weight are cleaned and shelled and 
used to determine different quality factors. Out of the quality parameters of the 
peanuts, moisture content present in the sample is of primary importance in fixing 
the price. It is also useful to know the peanut quality in terms of oil content,  
fatty acids, protein and starch present in the peanuts before processing the  
peanuts. 

1.1   NIR Spectroscopic Instruments 

NIR spectroscopy directs electromagnetic energy on the sample, and detects the 
transmittance and/or reflectance energy. The absorption spectrum of this energy is  
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used to interpret the chemical composition of the sample. Different types of NIR 
spectrometers are available such as the dispersive type, the Fourier transform and 
Diode array types. The essential parts of the NIR instrument are the light source, 
dispersive unit (monochromator), and detector. A tungsten lamp is the most 
commonly used NIR energy source. Three types of dispersive units are generally 
used with the NIR instruments. They are: (i) filters, (ii) holographic grating, and 
(iii) interferometer. Commonly used types of detectors are given in Table 2. The 
NIR measurement modes such as transmittance, reflectance, or absorption, are 
selected based on the optical properties of the sample. Transmittance (Fig. 1a) is 
usually used for transparent materials. Diffuse reflectance (Fig. 1b) or trans-
reflectance (Fig. 1c) is used for liquids, solids or semisolids depending on their 
absorption and scattering characteristics. When NIR radiation travels through a 
sample, the energy passing through the sample is the transmittance energy.  It is 
the difference between the total energy passed through the sample, and the energy 
absorbed by the sample (Fig. 1a). When NIR radiation is directed onto the surface 
of a solid sample, two types of reflection occur. One is called the specular 
reflection, with no absorption by the sample, and the other is diffuse reflection, 
that somewhat penetrates into the sample surface, and then reflects back off the 
inner layers of the sample (Fig. 1b). NIR spectroscopy can be used for qualitative 
as well as quantitative measurements. In case of component classification and 
identification, spectral resolution is more important. For quantitative 
measurements, signal to noise ratio is very important. Since NIR is a non-
destructive and rapid method that does not involve any chemical reactants, using 
NIR is more applicable for food composition analysis than conventional chemical 
 

Table 2 Commonly used NIR detectors 

 

 

Fig. 1 (a) Transmittance (b) diffuse reflectance (C) trans-reflectance 

Detector type Wavelength (nm) Efficiency
Silicon 
Lead sulfide 
InGaAs (Indium-Gallium-Arsenide) 

Up to 1100 
900-2600 
800-1700, 1300-2200, 1500-2500 

Stable. Reliable and rapid 
Commonly used, slow response 
Expensive, detects radiation in specific 
wavelength 
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methods. However, the instrument would need pre-calibrations for each 
constituent/parameter for identification and quantification. An important step for 
calibration and analysis is model development using multivariate analysis.  

1.2   NIR Analysis Model 

A variety of algorithms are employed in the development of calibration models. 
Among them Beer’s law is simple and basic for most of the calibration models. It 
states that the intensity of the absorption at a particular wavelength of the 
electromagnetic radiation is proportional to the concentration of the absorbing 
material and the path length through the sample. It gives a simple linear relationship 
between the absorbance, aλ, at a wave length, λ, and the concentration, c, of the 
material of a path length, b, and written as aλ = (ελb) c, where ελ is the molar 
absorption coefficient at the wavelength. The molar absorption coefficient, ελ, can 
be determined from measurements of the absorbance of a calibration standard with 
known concentration of the component of interest. This coefficient for a given 
component at a selected wavelength is a constant. It is a common practice to use 
Beer’s law to discriminate concentrations of many non interacting components by 
assuming a linear combination with absorption. The NIR instrument determines 
chemical and physical composition of the food material by measuring light 
reflectance from the sample and mapping an absorption spectrum. There would be a 
loss of energy due to scattering of absorbance light. This scattered light might 
diffuse and moves through the sample in all directions, and also reflects back and 
forth at the internal surfaces of the sample. But in practice it would be compensated 
by the diffusion of incident light, and may not have any influence on the NIR 
absorption spectrum. Initially, spectral parameters were correlated to compositions 
of several known samples, using chemometric techniques such as multivariate 
analysis (MVA), and using these calibrations the compositions of unknown samples 
were determined. Advanced multivariate calibration methods such as partial least 
square (PLS) multivariate analysis, and principal component analysis (PCA) were 
found to be good aids for spectral data analysis. 

1.3   Partial Least Square Regression Analysis 

Partial least square regression can be used for both real and simulated data. It is 
very useful in chemistry and chemometrics where, a large number of variables 
with a limited number of observations are involved in the correlation. Generally, 
the goal of PLS is to predict Y values from the values of X, and to describe the 
spectral structure with these two variables [7]. This method identifies the factor 
having a linear correlation with the variable X. PLS generates robust model 
parameters that are not changed by introducing new samples from the population 
[8, 9]. PLS could build a linear model, to predict the concentration of the 
component of interest, based on the spectrum. Each spectrum is comprised of 
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measurements at many different frequencies, considered as factor levels, and the 
response is the component of interest. PLS factors are computed as certain linear 
combinations of the spectral amplitudes. Responses are predicted linearly based 
on the computed factors. So the final predictive function for the response is a 
linear combination of the spectral amplitudes.  

1.4   Principal Component Analysis 

It is very difficult to visually inspect a multi-dimensional matrix when there are 
many variables involved in an experiment.  Dimensionality should be reduced to 
make sense on data points. Principle component analysis (PCA) is one of the 
techniques used to reduce the multi-dimensional data into two dimensional data 
for visual assessment of the correlation among the variables. PCA reduces the data 
dimensionality by performing a covariance analysis between the variables. 
Covariance is measured between two variables. So with three variables, it is 
measured between variable x and y, y and z, and x and z. When more than 3 
variables involved the covariance values could be placed into a matrix. PCA finds 
the Eigenvector and Eigen value relevant to the data using covariance matrix. 
Eigen values are qualitative assessment of a component’s representation in the 
data. The component which is the main representative of the data will have a 
higher Eigen value. PCA extracts the direction of the data where the maximum 
numbers of data points are extended [9].  

1.5   NIR Applications for Peanuts and Oil Seeds 

Peanuts, whether shelled or in-shell, are larger than most other grains (wheat, rice 
or barley) and oil seeds (soybean, canola or sunflower), and also have odd shapes 
[10]. Obtaining uniform reflectance, transmittance and/or diffuse reflectance 
measurements from a bulk sample of peanut pods (in-shell peanuts) or kernels will 
be difficult due to the irregular space that forms between adjacent pods or kernels 
when a sample is placed in a sample holder. Measurements on single peanut 
kernels or pods may be possible, but generally the average moisture value of a 
bulk sample is required. To accommodate bulk quantities of peanuts in the sample 
holders of some commercial NIR instruments peanuts have to be ground. In a 
preliminary study, Kandala et al. [11] successfully used NIR spectroscopy to 
measure the moisture content of peanut kernels. It was known that NIR 
spectroscopy could be used successfully for the measurement of protein, moisture 
and oil content as well as fatty acid composition of oil seeds. Barry et al. [12] 
showed that NIR could be used for determining oleic and linoleic acid 
concentration of single peanut seeds. While developing new varieties, breeders 
usually grow limited quantities of samples, and a non destructive and rapid 
analysis of seed quality is useful, and NIR method could provide this. Misra et al. 
[13] also used NIR transmittance spectroscopy for determining the oil content in 
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peanuts working on different cultivars grown in different seasons. NIR reflectance 
spectroscopy was also used to analyze the acid value of peanut oil quantitatively 
and qualitatively [14]. Based on this analysis peanut oil was classified 
qualitatively with 96.55% of correlation. NIR spectroscopy could be a valuable 
tool in the rapid and nondestructive analysis of moisture, sugar, protein, fatty acids 
and oil contents in peanuts. 

NIR technique is based on the absorbance of light energy, at a given frequency, by 
molecules having a permanent dipole which vibrate at the same frequency. The 
difference between incident and the light reflected from the surface of the sample is 
analogous to the familiar Beer-Lambert concept of absorbance/transmittance. Since 
the spectral measurements could be made rapidly, and without contact NIR could be 
used for on-line quality measurements. NIR is also useful for the quantitative 
measurement of composition and internal attributes of food materials such as protein, 
carbohydrates, moisture content, oil content, acidity, total soluble solids, and physical 
properties such as freshness, color and maturity measurements. NIR measurements, 
coupled with chromatographic techniques would be helpful in the identification and 
quantification of foreign molecules present in the food and agricultural products. NIR 
spectroscopy was found useful for the measurement of moisture in 1964 [15], and 
was applied by Norris and Hart [16] to moisture measurement of grains and oil seeds 
in 1965. It was later adopted by the grain industry for the measurement of oil, protein 
and moisture [17]. Presently, NIR spectroscopy is widely used to analyze seed quality 
traits in food and agricultural products.  

2   Moisture Content, Oil and Fatty Acids Analysis of In-Shell 
Peanuts Using NIR Spectroscopy 

2.1   Moisture Content 

Govindarajan et al., [17a] used an ASD1 NIR spectrometer (Model: Quality Spec 
Pro, Analytical Spectral Devices, Boulder, CO, USA), for measurement of MC in 
whole peanut kernels by the reflectance method. Samples were placed in two rows 
in a petridish and the reflected NIR spectrum MC of about 100 g of whole kernels 
was recorded.  The experimental setup is shown in fig. 2 below.  The MC range of 
the peanut kernels tested was between 8% and 26%. Initially, NIR reflectance 
measurements were made at 1 nm intervals in the wavelength range of 1000 nm to 
1800 nm and the data was modeled using partial least squares regression (PLSR).  
Shown in Fig.3 are the raw spectra of Georgia Green variety of peanut kernels at 
four moisture levels. Shown in fig. 4 are the predicted values of the samples tested 
in the above range as compared with the values determined by the standard air-
oven method [19]. The predicted values agreed well with the air-oven values with  
 
                                                           
1  Mention of company or trade names is for purpose of description only and does not imply 

endorsement by USDA 
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Fig. 2 Near Infrared Reflectance measurement setup. 1. Source and turn table, 2. 
Spectrometer, 3. Computer & Monitor, 4. Peanut whole kernels in Petri dish. 

 

Fig. 3 Near-infrared absorbance spectra of whole peanut kernels at four different moisture 
levels 

an R2 value of 0.93 and a standard error of prediction (SEP2) of 1.18.  Using the 
PLSR beta coefficients, five key wavelengths were identified and using multiple 
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Fig. 13 Representative primary spectra of Virginia and Valencia in-shell peanuts 

All these peaks appeared more clearly than in the primary spectra (Fig. 13). 
Figure 15 shows the regression coefficients of the calibration models obtained 
using the absorbance and its derivative developed using PLS. The wavelengths 
corresponding to many of the peaks appearing in this figure are related to the total 
oil and fatty acid compositions of the peanuts. The peaks at 1,600– 1,800 nm and 
2,100–2,400 nm contributed significantly to the regression coefficients of the 
calibration equation developed, using the reference values obtained from the 
Soxtec and GC methods. Concentrations of total oil and fatty acid percentages 
measured by standard analytical methods and compared with the NIR determined 
values for the calibration group are given in Table 3.  In Table 4, are given the 
Fatty acid and oil concentrations of peanuts, as measured by standard analytical 
methods, for the validation groups along with corresponding moisture 
percentages. 
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Fig. 14 Representative derivative spectra of Valencia and Virginia in-shell peanuts 

The NIR regions selected for total oil measurements were 1,600–1,800 nm and 
2,100–2,400 nm, which correspond to the oil absorption bands in the NIR region 
[22]. Table 5 shows the fitness measures for the calibration groups. Calibration 
models developed using absorbance and reflectance gave an R2 value of 0.99 for 
both peanut types with low SEC4 values. Table 6 shows the fitness measures for 
the validation groups. RPD5 values were calculated to find the goodness of fit of 
the calibration model. For Virginia- type in-shell peanuts, RPD values of 5.0 were 
obtained using both absorbance and reflectance data, which showed that these 
models would work well for quality control, and analysis. Based on the SEP 
values of 2.77 for absorbance and 1.65 for reflectance, the model developed from  
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 where n is the number of observations, p is the number 

of variables in the regression equation with which the calibration is performed, and ei is 
the difference between the observed and reference value for the ith observation. 

5 Residual Predictive Deviation (RPD) is the ratio of the standard deviation of the predicted 
MC values to the SEP. 
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Fig. 15 Representative graphs of the regression coefficients of the calibration models used 
for total oil prediction 

the reflectance data was selected as the best model for predicting the total oil of  
the Virginia-type peanuts. For Valencia-type in-shell peanuts, neither the 
absorbance nor the reflectance data models were suitable for quality control, and 
analysis. The model developed using absorbance data gave an RPD value of 3.01, 
so it could be used for the initial screening of peanuts. Though the reflectance 
model’s RPD value of 2.77 was not less than 1.0, it could not be considered a 
valid model for total oil prediction. A graphical comparison between the reference 
and NIR predicted values obtained using regression equations and validation 
datasets is shown in Fig. 16. This figure shows the predicted total oil percentage 
values obtained from 30 replicates of a validation set and three replicates of 
Soxtec measured values. Excellent correlation between the predicted and reference 
total oil values of Valencia- and Virginia-type in-shell peanuts was achieved. Both 
NIR absorption and reflection derivative data resulted in R2 values in excess of 
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Table 3 Fatty acid and oil concentration of peanuts measured by standard analytical 
methods and the NIR method for the calibration groups 

 

Table 4 Fatty acid and oil concentrations of peanuts, as measured by standard analytical 
methods, for the validation groups (all values are averages of three replicates) 

 
 
95% with the exception of the reflection derivative data of Valencia-type peanuts. 
For Valencia type peanuts, the absorption derivative model fitted the data very 
well, with an R2 value of over 98%, but the R2 value for the reflectance derivative 
model was only 86%. Based on the SEP of 4.58 and RPD of 2.77, as shown in 
Table 6, for Valencia in-shell peanuts, the model developed using reflection 
derivative data cannot be considered a valid model for initial screening or quality 
control and analysis. 
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Table 5 Fitness measurements for total oil and fatty acid contents of the calibration groups 

 

Table 6 Fitness measurements for total oil and fatty acid determination of validation  
groups 

 

 
The NIR region selected for fatty acid analysis was 1,600–1,800 nm because 

this region contains absorption bands for cis unsaturation and fatty acid carbon 
chains [23]. The relative amounts of the individual fatty acids were less than the 
total oil and moisture concentrations. Thus, the spectral characteristics were 
dominated by the oil and moisture concentrations. Therefore, the second 
derivatives of the NIR spectral data were used to determine the fatty acids. The 
predominant fatty acids present in the peanuts taken for analysis included oleic, 
linoleic, linolenic, palmitic and stearic acids. Table 3 shows the GC- and NIR-
measured fatty acid concentration percentages of the calibration group of each 
type of peanut, and Table 4 shows the GC-measured value of the validation group 
of each type of peanut. Table 5 shows the fitness measures of the calibration 
groups. Calibration models developed using absorbance and reflectance gave R2 
values of 0.99 for both peanut types and all fatty acids. Their SEC values were 
also low. Based on the guidelines for interpreting R2 outlined by Williams and 
Norris [24], NIR calibration equations for fatty acids were usable for quality 
assurance applications. Table 6 shows the fitness measures for the validation 
group peanuts. The predictive ability of fatty acids based on their RPD values 
varies from 2.3 to 3.41 for Valencia type and 3.01 to 4.51 for Virginia-type  
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peanuts. Models for the fatty acids had lower predictive power (low RPD values), 
and no model could be used for quality control and analysis. However, they could 
still be used for sample screening, except for the palmitic and linoleic acids in 
Valencia-type peanuts.  

 

 

Fig. 16 Comparison of wt % total oil values predicted by NIR and measured by Soxtec for 
Virginia and Valencia type in-shell peanuts 

A previous study by Pazdernik et al. [25] on the applicability of NIR 
spectroscopy to fatty acid composition determination in soybeans resulted in 
validation R2 values of 0.18 (palmitic), 0.54 (stearic), 0.38 (oleic), 0.52 (linoleic), 
and 0.56 (linolenic) for whole-seed samples. For Virginia-type in-shell peanuts, 
both absorbance and reflectance data models gave RPD values of greater than 3.01 
for all five fatty acids selected, which is suitable for the initial screening of 
peanuts. For Valencia type peanuts, both models were suitable for screening 
purposes based on the RPD values for oleic and stearic acids. For linolenic acid, 
only the absorbance model could be used. No model is valid for linoleic and 
palmitic acids in Valencia-type peanuts. However, since models for these fatty 
acids had lower RPD values, they could still be used for sample screening is an 
essential task in breeding. Most of the variation in the RPD values of NIR 
calibration models could be explained by the standard deviation of the reference 
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data used in the calibration group. Therefore, by introducing a larger number of 
samples with very high and low values of fatty acids into the corresponding 
calibration data sets, the predictive ability of NIR spectroscopy for these 
constituents can be improved. Validation results also showed that RPD values of 
the NIR calibration equations were not dependent on the correlation between the 
total oil and the relative fatty acid concentration. 

3   Applicability of NIR 

NIR reflectance spectroscopy works well for analysis of the moisture content of 
in-shell peanuts with minimal sample preparation. NIR measurement is 
procedurally very simple, considerably reducing the time required for 
measurement compared to the standard oven method and conventional moisture 
meters, which require samples to be shelled. The use of NIR spectroscopy as 
described in this article would result in large savings in time and labor during the 
drying and storage of peanuts.. For commercial application of this technique, 
validation tests are required for cultivars within each market type from different 
production regions. NIR reflectance spectroscopy could also be a useful tool for 
the analysis of total oil and fatty acid concentrations of in-shell peanuts. 
Calibration models developed for Virginia and Valencia types using reflection and 
absorption derivative data seem to be useful to predict total oil and fatty acid 
percentages to sufficient accuracies. For Valencia in-shell peanuts, predictions of 
total oil, oleic, linolenic and stearic acids were good. With further improvements 
to the analysis of NIR data, it will be possible to predict the fatty acid composition 
with better accuracy. 
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Abstract. Together with light and soil, air and water quality control are 
fundamental to the productivity and quality of greenhouse grown products. But 
control implies monitoring, i.e. measuring the physical, chemical and biology 
parameters used to access quality.  

The chapter presents solutions for air and water quality monitoring that can be 
used in greenhouses.  

Keywords: greenhouse, greenhouse environment, air quality control, water 
quality control. 

1   Introduction 

One of the most basic and thus critical and priority problems of humankind is food. 
Water and food shortage affect a huge percentage of the 7 billion people that inhabit 
Earth in 2011. According to FAO [1], over 1 billion people are undernourished (2/3 
living in Asia) and about 30 000 die daily of hunger, while also about 1 billion 
people does not have access to drinking water. The undernourished people has been 
increasing at an average rate of 10 million per year, which means that the target of 
420 million undernourished people by 2015 established in the 1996 World Food 
Summit is probably unreachable. The desertification of Earth, increasing at a rate of 
about 1200 hectares/hour, does not help in the reduction of food problems. In what 
concerns water, things look a bit better and the target set by the Millennium 
Development Goal (MDG) relatively to drinking-water and sanitation (MDG 7, 
Target 7c) of reducing in 50% by 2015 the proportion of people without sustainable 
access to safe drinking-water and basic sanitation seems viable. 
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While some look for non-traditional forms of nourishing people (e.g. through 
pills), the mainstream of research is still about increasing food production using 
fewer resources and at a faster pace. But food and water quantity are not the only 
problem to overcome. The stress to increase productivity may lead to food quality 
problems and to a negative environmental impact of agricultural activity. 
Fertilizers and pesticides are fundamental in nowadays agriculture, but they 
contain products that are potentially dangerous to humans, animals and the 
environment. Tests conducted in soils used for horticulture near Lisbon, Portugal, 
show high concentration of chromium, nickel, lead and cadmium. Chemical tests 
conducted by researchers from the Instituto Superior de Engenharia de Lisboa 
(ISEL) on samples of Galician cabbages reveal levels of lead concentration of up 
to 2.1 mg/kg of dry material, i.e. 1025% over the authorized value while the same 
grown organically still reaches values around 0.3 mg/kg of dry material, i.e. 150% 
over the authorized value. This shows that organic production assures the absence 
of pesticides but not of atmosphere-transported pollutants or the uptake by the 
plants of the pollutants in the soil (e.g. heavy metals). The chemicals and heavy 
metals in the soil also may contaminate water resources that are used for irrigation 
or human consumption. 

One possible way to increase the production of fruits and vegetables is by 
protected cultivation using greenhouses. 

Greenhouses are structures covered with transparent glass or plastic films 
specially designed to grow plants inside. Greenhouses can modify crop micro 
climate according to plant needs and therefore contribute to increase crop 
productivity and produce quality. 

The degree of environmental control provided by a greenhouse varies with its 
characteristics and the technological sophistication of the equipment. The basic 
type is the cheap mild-winter greenhouse [2] with a simple structure covered with 
plastic film and with no heating. These greenhouses are well fitted to regions with 
favorable climate where it is possible to grow out-of-season products providing 
incipient environmental control. 

In the case of less favorable climates greenhouses have to be more weather proof 
and to be able to change the micro-climate according to crop requirements. A high-
tech greenhouse can have full control of air temperature and humidity combining 
heating with cooling systems; atmospheric CO2; and light intensity combining 
shading and artificial illumination. The choice of the most adequate level of 
greenhouse technology to be used in a certain situation is usually the result of a cost-
benefit analysis. For instance the commercial production of top-quality tomatoes 
during the winter season in The Netherlands is the paradigm of high investments on 
cutting-edge greenhouse technology and fine-tuned environmental control. 

Greenhouses can be used for many and diverse purposes such as: growing 
crops in regions with an inadequate climate; extending crop growing season or 
producing completely out-of-season; increasing crop yield; protecting crops from 
weather accidents such as rain or frost; and improving product quality relatively to 
open-field cultivation. Each of those situations may require specific type of 
equipment for environmental control but they all have in common the need of an 
accurate monitoring of the various parameters of greenhouse micro-climate. 
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In developed countries most greenhouse crops are grown in soilless cultivation 
using organic or inert substrates with no contact with the soil.  This system allows 
a much better control of crop water and nutrient supply relatively to traditional 
soil cultivation, it is independent of soil characteristics and it can use irrigation 
water of much lower quality in comparison with soil cultivation. When soilless 
cultivation uses a closed system it is possible to recirculate drainage water with 
fertilizers, which are not released outside the system [3]. Water use efficiency of 
these systems reaches a maximum among agricultural activities. 

The tendency is for growers to use greenhouses with increasing capacity for 
environmental control with the objective of achieving higher yields of better 
quality products delivered at the right time of the year and according to market 
demand. The development of crop growing models provides information about 
set-points for a high number of variables related to air, substrate, water and plants 
that have to be accurately measured. This requires the measurement of diversified 
physical and chemical parameters and the processing of gathered data. If one aims 
at a fully automated operation, software for data processing, for data fusion and to 
control the hardware that based on the fused data acts to keep the relevant 
parameters within the desired values is required. In the paragraphs that follow, the 
authors will discuss in more or less detail all the problems and solutions to achieve 
that goal. We will start by detailing the parameters that should be measured and 
controlled and their range of values. Next, we will look into measuring solutions, 
namely into those that are compatible with on-site, real time operation. The 
chapter ends with a conclusion.  

2   Plant Growth Factors and Parameters 

Plants are autotrophic organisms that produce complex organic compounds from 
relatively few inorganic molecules using energy from light by photosynthesis. 
Plant metabolism basically requires sixteen chemical elements divided into two 
main groups: non-mineral and mineral. The non-mineral nutrients are hydrogen 
(H), oxygen (O), and carbon (C). Plants get these elements from air and water. 
The 13 mineral nutrients, which come normally from the soil, are dissolved in 
water and absorbed through the roots. The mineral nutrients are divided into two 
groups: macronutrients and micronutrients. Macronutrients can be further broken 
into two more groups: primary and secondary nutrients. The primary nutrients, 
used in large amounts by plants, are nitrogen (N), phosphorus (P), and potassium 
(K). The secondary nutrients are calcium (Ca), magnesium (Mg), and sulfur (S). 
Micronutrients are those elements essential for plant growth which are needed in 
only very small (micro) quantities. They are: boron (B), copper (Cu), iron (Fe), 
chloride (Cl), manganese (Mn), molybdenum (Mo) and zinc (Zn). 

Plants are phenotypes that result from the interaction of a genotype with the 
environment. We concentrate here on the environmental i.e., a high number of 
complex factors that are external to the plant but dramatically affect its 
performance. Environmental factors are not just physical and chemical 
parameters, the so called abiotic factors, but comprise a number of biotic factors 
e.g. the microorganisms that interact with the plants. Many microorganisms  
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e.g. virus, bacteria and fungi are often pathogenic to the plants and may incite 
diseases, which reduce crop yield and produce quality. However microorganisms 
are also subject to the effect of abiotic environmental factors such as temperature, 
humidity or light and therefore controlling the environment is a very efficient 
method to optimize the equilibrium between plants and adverse biotic factors. For 
instance an adequate environmental control inside the greenhouse is cheaper and 
much more effective for plant disease control than the use of chemical pesticides.  
Modifying the environment in favor of the plants is one of the cornerstones of 
integrated production methods against pests and diseases. 

Plant environment includes aerial and root environment, which are rather 
different but need to be in equilibrium for an adequate plant performance. For 
instance root temperature affects water absorption, which influences leaf 
transpiration rate and temperature. Modern plant growing systems such as soilless 
cultivation inside greenhouses allow the control of many parameters of the aerial 
and root environment but the complexity of the interactions between parameters 
requires highly accurate methods of control. 

The most important parameters to be controlled include light, air temperature, 
humidity and CO2 content in the aerial environment and temperature, moisture, 
pH, salinity, O2, and nutrient content in the root environment. 

2.1   Light 

Light is perhaps the most significant parameter for the plant development and life 
because all the active life process in it is possible only in the presence and active 
influence of light. Light also intervenes indirectly through its influence on air and 
soil temperature and humidity (moisture). Light duration, intensity and 
wavelength are all important and their values depend on the crop. Nevertheless, 
there is experimental evidence that only the part of total solar spectrum between 
400 and 700 nm influences significantly plants life processes. 

2.2   Air 

The most important air parameters for plant growth are temperature, humidity 
(moisture), and carbon dioxide (CO2). 
 
Temperature 
 
Temperature has many important effects on the growth and development of 
greenhouse plants. It influences the rate of photosynthesis, respiration and other 
metabolic processes. Optimum temperatures depend on the plant species and the 
type of photosynthetic mechanism. C3 type plants are the most common in 
agriculture. Their photosynthetic activity shows a linear response to temperature 
between 15 and 30 ºC (Fig.1) [4].   

In photosynthesis plants convert sunlight into chemical energy to produce 
carbohydrates. The energy stored in carbohydrates and other compounds is 
released by respiration and made available for cell metabolic activity. Respiration 



Greenhouse Environment: Air and Water Monitoring 85
 

in C3 plants is permanent and its rate increases with temperature. Therefore higher 
temperatures and low light intensity favor respiration/photosynthesis ratio and 
reduce the accumulation of plant biomass. High light intensity combined with 
moderate temperature favor plant growth and biomass accumulation. 

Plants response to temperature varies with the stage of growth and 
development. External factors such as light, CO2 or air humidity also influence 
optimum plant temperature. Consequently temperature must be monitored 
continuously and adjusted to the circumstances. 
 

 
Fig. 1 Effect of temperature on rate of photosynthesis 

Plant leaf temperature depends on air temperature, solar radiation and 
transpiration and can be equal, lower or higher than air temperature.  Therefore 
leaf temperature can be changed not only by heating or cooling the surrounding air 
but also by shading, humidity control or water absorption through the roots. 
 
Humidity 
 
Humidity is an expression of the amount of water vapor in air. The maximum 
amount of water vapor in any given air sample depends on the temperature and to 
a lesser extent the air pressure and is also determined by the availability of free 
water to evaporate. Water vapor will always move from an area of high 
concentration (such as inside the leaf cavities) to an area of lower concentration 
(the greenhouse air). This is the basic principle of evaporative transpiration. 
Because the absolute amount of water that can be held by air depends on 
temperature, relative humidity or moisture it is better to describe the ratio between 
water vapor and the total amount of water that could be held in the air at saturation 
(e.g. 50% relative humidity or means that the air has half the water vapor that it 
could hold if it were completely saturated. As the air temperature rises, more 
water vapor can be held in a given amount of air. 



86 O. Postolache et al.
 

Humidity can be the most difficult environmental factor to control in 
greenhouses and relative humidity is perhaps the most commonly used 
measurement for greenhouse control. Plants respond to the difference between 
humidity levels in leaf stomata and humidity levels of the surrounding air. At the 
same relative humidity levels, but at different temperatures, the transpiration 
demand for water from the leaves may be double. Thus, the vapor pressure deficit 
(VPD) [5] is often used to measure plant/air moisture relationships. Different 
crops vary in their response to humidity levels, but a VPD range of 0.8 – 1 kPa (8 
– 10 mb) has been suggested as an optimum. VPD is particularly useful for 
humidifying but can also be used for dehumidifying. 

Plants respond to different humidity levels by adjusting leaf stomata. Stomata 
open as humidity increases. When VPD is about 1.2 kPa stomata apertures on 
most plants close to about 50% to help guard against wilting. This also reduces the 
exchange of C02, thereby affecting photosynthesis. 

Plants can control their rate of water loss by adjusting the transpiration rate. 
However, for high humidity levels the total uptake of minerals is reduced because 
plants cannot evaporate enough water. 

Humidity levels also indirectly affect the rate of photosynthesis because C02 is 
absorbed through stomatal openings. At higher daytime humidity levels, the 
stomata are fully opened allowing more C02 to be absorbed for photosynthesis. 
Photosynthetic levels can vary by about 5% between VPD’s of 2-10 mb. 

There is no ideal level of humidity that is good for all crops. Humidity levels 
too low may lead to dry tip burn, to wilting, to small leaves, stunted leaves and to 
leaf curl, while humidity levels too high may originate edema, edge burn, soft 
growth and Ca++ deficiencies. 
 
Carbon Dioxide (CO2) 

The concentration of carbon dioxide in the atmosphere ranges from 0.03 to 0.04 % 
by volume but experimental results show that increasing CO2 concentration from 
0.04 % to 0.15% increases the rate of photosynthesis of C3 plants three times [6]. 
In greenhouses, where plants are grown inside a closed space, it is possible to 
increase CO2 by installing gas burners or collecting CO2 from the boilers used for 
greenhouse heating. For the majority of greenhouse crops, net photosynthesis 
increases as CO2 levels increase. 

In C3 plants the response of photosynthesis to increasing CO2 concentration 
depends on light intensity and air temperature. CO2 concentration inside the 
greenhouse depends on CO2 consumption by the plants and the rate of ventilation.  
Therefore maintaining optimum CO2 difficult because it requires a deep 
understanding of plant physiological parameters and it is often conflicting with the 
need of greenhouse ventilation to lower air temperature. 

2.3   Soil 

In traditional growing systems soil is important for plants because it holds roots 
that anchor for plants and it is the only source of water and nutrients.  The efficacy 
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of the soil to perform those functions depends on its physical and chemical 
properties, which frequently are not the most adequate. This is the reason why 
soilless cultivation using inert or organic substrates or even no substrate at all 
became the standard in greenhouse production systems. The nutrient solution 
containing the nutrients dissolved in water is the most important component of the 
system. The substrate is just an interface to allow water absorption by the roots. In 
hydroponic or aeroponic systems there is no substrate and the roots contact 
directly with the nutrient solution. 

The roots can only absorb water near the tip and require continuous root growth 
to maintain an active water absorption zone. Root growth in produced by cell 
division, which is fueled by the energy obtained by respiration. This explains why 
water uptake requires adequate root temperature and oxygen supply. Optimum 
root temperature varies with plant species and ranges from 15 to 25 ºC. Differently 
from the leaves roots have no mechanism for temperature control and their 
metabolic activity may be strongly reduced under extreme low or high 
temperatures. 
 
Water 
 
Water is of paramount importance for plant growth and crop yield because it is the 
vehicle of nutrients and feeds transpiration. Due to the need of keeping stomata 
open for photosynthesis there is usually a positive correlation between plant water 
consumption and productivity. Thus an abundant supply of good quality irrigation 
water is essential for high performing greenhouse crops. Good water quality does 
mean pure water or drinkable water but water with adequate pH, salinity and ion 
balance.  
 
Acidity (pH) 
 
pH is defined as the negative log-base 10 of the hydrogen ion concentration: 
 

pH = - log10 [H+]                                        (1) 
 
The pH measures acidity of a solution on a scale of 0 to 14. The pH of neutral 
solutions, such as pure water, is equal to 7. Alkaline solutions will have high pHs 
(8-14) and acidic solutions will have low pHs (1-6). 

Water pH influences the absorption of ions in the solution. The most adequate 
pH is between 5.5 and 6.5.Alkaline water reduces the availability of Zn, Mg and 
Fe. Continuous acidification of water may induce aluminum, manganese or 
hydrogen toxicities plus deficiencies of phosphorous, molybdenum and calcium. 
Irrigation water is more frequently alkaline and acid and therefore water 
acidification by adding nitric or sulphuric acid is a fairly comment procedure. 
 
Ionic Balance 
 
When elemental compounds dissolve in water, they separate, or dissociate into 
their respective ions: positive charged, named cations, positive (e.g. Na+) and 
negative charged, named anions (e.g. HCO3 -). In irrigation water more than the 
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balance between cations and anions it is important to know the relative amounts of 
ions in the water and which of those ions tend to predominate. 
 
Salinity 
 
Water salinity is the total amount of dissolved salts in it. The cells of plant roots 
absorb water as a result of the differences in osmotic pressure between the cell 
contents and the water. Whenever the salinity of the soil solution is near to or 
greater than that of the plant cell contents, plants are unable to take up sufficient 
water for growth, cell pressure maintenance, and transpiration.  

Salinity is usually measured as a determination of the electrical conductivity (EC) 
of a solution. Conductivity increases with salinity. The standard unit for measuring 
conductivity is the millisiemen (mS) or millimho (mmho). Another commonly used 
unit of measurement for salinity is total dissolved salts (TDS), measured in parts per 
million (ppm). An EC reading of 1 mS is equal to about 666 ppm TDS. 
 
Nutrients 
 
The presence of plant-available nutrients in the greenhouse water supply does not 
usually present a problem, unless they exceed the amounts normally fed to plants 
(see Table 1). 

Table 1 Greenhouse Irrigation Water Quality Guidelines [7] 

 Upper limit (mg/l = ppm) Optimum range (mg/l = ppm) 

pH  5-7 
Conductivity plugs and
seedlings 
General production 

 
0.75 mΩ-1 (500 mg/l) 
1.25 mΩ-1 (800 mg/l) 

 
Near zero 
Near zero 

Sodium absorption ratio
(SAR) 

4 mg/l 0 – 4 mg/l 

Alkalinity 200 mg/l 0 – 100 mg/l 
Bicarbonate equivalent 150 mg/l 30 – 50 mg/l 
Calcium 120 mg/l 40 – 120 mg/l 
Magnesium 24 mg/l 6 – 24 mg/l 
Iron 5 mg/l 1 -2 mg/l 
Manganese 2.0 mg/l 0.2 – 0.7 mg/l 
Boron 0.8 mg/l 0.2 – 0.5 mg/l 
Zinc 2.0 mg/l 0.1 – 0.2 mg/l 
Copper 0.2 mg/l 0.08 – 0.15 mg/l 
Molybdenum 0.07 mg/l 0.02 – 0.05 mg/l 
Fluoride 1.0 mg/l 0 
Sulfate 240 mg/l 24 – 240 mg/l 
Chloride 140 mg/l 0 – 50 mg/l 
Sodium 50 mg/l 0 – 30 mg/l 
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Toxic Problems 
 
The main toxic problems for plants result from sodium, chloride, fluoride and 
boron. 

High sodium levels can contribute to salinity problems, interfere with Mg+2 
and Ca+2 availability, and cause foliar burns associated with poor water uptake 
and sodium accumulation in the tissues. The sodium absorption ratio (SAR) is an 
indication of the sodium hazard. 

Chloride - often associated with sodium since sodium chloride (table salt) is a 
common constituent of some water supplies, particularly well water. Levels above 
140 ppm are considered toxic to plants. 

Fluoride levels above 1 ppm may cause foliar problems on sensitive crops such 
as lilies and freesias. 

Although a necessary plant nutrient, boron may sometimes be present in toxic 
quantities for plant growth. High boron levels are commonly associated with 
alkaline soil formations in areas of low rainfall. 

3   Air and Water Monitoring 

To control the environmental conditions in a greenhouse it is fundamental to 
measure some air and irrigation water parameters. Soil and light characteristics are 
also very important, but as demand increases, future greenhouses will work under 
conditions already tested: artificial light and plants not buried in the soil. We focus 
here, thus in the measurement of air and water parameters more critical for 
efficient crop growth.   

3.1   Air Monitoring in Greenhouses 

The air in a greenhouse has to be measured (and controlled) in its entire interior. 
This needs a distributed sensing network whose number of nodes depends on the 
greenhouse area. In this paragraph two versions of a distributed sensing network 
that includes a set of multivariable sensing nodes based on solid state sensors and 
low power consumption multi-input acquisition devices is presented. The 
communication between the nodes and a host personal computer (PC) that is used 
for advanced data processing and data logging is performed through an acquisition 
and communication module. To avoid cabling the network is wireless and the 
communication protocols proposed are Bluetooth (class 1) and ZigBee. Regarding 
software implementation a Serial Port Profile was used in order to emulate serial 
cable connections using RFCOMM between two peer devices.  
 
Air Quality Sensing Network – General Architecture 
 
A distributed air quality monitoring network (AirQ-N) designed using a set of 
sensing nodes (SNi) with Bluetooth I/O devices that allow wireless 
communications to a supervisor host computer (laptop PC) as depicted in Fig. 2. 
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The quantities measured at each node are air temperature, air relative humidity 
and CO2 concentration. 

Each SNi is implemented using a set of three integrated sensors (Honeywell 
HIH-3610 for relative humidity, National semiconductor LM-35 for temperature, 
and Figaro TGS4161 for CO2 concentration measurement) and the corresponding 
conditioning circuits included in the AirQcc block. 

The output voltages of the AirQcc are acquired using the ACH1, ACH2 and 
ACH3 analog input channels of a BlueSetry data acquisition module that assures 
acquisition rates up to 3kS/s and Bluetooth wireless communication between the 
laptop PC and the SNi nodes using Serial Port Profile (SPP). Each SNi 
corresponds to a virtual serial port, COM1, COM2, COMi. As a Class 1 Bluetooth 
device, the used BlueSentry has a range up to 100 meters, which may be adequate 
for data transmission between the sensors mounted in different parts of the 
greenhouse and the host PC for small greenhouses. 

 

 

Fig. 2 Bluetooth based distributed air quality monitoring system for greenhouses (BCM – 
Bluetooth Communication Module, AcqB – acquisition block, AirQ cc – air quality 
conditioning circuit) 

One of the drawbacks of the systems is related to the necessity to connect one-
by-one the sensor node according to the Bluetooth restriction. In order to improve 
the system capabilities, a ZigBee sensing network design and implementation was 
considered. 

The Zigbee sensing node was implemented using NI WSN-3202 modules that 
communicate with NI WSN-9791 (Fig. 3). 
 
Temperature Measurement 
 
In order to measure the temperature, different solutions can be considered. One, of 
low cost but providing enough accuracy, is LM35 integrated circuit from Linear 
Semiconductor. Its main characteristics are: measurement range -55ºC to +150ºC; 
typical accuracies of ±¼°C at room temperature and ±¾°C over the full  
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-55 to +150°C temperature range, output voltage linearly proportional to the 
temperature in Celsius (10mV/ºC). Considering the temperature values in the 
greenhouse environment and the reduced values of voltage delivered by the sensor 
(e.g. 200mV for 20ºC), a non-inverter amplifier scheme based on LM324 was 
included as part of the sensing node conditioning circuit. 

 

 

Fig. 3 ZigBee distributed air quality monitoring system for greenhouse based on NI WSN 
technology (AcqB – acquisition block, AirQ cc – air quality conditioning circuit, NI WSN-
3202 ZigBEE- 4 Ch, 16-Bit, ±10 V programmable analog input node, NI WSN-9791 
wireless sensor network ethernet gateway) 

The amplified voltage is acquired by the ADC of the acquisition block (Fig. 4).  

 

 

Fig. 4 LM35 temperature sensor conditioning circuit 

Relative Humidity (RH) Measurement 
 
A solid state integrated sensor HIH-3610 from Honeywell is proposed for relative 
humidity measurement. Several characteristics of this integrated sensor are: 
measurement accuracy ±2% of RH for 0-100% RH non-condensing conditions at 25 
°C, linearity of ±0.5% of RH, hysteresis of about ±1.2% of RH span maximum, 
repeatability of ±0.5% of RH. The response time is 15 sec in slowly moving air at 25 
°C. The relation between the output voltage (Vout) and the RH values at 25ºC is: 
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 Vout Vsupply αRH β                                 (2) 

 
where α=0.0062 and β=0.16. 

The relative humidity sensor response is affected by temperature variations. 
The evolution of sensor response versus RH and temperature variations is 
presented in Fig. 5. 

 

 

Fig. 5 The RH sensor response (output voltage) versus RH for different values of 
temperature  

In order to extract the true value of RH different temperature correction 
techniques were developed by the authors according with the sensor 
characteristics nonlinearity (e.g. [8][9][10]. 
 
CO2 Concentration Measurement  
 
Solid state sensors are a good option for measuring CO2 concentration. Thus, 
considering requirements such as miniaturization, low power consumption, and 
long life, TGS4161 from Figaro is proposed. It is a solid electrolyte type sensor 
with a cation (Na+) solid electrolyte formed between two electrodes together with 
a printed heater (RuO2) substrate. The cathode (sensing element) consists of 
lithium carbonate and gold, while the anode (counter electrode) is made of gold 
(see Fig. 6) [11].  

The sensor conditioning circuit is presented in Fig. 7.  
A heater voltage VH is applied to the integrated heater in order to maintain the 

sensing element at the optimal temperature for sensing. According to sensor 
internal functioning, an electromotive force (EMF) is generated between the 
two electrodes of the sensor. The EMF is defined by: 
 EMF Ec R T / 2F ln P CO                            (3) 
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Fig. 6 TGS4161 CO2 solid state sensor structure  

 

Fig. 7 TGS4161 conditioning circuit 

where P(CO2) is the partial pressure of CO2, Ec is a constant value, R is the gas 
constant, T is the temperature (K), and F is the Faraday constant. 

A follower circuit is used to measure the EMF value. Since the circuit must 
have a high impedance (more than 100GΩ) and low bias current (less than 1 pA), 
a TLC 271 operational amplifier from Texas instruments is proposed. Taking into 
account the analog input range associated with the sensing nodes (SNi), an 
additional amplification scheme can be included as part of the conditioning circuit. 

The metrological characteristics of the sensor are calculated considering a 
reference concentration of CO2 and the corresponding EMFref. For the particular 
case of TGS4161, EMFref=EMF|350ppm of CO2. The evolution of ΔEMF=EMFref-EMF 
is presented in Fig. 8. 
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Fig. 8. The evolution of CO2 gas sensor output for different values of gas 
concentration 

 
Analyzing Fig. 8 one can notice that the CO2 sensor has good sensitivity and 

selectivity (different gases have low influence on sensor’s output voltage).  
The sensor has low dependency on humidity but not on temperature (see Fig. 9). 
The authors have proposed different techniques for correction of gas sensor 
response [12]. 

 

 

Fig. 9 The evolution of CO2 gas sensor output versus temperature 
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3.2   Irrigation Water Monitoring 

Ideally, a system to monitor irrigation water should be able to measure water pH, 
salinity, concentration of nutrients and of elements and compounds potentially 
toxic for the plant and for animals and/or humans in the case the crop produces 
food. With the data resulting from these measurements it is possible to treat the 
water so that it includes only the elements suited for plant growing and living. 
Measuring pH and salinity is fairly simple and can be done automatically and 
online using off-the-shelf equipment of reasonable prices. The same is not true for 
nutrients and other elements, namely heavy metals. In the field, automated online 
measurement requires expensive chemical analyzers, such as spectrophotometers 
and chromatographers. Thus, one of two alternatives may be followed: (1) to treat 
the water to turn it into pure water and then introduce in it the nutrients in 
concentrations that better suit crop needs taking into consideration the other 
environmental conditions; (2) to estimate the overall concentration of nutrients by 
considering that its value is equal to the total dissolved solids and, eventually, 
measure some potentially dangerous heavy metals. We shall consider the second 
solution because the first one requires virtually no in the field measurements. 

Figure 10 represents a possible greenhouse water distribution system (WDS). 
The main elements contained in the system are water filters (WF), liquid pumps 
(P), water storage deposits, flow meters, electro-valves (EV) and manual or 
control valves.  

 

 

Fig. 10 Greenhouse water distribution system 
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After valve (V1), there is a water filter that removes the main foulness 
contained in the water. Pump P1 is used to increase the water input pressure to a 
value that must be compatible with the hydraulic resistance (HR) of the water 
network inside the greenhouse. A typical value of the output pressure delivered by 
P1 is in the range 200 kPa (2 bar) and 400 kPa. The water deposit (deps) works as 
a water buffer that is used to filter eventual pressure variations arising from the 
water supply network or from the input pressure pump. The level switches, LSmin 

and LSmax, installed inside deps, are to define the minimum and maximum water 
levels in the deps, respectively. Regarding water quality measurement and control, 
the WDS includes a water analyzer (WA) that takes water samples from deps and 
a set of chemical reagents (CHreagents) that can be used to perform an on-line 
adjustment of water parameters. For example if water alkalinity is too low one 
way to increase its value is by adding limestone to the water feeding deposit or by 
using low acid or low basic reaction fertilizers. 

The water feeding diagram represented in Fig. 10 considers a set of different 
zones inside the greenhouse. Each one of these zones (Zi) can have its own 
requirements in terms of input water flow rate and pressure. Adjustment the water 
flow rate is achieved by a set of electro-valves (EV). 

Let us take a detailed look into the water analyzer (WA). According to what 
was said, the analyzer must incorporate sensors for pH, salinity, nutrients (total) 
and heavy metals. 
 
pH Measurement 
 
The measurement of water pH can be done using an electronic pH meter. It 
consists of a probe containing an acidic aqueous solution encased in a special 
glass membrane allows migration of hydrogen ions (H+). If the water has a pH 
different from that of the solution within the probe, an electric potential results. 
Usually, electrochemical sensors are used to measure pH. According to the Nernst 
equation, the voltage difference (E) that is obtained from these sensors is given by: 
 E . R T .F 7 pH                             (4) 

 
where E represents the voltage difference between measuring and reference 
electrodes, T represents temperature in ºC, F represents the faraday constant and n 
represents the number of electrodes that participate in the REDOX reaction. 

Figure 11 represents a pH measuring diagram based on a glass membrane pH 
sensor and its equivalent electrical circuit. The electrical circuit contains multiple 
resistors and voltage sources that are associated with all resistive and polarization 
effects existing inside the measuring cell. 
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Fig. 11 Structure of a glass membrane pH sensor and its equivalent electrical circuit 

The internal resistance of the sensor is very high, sometimes higher than 500 
MΩ, which means that an accurate measurement of its low output voltage requires 
an amplifier with a very high input resistance. Usually the maximum bias currents 
of the amplifier must be lower than a few pA. Figure 12 represents an equivalent 
electrical circuit of a signal conditioner that can be used. 

 
 

  

    
+  

+   

10M  

10M  

pH   

Coaxial cable

10 M  Ω  
 
 

10 M  Ω  
 
 

E

 

Fig. 12 Signal conditioning for a pH sensor (OA- operational amplifier) 

According to (4), the sensor’s electromotive force depends explicitly on 
temperature. A graphical representation of the pH transducer response for 
different values of temperature is presented in Fig. 13.  
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Fig. 13 Typical pH electrode response as a function of temperature 

Thus, means for temperature compensation must be included in the pH 
measurement system in order to obtain accurate pH values. This requires a 
temperature sensor, which can be identical to the one used for air temperature 
measurement described in paragraph 3.1. For digital systems, the temperature 
compensation is done by software using a look up table that considers the relation 
between the pH sensor’s responses for different temperatures (Table 2). 

Table 2 Look up table for pH temperature compensation 

T(ºC) Sensitivity coefficient (mV/pH 
unit) 

0 -54.2 
20 -58.2 
25 -59.2 
50 -64.1 
75 -69.1 

 
 
Salinity and Nutrients 
 
Salinity measurement is based on the electrical conductivity (EC) and the 
temperature. In general ppm times a factor of two equals the conductivity for 
common salts like NaCL (e.g. 1000 ppm = 2000 uS/cm). 

TDS or totally dissolved solids is expressed in grams per liter, g/L and is 
based on compensated conductivity where a temperature coefficient is selected  
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a water sample. The main advantages of this method include its large dynamic 
range, its capability to differentiate between different chemical forms, its high 
sensitivity and suitability to easy integration in automated measuring systems, and, 
above all, its capability to measure several heavy metals in a single measurement 
step. Copper, zinc and molybdenum are nutrients that can be measured using 
voltammetry. 

Figure 15 represents the schematic diagram of an electrical circuit that was 
used by the authors [16] to perform measurements. The circuit includes the 
following main elements: a three electrodes measuring cell (MC), a DAQu, and an 
inverter sum amplifier (OA1), whose input voltage signals come from the DAQu 
(VDAC) and from the voltage follower circuit (V02). 
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Fig. 15 Schematic diagram of the electrical circuit (MC-measuring cell, DAQu- data 
acquisition unit, ADC- analog to digital converter, DAC- digital to analog converter, OA- 
operational amplifier, AS- analog switch) 

Basically, after a pre-concentration phase, a positive potential, with linear 
variation, is applied to the counter electrode of the MC and the current peaks, 
associated with the redox potential of each metal dissolved in the solution, are 
generated and detected by the current to voltage converter that is connected to the 
working electrode of the MC. It is important to underline that before measurement 
the oxygen must be removed from the solution in order to avoid large 
measurement errors.  
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4   Conclusion 

Food demand increases as the world population continuously grows. Such raising 
demand requires higher productivity levels of quality products. 

One way by which agriculture is answering the challenge is by increasing the 
production of products for human consumption in controlled environments, i.e., in 
greenhouses. Nowadays, and in developed countries, most greenhouse crops are 
grown in soilless cultivation using organic or inert substrates with no contact with 
the soil. The tendency is for growers to use greenhouses with increasing capacity 
for environmental control. The development of crop growing models provides 
information about set-points for a high number of variables related to air, 
substrate, water and plants that have to be accurately measured. In this chapter the 
authors paid particular attention to the critical variables of air and water.  

Two issues deserve a comment here: (1) plant growing depends not on the air 
temperature but on leaf temperature. Usually the difference is not large, but 1ºC is 
already meaningful. Thermocouples can be coupled to leaves to measure their 
temperature [17] but other solutions are available [18]; (2) It must be underlined 
that no considerations were made about sensors calibration; to maintain adequate 
accuracy of the measured quantities and particularly because some of the sensors 
and electronics are operating in field conditions, it is of paramount importance to 
periodically verify and calibrate the transducers, i.e., the sensors and associated 
electronics. If one wants to calibrate them automatically on-site without 
uninstalling them, careful designed hardware and software is required. The authors 
have been developing solutions for in-situ calibration of water quality monitoring 
systems and the reader may have a perception of its complexity by consulting 
[19][20]. 
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Abstract. In this paper, the output parameters of the planar electromagnetic sensor 
have observed with different kind of water samples at different concentrations. 
The output parameters have been derived and tested to be incorporated with 
independent component analysis (ICA) and as inputs for an analysis model. The 
analysis model targeted to estimate the amount of nitrate contamination in water 
samples with the assistance of ICA based on FastICA fixed point algorithm under 
the contrast functions of pow3 and tanh. Nitrates sample in the form of ammonium 
nitrates (NH4NO3), each of different concentration between 5 mg and 20 mg 
dissolved in 1 litre of deionized water (mili-q) was used as one of the main 
references. A model based on independent component analysis was developed to 
estimate nitrate contamination in natural water source. The model was tested with 
two sets of mixed NH4NO3 and (NH4)2HPO4 water samples based on Manawatu 
river water. From the results, the model can acceptably detect the presence of 
nitrate in Manawatu River and capable of distinguishing the concentration level in 
the presence of other type of contamination. Furthermore, the effect of 
temperature change was also observed in this study. The system and approach 
presented in this paper has the potential to be used as a useful tool for water 
sources monitoring.  

1   Introduction 

Nitrate contamination poses significant threat to human, animal, and environment. 
Illness caused by nitrate poisoning is extremely fatal to infants in couple of days 
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without any significant prior signs [1]. In animal farming industries, nitrate 
poisoning can lead to expensive loses to the farmers such as lower dairy yield or 
livestock abortions [2]. It may also trigger environmental changes such as 
eutrophication in river which may remove oxygen from the water thus killing the 
fish and other aquatic life [3]. At the present, scientists are looking more seriously 
into the link of nitrate intake to cancer as reported in [4]. According to the 
standards, the level of Nitrate consume by human may not exceeded 43.3 mg/L [5] 
and for most farms, drinking water is expected to be around 6 to 15 mg /L  and 
should not exceed 100 mg/L. In New Zealand, the nitrate detection are based on 
the test that has been conducted using absorption spectrophotometry using a 
specific reagent since over the past three decades [6]. Although it is highly 
accurate, this kind of laboratory based equipment is expensive. This makes it hard 
to have a regular and continuous monitoring at the nitrate level in drinking water. 
A more affordable detection method a such as biosensors [7] and potentiometry 
[8] are available. However, one major problem is to overcome the measurement 
error due to the interference from other type of major contamination in the water.  

Planar electromagnetic sensor has been proven capable of detecting nitrate as 
discussed in our previous work which has been reported in [9]. It is simple to 
develop and low cost. The aim of this paper is to discuss the system that has been 
developed to estimate the amount of nitrate contamination with the presence of 
other type of contamination in natural water sources based on planar 
electromagnetic sensor. The current study is also looking into the aspects of the 
accuracy of the system towards the compliant of the definition of traceability in 
the water monitoring standards as described in the U.S. Water Framework 
Directive (WFD) [10].  

2   Construction and Operating Principle of Planar 
Electromagnetic Sensor 

Figure 1. shows a novel planar electromagnetic sensor with meander and 
interdigital sensors combined in series. Figure 1(a) and 1(b) illustrates that the 
sensor consists a spiral meander planar turns surrounding (each turn is distanced at 
0.5mm) the interdigital sensor. The sensor is connected to the function generator 
to provide an alternating 10 Volt peak –to-peak sine waveform signal. Magnetic 
field is created around the meander sensor while electric field is generated within 
the region of the interdigital sensor. Thus, the combination of magnetic and 
electric fields forms an electromagnetic field which passes through material under 
test and changes the impedance of the sensor. The interdigital sensor employs a 
conventional configuration having consecutive negative and positive electrode 
placed apart at a fixed distance where the negative electrode width is 3 mm as 
shown in Figure 1(b). A grounded backplane deposited on the other side of the 
interdigital sensor.  

An electrical equivalent circuit of the sensors connected in series is shown in 
Figure 1(c). The sensor is connected to a function generator where Rg is the output 
resistance with nominal value of 50 Ω.  R1 denotes the series surface mount 
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resistor connected to the sensors as shown in Figure 1(b). Hence, I1 can be 
calculated from:  

                            131 RVI =  
(1)

where I1 and V3 are the rms value of current through the sensor and voltage across 
R1, respectively. Introducing (1) into (2), giving Z  (the total impedance) 

 11 IVZ =  (2)

where V1  is the rms value of the input voltage signal. 

Ground 
plane

BNC
connector

(a) (b)

 

( )tvg

( )tv1

( )tv2( )tv3

 

Fig. 1 (a) Schematic diagram of sensor: top layer (b) schematic diagram of sensor: bottom 
layer (c) An electrical equivalent circuit of the sensor 
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3   Experimental Setup and Labview Program 

The experimental setup involved a frequency waveform generator where the 
standard sinusoidal waveform with 10 Volts peak-to-peak value was set as the 
input signal for the sensors. An old microscope was used as a platform for the 
sensors as can be seen from Figure 2(a). The Agilent 54622D mixed signal 
oscilloscope was interfaced to a PC, and then, the output signals were recorded and 
calculated consecutively using developed programs using the LabView software. A 
20 litre refrigerator was used to study the effect of temperature change as can be 
seen in Figure 2(b). Figure 2(c) illustrates the water how the connection was 
established inside the refrigerator; the refrigerator was close during the experiment. 
Figure 2 (d) depicts the temperature sensor which consists of LM335 [11] to 
estimate the temperature of the solution based on C8051F020 microcontroller 
where the LM335 output signal is transferred  to the LabView  via the RS232. 

 

Fig. 2 The experimental setup 

The measurement was done at frequency range between 1 kHz and 10 MHz. 
Beforehand, the sensor was sprayed with Wattyl Killrust Incralac to form an 
acrylic resin-based protective coating. The output sensitivity, %V based on the 
output voltage, V3 of the sensor is calculated from the following equations: 

 Output sensitivity, %V =
( )

100×
−

−

−

qmili

qmilisample

V

VV
 (3) 

Where, %V is the output sensitivity, VMili-Q is the output voltage measured across 
the series resistor when the sensor is immersed in the Mili-Q. Vsample is the output 
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voltage measured across the series resistor when the sensor is immersed in the 
water sample. 

4   Preparation of Water Samples 

This section will discuss the type of water samples prepared for the experiments. 

4.1   Water Samples for the Reference Sets 

The reference sets comprise of Ammonium Nitrate (NH4NO3) and Diammonium 
Phosphate ((NH4)2HPO4) solutions at different concentration between 5 mg/L and 
115 mg/L. Table 1 summarizes the water solutions for the reference sets. NH4NO3 
and (NH4)2HPO4 were chosen for the experiment because they are the two of the 
most common chemical compounds used for the making of inorganic fertilizer 
[12, 13]. NH4NO3 water solutions serve as the main reference in measuring nitrate 
(NO3

-). Basically, solid NH4NO3 is dissolved in water to produce an aqueous 
ammonium nitrate solution as follows:  

 NH4NO3 (s) → NH4
+ (aq) + NO3

- (aq) (4)

The positive ion NH4
+ is a weak base and NO3

- is a strong acid. Furthermore, the 
ammonium nitrate is mixed with water, resulting: 

 NH4NO3 + H2O → NH4OH + HNO3 (5)

NH4OH further goes to:   

 NH4OH → NH3 + H2O (6)

The NH3 is the ammonia gas and it evaporates to the atmosphere. So the 
remaining HNO3 remains as H+ and NO3

-. So basically, for the first reference set, 
the nitrate concentration is measured. (NH4)2HPO4 water solutions were set as the 
other contamination and used to test the capability of the independent component 
analysis to estimate NO3

- under the presence of other type of contaminations. The 
experiments involved with the water samples in this section were conducted at 
room temperature 25 °C average. 

4.2   Water Samples as Test Samples in the Experiment 

Two sets of water samples were prepared based on the water samples taken from 
Manawatu River, New Zealand. The sample collection site is also closed to the 
Hokowhitu campus Massey University, New Zealand. Water sample set 1 and set 
2 were prepared for the room temperature setting experiment and the refrigerator 
temperature setting experiment, respectively as summarized in Table 2. Each set 
has four eight different groups of water samples where each group was divided 
into nine samples. The group 1 water samples are basically pure Manawatu river 
water sample The water sample group 2 to 4 are basically the combination of 
NH4NO3 and (NH4)2HPO4 in the different ratio as can be seen in Table 2 . As an 
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example to prepare a group of water sample, three separate beakers were each 
filled with one litre of Manawatu river water. Then, each beaker was added with 
NH4NO3 and (NH4)2HPO4 at the desired ratio. Next, each beaker was divided into 
three samples. Therefore we have one group of water samples of nine.  

Table 1 Water samples as references 

Sample 
Number 

Concentration of 
NH4NO3 (mg/L) 

 
Sample 
Number 

Concentration of 
(NH4)2HPO4 (mg/L) 

1 5.5  7 5.0 
2 10.6  8 10.0 
3 15.1  9 15.0 
4 21.0  10 21.2 
5 61.0  11 61.7 
6 110.0  12 113.5 

Table 2 Water Samples (Manawatu river) as test samples 

Water 
Sample set 

Water 
Samples 
Group 

Added 
concentration of 
NH4NO3 (mg/L) 

Added 
concentration of 

(NH4)2HPO4 
(mg/L) 

Ratio of 
NH4NO3 to  

(NH4)2HPO4 

Set 1: 
Room 

temperature 

Group 1 0 0 0 
Group 2 5.6 20.1 0.279 
Group 3 15.1 10.4 1.452 
Group 4 60.3 100.4 0.601 

Set 2: 
Refrigerator 
temperature 

Group 1 0 0 0 
Group 2 5.6 20.1 0.279 

Group 3 15.1 10.4 1.452 
Group 4 60.1 100.4 0.599 

5   Independent Component Analysis 

 Independent component analysis (ICA) is a powerful statistical tool to deal with 
issues related to separation of mixed signals problems. This concept was 
introduced in the end of 80’s by Jutten and Herault [14].  One of the earliest 
demonstrations involved the recovering of the original speech signals of different 
speaker from mixed sound signals that are produced by different microphone [14, 
15].  Two important aspects of ICA that made it so popular are it has the potential 
for blind-sources separation and feature extraction where independent components 
(ICs) can be estimated from the mixed signals [14, 15]. As comparison to other 
methods such as Principal Component Analysis (PCA), ICA assumes that the 
inputs are statistically independent while the outputs are mutually independent and 
have non-Gaussian distribution[16]. 

The ICA method has been applied in many different areas, e.g. percentage 
estimation of fat content in meat [17], extraction of profiles from overlapping Gas 
Chromatography and Mass Spectra signals with background [18, 19], identifying 
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constituents in commercial gasoline [20], estimation of compound distribution in 
spectral images for sorting tomatoes [21],  monitoring and alert system for 
environment water [22], analysis of biomedical signals such as EEG, MEG and 
ECG [23, 24], identifying natural compound [25], and biomedical image processing 
[26, 27]. 

The basic concept of ICA can be explained by considering linearly mixed 
signals given by the following equation: 

 X = AS    (7) 

where X is an n×m matrix of mixture of source signals, A is an n×d mixing 
matrix, which characterizes the medium (material under test) through which the 
source signals transverse, and S is a d×m matrix of source signals. The main 
objective of ICA is to estimate mixing matrix A and/or the source matrix S from 
the observed matrix X. The components of matrix X are assumed statically 
independent, which can be concluded from non-Gaussianity. The in depth 
explanation of ICA concept is available from [14, 15].  

A fixed point algorithm, FastICA developed using Matlab was used to 
implement ICA analysis [15, 28]. FastICA is based on the optimization of a 
nonlinear contrast function measuring the non-Gaussianity of the sources. There 
are two version of the FastICA namely one-unit (deflation) algorithm and 
symmetric algorithm. In this study, one-unit (deflation) algorithm was employed. 
The weight vector was selected as random. The nonlinear contrast functions 
involved were pow3 and tanh [15, 28]. 

To eliminate the problem of baseline [15] that will make the independent 
components (ICs) do not match the reference spectra, a conventional approach to 
correct the baseline problem is to apply second derivative spectra [15, 16] to the 
signal in equation (3), as given by the following equation: 

  
  

(8)

Furthermore, in ICA, the scale of resulting signal (independent component) is not 
same as original data [13, 14], therefore, the resulting spectra was normalized. 
Figure 3 (a) illustrate the second derivative of output signal of water samples set 1, 
group 1 along with the corresponding temperature plots as seen in figure 3 (b). It 
can be seen that all the samples has steady temperature plots between around 13 
°C and 19 C. The resulting second derivative spectra in figure 3(a) suggest 
consistent results of sample 1 to sample 9. As a whole, the spectra have significant 
valley and peak at 100 kHz and just over 100 KHz, respectively as can be seen in 
figure 3 (a). 
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Fig. 3 (a) The second derivative of output signal of water samples set 1, group 1. (b) The 
corresponding temperature plots. 

Figure 4 (a) illustrate the second derivative of output signal of water samples 
set 2, group 1 along with the corresponding temperatures as seen in figure 4 (b). It 
can be seen that the temperature gradually changes between around 4 °C and  
-8 C when the frequency is increasing. As the results of storing the water 
samples in the refrigerator, the resulting second derivative spectra in figure 4(a) 
still have significant valley and peak at 100 kHz and just over 100 KHz, 
respectively as compared to the spectra in figure 3(a), however, the temperature 
gradient had enveloped the spectra with noises and almost rendered the spectra in 
figure 4(a) to be dissimilar to the spectra in figure 3(a). The effect of accuracy in 
nitrate estimation will further be examined in the other section. 
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Fig. 4 (a) The second derivative of output signal of water samples set 2, group 1. (b) The 
corresponding temperature plots. 

5.1   Description of the Analysis Method 

The analysis method consists of three main components: the application of fixed 
point algorithm (FastICA), spectral matching, and contamination calculation as 
summarized in figure 5. By default, the number of independent component is the 
same with the number of inputs. Therefore, in this experiment, nine independent 
components (ICs) were obtained. In this research, the reference spectral consist of 
the second derivative of  NH4NO3 and (NH4)2HPO4 spectral in table 1. Each of the 
resulting ICs is evaluated with the reference spectral using mean square error 
(MSE) and spearman correlation coefficient (r2) [29]. Another evaluation 
parameter given by the ratio of r2 to MSE called as defining factor value (DFV). 
However, another major problem of ICA analysis is some of the resulting ICs 
maybe “inverted" by x-axis [15]. Therefore, the evaluation process is repeated 
with ICs multiplied with -1 (-ICs). 
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Fig. 5 The schematic of the nitrate contamination estimation method 

5.1.1   Calculation of Contamination for pow3 

All ICs and -ICs are referred to a specific reference value based on the highest 
DFV value yielded. The lowest value range and highest value range need to be 
identified for both ICs and –ICs. 

One ultimate IC/-IC is selected between the ICs/-ICs with the highest DFV. The 
ultimate IC/-IC should be changed to another IC/-IC that has higher reference 
value considering the following conditions: 

 

1. If there is another IC/-IC that has higher r2 value and the difference between the 
DFV values is less than 50%. 

2. If there is another IC/-IC that has r2 difference less than 40% value and DFV 
difference less than 50% compared to the original IC/-IC. 

 

For the selected ultimate IC/-IC, the values of r2 corresponding to the reference 
spectral are studied. The total estimated concentration; C is calculated from the 
average of estimated concentration (c1) calculated from IC and –IC. If the ultimate 
IC/-IC is at the lowest range, therefore: 

( ) 2/211 yyc +=                                                                 (9) 

RVrRVy RV ×+= )( 2
1                                                          (10) 

')(' '
2

2 RVrRVy RV ×−=                                                         (11) 
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where RV is the ultimate IC/-IC reference value in mg/L and (r2)RV is the 
corresponding r2 value, y2 is selected at the next higher reference mg/L value. RV’ 
is the reference value in mg/L of y2 and (r2)RV’ is the corresponding r2 value of y2. If 
the ultimate IC/-IC is at between the lowest range and the highest range, y2 is 
selected at the next lower reference mg/L value. If the ultimate IC/-IC is at the 
highest range, the following conditions are considered: 
3. If the total number of independent components in the highest range are less than 

the number of independent components at the opposite side, therefore: 

( )121 yyc −=                                                                   (12) 

RVrRVy RV ×−= )( 2
1                                                          (13) 

')(' '
2

2 RVrRVy RV ×+=                                                         (14) 

where y2 is selected at the next lower reference mg/L value. 
4. For the condition that is contrary to the case in 3. , c1 is calculated from 

equation (9), y1 from equation (10) and y2 from equation (14) where y2 is 
selected at the next lower reference mg/L value. 

5. If the number of the independent components is the same, compare the r2 value 
and if the IC/-IC that refers to the highest range has higher r2 value, c1 is 
calculated as in 3. If not, c1 is calculated by equation (9) to (11) where y2 is 
selected at the next lower reference mg/L value. 

6. If both ultimate IC and -IC are referring to the highest range, the c1 in IC and –
IC are calculated by equation (9) to (11) where y2 is selected at the next lower 
reference mg/L value.  

5.1.2   Calculation of Contamination for tanh 

Similarly, all ICs and -ICs are referred to a specific reference value based on the 
highest DFV value yielded like in pow3. The lowest value range and highest value 
range also need to be identified for both ICs and –ICs the same way in pow3. 

One ultimate IC/-IC is selected between the ICs/-ICs with the highest r2. 
Therefore, the ultimate IC/-IC is not expected to change. Then the following 
conditions are considered: 

1. If the IC and –IC do not have the same independent number e.g. IC8 and –IC6, 
the total estimated concentration; C is calculated from the estimated 
concentration (c1) calculated from IC or –IC that has the highest r2. If it is at the 
lowest range, therefore c1 is calculated from equation (9), y1 and y2 are given as 
following: 

⎪⎩

⎪
⎨
⎧
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=
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where RV is the ultimate reference value in mg/L and (r2)RV is the corresponding r2 
value of y1, y2 is selected at the next higher reference mg/L value. RV’ is the 
reference value in mg/L of y2 and (r2)RV’ is the corresponding r2 value of y2. If the 
case between the lowest range and the highest range, c1 is calculated from 
equation (9), y1 and y2 are given as following: 

⎪⎩

⎪
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where y2 is selected at the next lower reference mg/L value. If the ultimate IC or –
IC is at the highest range, y1 is calculated as following: 
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where y2 is calculated using Eq. (21) and selected at the next lower reference mg/L 
value. 
2. If the IC and –IC do have the same independent number e.g. IC8 and –IC8. The 

total estimated concentration; C is calculated from the average of y1 (calculated 
using equation (10)) from both IC and –IC. 

6   Results and Discussions 

As can be seen in figure 6(a), based on the water samples set1, the estimated 
NH4NO3 concentration values in the Manawatu river (pure water sample) are 
28.654 mg/L and 82.987 mg/L  using pow3 and tanh, respectively, which comes 
to the average of 55.821 mg/L. Basically, the average calculated value has 
exceeded the safe limit. This result is plausible because the site where the samples 
were taken is near to residential areas (possible sewage effluent) and Manawatu 
river has been reputed to have water quality issues for the past recent years [30]. 
In term of accuracy in the estimation of nitrate, the calculated nitrate concentration 
is in good agreement with the estimated values as can be seen between figure 6 (b) 
and (c). The estimated values are calculated based on the initial value of nitrate 
estimated added with the amount that added into the water samples (known value). 
The average estimations give a relatively low error between just over -10% and 
just over -4% as can be seen in figure 6(d).  

The estimated concentration of (NH4)2HPO4 in the river is between just under 
40 mg/L and just over 4 mg/L suggested that there is no concern should be risen. 
The accuracy of discriminating other kind of contamination can be obtained from 
the average value as can be seen from the error between just under -20% and 
fewer than 10% as can be seen in figure 6(f). Furthermore, the calculated ratio 
values were maintained at acceptably same level as compared to the estimated 
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ratio of increment as can be seen in figure 6 (g). The calculated ratio of increment 
for each group (group 3 to group 4) was obtained by subtracting the calculated 
initial values of NH4NO3 and (NH4)2HPO4.  

 

Fig. 6 Results for water samples of set 1 in table 2: (a) Calculated NH4NO3 of group 1 to 
group 4 (b) Estimated NH4NO3 of group 2 to group 4 (c) Error of NH4NO3 estimated for 
group 2 to group 4 (d) Calculated (NH4)2HPO4 of group 1 to group 4 (e) Estimated 
(NH4)2HPO4 of group 2 to group 4 (f) Error of (NH4)2HPO4 estimated for group 2 to group 
4 (g) The comparison between calculated ratio of NH4NO3 to (NH4)2HPO4. 

Similarly as before, Figure 7 shows the results for water samples of set2 as 
described in table 2. In this experiment, the change of environment temperature 
was considered. Initially, the calculated NH4NO3 and (NH4)2HPO4 in the pure 
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river water samples of set 2 are not far different from the results obtaine from 
water samples of set 1. Where the average calculated NH4NO3 and (NH4)2HPO4 

are 38.72 mg/L and 39.67 mg/L, respectively, as can be seen in figure 7 (a) and 
(d). Furthermore, as a whole the change in the surrounding temperature has caused 
the error to be unwantedly eight times bigger as compared in the previous 
experiment. In resulting, the calculated ratio values are definitely out of the actual 
proportional as can be seen in figure 7(g). 

 

Fig. 7 Results for water samples of set 2 in table 2: (a) Calculated NH4NO3 of group 1 to 
group 4 (b) Estimated NH4NO3 of group 2 to group 4 (c) Error of NH4NO3 estimated for 
group 2 to group 4 (d) Calculated (NH4)2HPO4 of group 1 to group 4 (e) Estimated 
(NH4)2HPO4 of group 2 to group 4 (f) Error of (NH4)2HPO4 estimated for group 2 to group 
4 (g) The comparison between calculated ratio of NH4NO3 to (NH4)2HPO4. 
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7   Conclusion 

The studies in this paper show that an accurate discrimination and estimation of 
nitrates concentration can be achieved using the sensor with the assistance of ICA 
with the relatively limited number of reference spectral under constant environment 
temperature. From the experimental results, it can be seen that the temperature 
change has significantly reduced the accuracy of the measurement. This is an 
important finding as in the future, any on-site measurement should observe any 
sudden change of the temperature in the surroundings. It is suggested that, a good 
time to conduct any on-site measurement are between late morning and afternoon as 
the temperature usually has reached constant value. In the future, this method will be 
integrated using a low cost system which will be convenient and affordable for 
farmers and people who are concerned with their environment (water supply quality). 
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Abstract. This paper looks at techniques in the field of machine learning that can 
be employed to aid the interpretation of intensively gathered sensor data from do-
mestic livestock. Given the high levels of reliability afforded through improved 
battery technology and progressively more powerful small computing devices, 
condition monitoring on such scales has become widespread but at the expense of 
the understanding of the relation to the welfare condition that underlies the quanti-
ties being measured. Latent class models offer a means of postulating the exis-
tence of an abstraction or category label for a given set of observations. In this 
chapter the additional understanding that 3 progressively sophisticated models can 
offer in the interpretation of a set of GIS data gathered from a herd of 15 beef 
cows is explored. The conclusion comprises a review of practical applications 
where these models may assist understanding of the potentially complex beha-
vioural relationships between individuals and groups of animals. 

Keywords: machine learning, geospatial information systems, animal behaviour, 
condition monitoring.  

1   Introduction 

The advances in sensor technology that have brought continuous animal monitor-
ing to an affordable and reliable stage have also generated new problems, namely 
the interpretation of such data and the association with established domain knowl-
edge such as behavioural traits. The volumes of data alone can be of a magnitude 
that is beyond human understanding but even this notwithstanding, could a veteri-
nary physician, a behaviour expert or an animal husbandry specialist be able to as-
sociate sensor measurements with a situation they are familiar with? Continuous 
monitoring will inevitably throw up situations that have previously been  
out with mainstream domain knowledge further compounding the problem of  
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understanding. Reducing this data to a more manageable stream of higher level 
predicates would be an attractive proposition although given the dynamic nature 
of sensor measurements, orthodox statistics may obscure or confound a series of 
observations representing a condition. For example, averaging over temperature 
sensor measurements may hide an outlier or smooth together two extremes thus 
resulting in a normal condition from an abnormal one. In such circumstances, it 
may be postulated that there are different processes influencing the sensed obser-
vations, such hidden traits may be formalised as latent variables in that they are 
never seen. Many latent variable models make use of the non-stationary properties 
of the data they are constructed from; this means that the distribution of the data is 
not constant. One class of latent variable models that are popular for their compu-
tational tractability are linear Gaussian models. As will be illustrated, these mod-
els can provide a number of valuable insights into novel sensor data in a manner 
that is theoretically consistent as well as robust and computationally efficient. 
Demonstrations of the simplest linear Gaussian Models, the Kalman filter, the 
Gaussian Mixture and the Hidden Markov Model are provided here to illustrate on 
a GIS data set gathered from domestic cattle fitted with GPS transponders. This 
chapter will provide an overview of the concept of latent class models that will 
cover theoretical as well as practical foundations. Once a review of utilising GIS 
data in animal monitoring applications has been covered, the application of basic 
linear Gaussian models is demonstrated and the results discussed. The chapter is 
concluded with an overview of some practical applications as well as more com-
plex latent class models and how they can offer more in-depth understanding of 
complex data sets. 

2   Utilising GIS Data in Animal Behaviour Monitoring 

GIS data sources have been a useful addition to the animal behaviouralists’ ex-
perimental apparatus providing in the first instance placement which allows utili-
sation of land to be quantified. Further processing of fixes yield displacement 
from which energy budgets may be inferred, herding characteristics, movement 
for inferring activity levels and with aggregation of multiple sensor measurements, 
social dynamics – an example of which is shown in Figure 1. 

The availability of inexpensive GPS transponders has enabled the individual 
and group behaviours of animals to be studied without potentially invasive human 
interventions. 5 days worth of GPS data from a small herd of free ranging cattle 
were collected. In order to utilise the GPS data, which arrives in geodetic co-
ordinates, a conversion is made into the Cartesian system [7] using the following 
notation: 
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To convert latitude, longitude and altitude into their Cartesian equivalents: 
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Location on its own does not give a complete representation of behaviour; auxil-
iary features must be calculated that allow energy expended and independence to 
be inferred. Animals can each be represented by an observed position in 2-
dimensional space at time t. To track the motion of a herd of size H, a useful quan-
tity is the herd centroid c, which at time t is given by: 
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To contextualise the distance between cows, the dispersal of the herd can also be 
used – this is just the average distance from the centroid: 
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The heading for an individual animal can be obtained from: 
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To obtain the heading for the herd, the centroids are used in the above expression 
instead of individual animal fixes. Figure 2 shows the displacement and heading 
over a 24 hour period for a single animal compared against the remainder of the 
herd. 
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Fig. 2 Displacements and heading angles for individual subject (lower two plots) and the 
collective displacement and heading angle for the rest of the herd (upper two plots) with the 
individual subject excluded 

3   Latent Class Models 

[2] noted that an explanatory variable may exist that influences observation but 
may not be observable itself, describing the general latent variable model as one 
that existed to explain ‘the structure in a set of correlated, observed variables in 
terms of a small number of latent variables’. These latent variables [2] noted, were 
‘hypothetical constructs…for the purpose of understanding some area of inter-
est…for which there is no operational method for direct measurement’. Such vari-
ables could be discrete or continuous. [2] defined the general latent variable model 
to be of the form: 

 

( ) ( ) ( )dxxPxyPyP ∫=
 

 
for observation variable y and latent or explanatory variable x. In the case of dis-
crete latent variables the integral is replaced with a sum. The observed or manifest 
variables in the model represented by the set with cardinality m: 
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And the latent variables, the set with cardinality n, n<m: 
 

{ }nxxx ,,1 …=
 

 
The key attraction with the latent variable model is that it can reduce all of the ob-
served variables and the values associated with them to a small (or manageable) 
number of unknown latent variables [1, 2]. Inferring the probability density func-
tion of x conditioned on y will reveal how it relates to the latent variable.  

4   Linear Gaussian Models 

One family of latent class models are Linear Gaussian Models which take advan-
tage of the computationally tractable Gaussian distribution:  
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with d dimensional mean μ and covariance Σ. The advantage of the Gaussian dis-
tribution is that linear operations on a Gaussian distributed variable result in a 
variable that is Gaussian distributed. Additionally, summing Gaussian distributed 
variables results in a Gaussian distributed variable [10, 5]. 

These were noted in [10] to have a common generative model of the following 
form: 

 

( )QNwwAxx tt ,0~001 +=+  
 

( )RNvvCxy tt ,0~00+=
 

 
Adopting the nomenclature of [10], observation y is generated at time t+1 from 
the evolution of model state x at time t. The k-dimensional state vector x is the la-
tent variable that causes observation y. Matrix A is a k by k transition matrix that 
specifies how the latent state variable relates to the observation; both linear mod-
els have zero mean Gaussian noise added with co-variances Q and R representing 
process noise and observation noise respectively. 

As the following sections will demonstrate, a Linear Gaussian Model has sev-
eral useful features that can allow them to be used for anomaly detection, change-
point analysis and clustering, all of which serve to reduce complexity in large data 
sets.  
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5   Kalman Filter 

A Kalman Filter [4] allows the continuous estimation of a non-stationary mean by 
evaluating a Gaussian distribution at every observation time step through a linear 
regression process. 

 

( )QNwwAxx tt ,0~001 +=+  

 

( )RNvvCxy tt ,0~00+=  

 
In the Kalman Filter, the matrix C contains the linear regression coefficients that 
relate previous states to the current observation. The states amount to the means 
evaluated at previous observations with the number retained equating to the order 
of the filter. 

 

Fig. 3 Graphical model describing the generative process in a Kalman Filter 

A graphical representation of linear Gaussian models is possible using the con-
ventions of graphical modelling [6], where nodes represent random variables as-
sociated with particular probability distributions and arcs represent causal depend-
ence (Figure 3). Directed arcs (those with an arrow on one end) imply that the end 
variable is caused by the one at which the arc originated. Using the diagrammati-
cal convention adopted by [6], the latent variable is represented by a square block 
if it is discrete and a round one if continuous. The node is filled if it is an observed 
variable and empty if it is latent.  

To demonstrate the understanding obtained from using a Kalman filter on a 
novel data set, the displacements of a single animal throughout a day are run 
through a second order model.  

Figure 4 shows how the ‘evidence’ (log likelihood of the observation probabil-
ity prior to the model parameters being updated) falls dramatically with changes in 
the animals mobility levels high variability results in a signal that is difficult to 
predict and therefore a low observation likelihood. This characteristic was ex-
ploited in [8] to segment non-stationary portions of an EEG time series; for this 
application it serves the same purpose, delineating regions of rest periods with 
sustained low activity and other periods where the mobility is higher or sporadic. 
Used in this way, the Kalman filter isn’t tracking the size of the displacement but 
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the predictability of the observed values given the latent state representation 
learned from past observations. In this way, change-points or point anomalies in 
the animal’s behaviour can be identified and isolated for (possibly automated) fur-
ther analysis. 

 

Fig. 4 Log of model Evidence against observed displacement 

6   Finite Gaussian Mixtures 

In a finite Gaussian mixture model, the assumption is that an arbitrary probability 
density function of a real valued random variable can be represented by a finite 
linear sum of M Gaussian distributions: 
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Each component i has its own mean μ and covariance Σ terms as well as a mixing 
weight α. Figure 5 shows how the model observations are generated from individ-
ual states or mixture components. 
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Fig. 5 Graphical model describing the generative process in a Gaussian Mixture 

The state independence of its predecessors and its discrete form necessitate the 
following changes to the linear Gaussian model used: 
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In the Gaussian Mixture the mixture weights are the state x and the means are con-
tained in C. R contains the co-variances. R may be constrained for a homoscedas-
tic model, that is, all mixture components have the same variance structure, or 
may permit various dependencies such as axis aligned, spherical or unconstrained. 
This model has no temporal dynamics so the transition matrix is set to the identity 
matrix and the resulting noise vector is put through a greedy non-linearity that se-
lects the most likely element e as the discrete state label. 
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A consequence of using a mixture distribution is that the dominance of individual 
components of mixture distributions can be interpreted as generators of subpopu-
lations of data.  To demonstrate the use of the Gaussian Mixture, a bivariate data 
set is created from the herd centroid fixes. The number of mixtures, the model or-
der, in a discrete latent variable model is a separate and non-trivial problem, vari-
ous approaches to addressing this including those driven by domain knowledge 
and those such as maximum likelihood and penalised maximum likelihood (e.g. 
Bayesian Information Criterion) that use the statistical properties of the model. For 
the purposes of a basic illustration the number of components is based on inspec-
tion of the data - the two dimensional joint distribution is approximated using a 
mixture of 8 Gaussians. The co-variances of the mixture components are con-
strained to be spherical, they vary the same along the x and y axes, as the object of 
this demonstration is to show spatial proximities. Figure 6 shows the 472 fixes for 
the herd centroid gathered over a single day; this is the exemplar data used to train 
the mixture model offline. The means of the mixture components, whose values 
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To demonstrate the use of an HMM, a bivariate data set consisting of herd dis-
persal and individual animal displacement is used (Figure 9). This will capture ap-
proach sequences when the animals are converging as a herd – while the introduc-
tion of feed may prompt this behaviour, there may be other social factors which 
invoke it as well. Four states were postulated to illustrate coarse behaviours al-
though, as with the Gaussian mixture, the true number of distinct predicates could 
be evaluated through more robust model order selection criteria. 

 

Fig. 10 Hinton diagram representing the HMM state transition matrix. Larger cells repre-
sent more likely transitions between states. 

Figure 10 shows the state transition matrix for the HMM learned from a single 
days worth of herd placement data. This is useful as coupled with the observation 
means and co-variances, it can be used to explain the values of the latent variables 
that generate the data. Implied by the associated Gaussian mean, the four states 
can be seen as representing the following collective behavioural states: 1- a small 
displacement of around 5 metres coupled with a small dispersal of around 15 me-
tres, 2 – a small displacement of 13 metres coupled with a large dispersal of over 
60 metres, 3- a small displacement of less than 10 metres coupled with a dispersal 
of nearly 40 metres and 4 – a large displacement of over 30 metres with a disper-
sal of over 40 metres. The state transition matrix conveniently summarises how 
these behavioural states implied by the latent class occur in the data: transitions to 
and from states 1 and 3 are less likely than self transitions, which makes sense as 
the herd is unlikely go from making small displacements with a small dispersal to 
having a large dispersal unless a single animal rapidly breaks from the group. 

Figure 11 shows the herd dwelling in state 1 until sunrise when they briefly 
transition to state 4. What this represents, through interpretation of the state 
means, is the animals moving from a congregated rest state (state 1) to one where 
they all become mobile (state 4) then spreading out individually (state 2). The 
animals return to the congregated rest state for several prolonged periods during 
the day before settling in it at night. 
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observation model, co-occurring traits were then captured within groupings using 
a Markov Random Field. 

9   Beyond Linear Gaussian Models 

This paper has shown how intensively gathered animal condition monitoring data 
can be reduced to a more manageable set of predicates using the Linear Gaussian 
family of latent variable models. However, these models represent only a first step 
in capturing complex animal behaviours and the overly simple nature of the model 
dependency structure can limit their applicability – the assumption of Gaussian 
distributed observations is not always applicable nor is the short term temporal 
dependence. The independence assumption in all but the previous n states of an nth 
order Markov Model is often an unrealistic one with higher order artefacts requir-
ing a longer period dependency structure. A relaxation of the independence as-
sumption is therefore required to capture these with one tractable solution being 
the Conditional Random Field [14]. 

Other approaches to embedding additional context include those used by [3] in-
corporate heading variability as well as knowledge relating to features of the local 
environment into models. In [3], a feedback control model was used to approxi-
mate navigational strategies with higher order statistics such as autocorrelation 
were used to identify learning progress of the subject which amounted to a latent 
variable model with parameters that could be interpreted as measures of the ani-
mals cognitive function e.g. egocentric vs. allocentric.  
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Abstract. Monitoring of cattle and their physiological parameters are understood 
to be important for maximization of milk production, prevention of health 
problems, nutrition planning etc. Wireless and continuous monitoring of cattle 
may be one possibility to assess their physiological parameters. Two aspects were 
investigated in this work: First trials based on state of the art research were 
conducted concerning monitoring of cows and heartbeat and oxygen saturation 
were recorded. In the second part commercially available wireless motes are 
discussed and tested for suitability in animal monitoring, which also includes a 
transmission distance experiment. Distances between several hundred meters and 
several km were achieved. 

Introduction 

The rapid development in sensor technology has a key role in enabling the trend of 
automatic and remote monitoring. An increasing amount of information relevant 
to monitoring animals and their environment is being made available. This 
information is important for keeping track of the well-being of the cattle, 
especially since todays farmer do not have the same close contact with the farm 
animals as before. Without a more automatized monitoring system, health 
problems are detected later, causing discomfort or suffering for the animals as 
well as economic damage in reduced milk production, reduced reproduction 
ability, treatment cost and the fact that they need to be removed from the 
production line. Thus, a monitoring system is critical for detecting sickness, 
changed behaviors etc, in time to take appropriate action. Expanding the 
monitoring concept the future vision for milk production farms is to implement 
remote farming, to have a fully automatized farm that can be monitored by the 



136 A. Sieber et al.
 

farmer from any sight. This is possible to achieve by using wireless networks and 
sensor systems mounted on the cattle. The sensor data can then be transmitted to 
central receivers for data analysis and continuous control. 

There are already simple activity measurement systems implemented 
commercially [1] and there is also ongoing research in this topic. For instance, the 
most common way of detecting oestrus is visual inspections [2]. Visual 
inspections is a thorough method but with low efficiency since oestrus can easily 
be missed. The main reasons for the low efficiency of visual inspections are 
believed to be lacking knowledge about oestrus behavior of the cow, too short 
identification times and that the cows do not always show visible behavior. Not-
detected oestrus is a major reason for cows not being in calf. It has been found that 
the efficiency can be increased by combining visual inspections with a pedometer. 
This combination gives a higher reliability [3]. It has been shown that the activity 
of the cows increase when they are in oestrus and this is seen as an increase in the 
number of steps measured with a pedometer. It has been shown that the use of 
pedometers is as efficient as four visual observations per day and more efficient 
than two observations per day [4]. This shows how a simple inertial sensor can 
increase the efficiency of the existing techniques.  

There are other parameters that are of interest to monitor with inertial sensors. 
With more advanced sensors such as an accelerometer, not only the number of 
steps but specific movement can be measured. The accelerometer can provide 
more information about the movement as it measures the acceleration as a 
function of time. The general moving pattern of cattle can provide vital 
information on the health state of cattle. For instance the ratio of how long time a 
cow is standing versus lying down is a good indicator of the wellness of the cow 
[5]. Other behaviors such as feeding, rumination, normal and lame walking, etc. 
are also of interest to monitor. By attaching an accelerometer to legs of a cow 
Muller et al. [6] could determine different activity levels. Low signal periods in 
the measured signals corresponded well with the times the cow was lying down. 
However, in this study different type of behaviors such as standing, lying, 
rumination, normal walking and lame walking cannot be distinguished directly 
from the measurements. In a later publication, by Martiskainen et al. [7], these 
behaviors were extracted with more success by using a three dimensional 
accelerometer and support vector machines. The behaviors were then 
distinguished more correctly, however the behaviors walking lame was mixed up 
more easily with standing and eating . It was also shown that the mounting of the 
neck band on which the accelerometer was attached was important.   

Measurement of movement behavior has been studied by more researchers [8-
10], and accelerometers are very interesting sensors for the farming industry.  
Other parameters of interest are heart rate and respiration rate. The heart rate can 
for example be an indication of the metabolic rate [11]. Another increasingly 
important task is optimization of the diet of dairy cows. One approach is based on 
monitoring of respiratory gases of cows. On the one hand the O2 metabolism and 
CO2 production are interesting, taking into account, that CO2 is not only produced 
because of consumed O2 but also comes from the rumen when the cow burps. 
Interesting parameters are then also Methane and fatty acids. While laboratory 
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measurements are possible and have been already demonstrated, the difficulty is  
providing sensors that are on the one hand fast enough for breath to breath 
analysis and are able to provide real time data – and are robust enough to be used 
on a daily basis in farming.  

Recently our group has developed an O2 and a CO2 sensor system for 
application in diving [12]. It is based on ceramic micro gas sensors, with a 
substrate size of 2,5x2,5x0.6 mm³, that are electrically heated to 600-750 °C. In a 
first characterization of the sensors   fast response times of approximately 90-120 
ms were achieved. 

Such microsensors can be mounted close to the nostrils of a cow, however, 
fixation of sensors at this point is difficult and not very reliable, thus only short 
term investigations are possible. Another drawback of this sensor technology is 
the high power consumption of about 1.5-1.8 W per sensor which makes it 
unusable for wireless and battery powered  long term monitoring.  

A different approach, where power consumption is not an issue,  goes towards 
distant monitoring of the surrounding gas at fixed measurement points -  like for 
example at feeding stations - and trying to derive from that respiratory parameters 
of the cattle. First research results are promising in the way that CO2 signals from 
burps as well as normal breathing can be distinguished, however a quantitative 
measurement of the O2 metabolism was not demonstrated yet. Future work will 
address monitoring of other gases and trace elements in the exhaled air. 

Sub Acute Ruminal Acidosis is a costly disease, and estimations highlight 
losses of 1$ per cow per day in a diary herd. One possibility to prevent SARA is 
continuously monitoring of the rumen during critical periods and using the 
measurements for a proactive nutrition.  SmaXtec [Graz, Austria] developed a 
bolus for ruminal pH and temperature monitoring. It consists mainly of a pH 
sensor, a data logger board and a power supply that allows 50 days monitoring 
with 10 min sampling intervals. Data can be read out via a 433MHz short range 
wireless interface. 

Physiological monitoring of humans is state of the art in clinical as well as 
environmental physiology. Battery powered electro cardiogram recorders, often 
simply referred after the inventor Norman Holter as Holter or Holter monitor, 
typically provide one or more channel ECG recordings over a longer period of 
time.  While early devices recorded on magnetic tapes, latest ones use data storage 
on flash ram.  

Especially for monitoring of patients suffering from cardiovascular diseases 
and sleep apnea devices were developed, that include respiratory, heart rate and 
oxygen saturation monitoring, data storage on internal flash memory and daily 
transmission of the data via a GSM link. [13] 

Corke et. al [14] have used a GSM link and a wireless sensor network for 
monitoring a research farm situated 500 km from their laboratory. Sensor nodes 
were built into collars and worn by the cattle. Data from GPS, three-axis 
accelerometer and a three axis magnetometer were collected and stored on a 
multimedia card (MMS) Via the WSN these data were collected at a fixed station 
and then transmitted using a GSM link. First approaches were based on 433 MHz 
WSN nodes.  Having GPS data available, virtual fencing [15] becomes possible, 
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where instead of a real fence, a stimuli, for example audio of milde electrical, is 
applied.  

In summary, many concepts and even some products already exist, for 
monitoring of cattle. The main aim of the current work was to develop a universal 
and versatile platform that is integrated in a wireless sensor network. Key issues 
were: 

- Low power consumption of the devices 
- Transmission range 
- Network capability of the wireless modems 

A large part of the work included a market survey of available low power radio 
modems and transmission range tests. 

Methods 

Within the project, sensor nodes were developed for cattle monitoring.  
Core component is a microcontroller. Wireless networking is achieved with a 

commercially available WSN modem. The periphery includes a 5kHz radio 
interface for acquisition of signals from a standard ECG belt, a SO2 meter, and a 
combined magnetometer/accelerometer for activity measurement. 

Sensors: 

ECG, Holter monitors and heart rate monitoring is state of the art in sport, sport 
medicine and environmental physiology. Today veterinarians use stethoscopes for 
brief measurements of the heart rate and for more continuous measurement ECG 
or polar belts [16] are common. There are also optical methods available for 
animals on the market that can be used for heart rate monitoring.  Several 
possibilities were envisaged: 

- 1 channel ECG monitoring 
- heart rate acquisition with a commercially available puls belt 
- deriving heart rate from an optical plethysmogram signal (pulsoxymetry) 
- acoustic method (microphone for listening to the heart rate) 

The acoustic method approach was not followed further, as on the one hand a 
microphone would have need to be placed close to the heart – which is quite an 
exposed position in cattle, resulting in high risk of damage and on the other hand 
acoustic devices are sensitive for what concerns environmental noise, requiring 
possibly advanced signal processing. 

One channel ECG is simple from the electronical point of view. A frontend 
including an instrumentation amplifier (for example Analog Devices AD623) 
together with some external components is typically enough to acquire an ECG 
signal with the AD converter of a simple microcontroller. However, methods 
measuring the heart rate via electrical signals are difficult to use due the skin 
thickness and the large electrical resistance. The use of electrode paste to improve 
contacts, typically used for electrocardiogram measurements, requires continues 
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maintenance and limits the time the system can be used. Furthermore, the 
placement of the electrodes is a challenging issue for long time monitoring as the 
environment is harsh and the cattle are sensitive to having belt based systems 
attached. Thus the main problem is electrode attachment. 

Using a standard puls belt (designed for humans) was not successful. One 
problem was that the electrode distance is too short for acquisition of a ECG 
signal from cattle. This problem could be easily overcome by simply ripping the 
belt apart and prolonging the distance between the electrodes to an overall length 
of 50 cm. Even with the prolonged belt signal acquisition with the puls belt turned 
out to be difficult mainly because of the fur of the animal. Similar problems are 
also observed when using a puls belt on humans with a hairy chest. One solution is 
applying a conductive electrode gel [Cefar Compex]. This turned out to work well, 
however only for short periods of time, as when the electrodes get slightly 
displaced they need to be rearranged again and sometimes fresh electrode gel has 
to be applied. One major benefit of using such a belt is the low cost of the device 
and that the wireless interface can be easily interfaced with a 5kHz receiver. 
Integrated solutions are available and reduce development effort [RMCM01, 
Sparkfun]. 

Pulsoxymetry is based on the different light absorption of HbO2 and Hb. This 
allows calculation of the arterial oxygenation of the blood, typically referred to 
SaO2 but also heart rate. It is an important clinical parameter and such 
measurement devices are used in medicine on a daily basis. Most common way to 
aquire SaO2 is using a transmissive pulsoxymeter applied on one finger, where the 
light transmitter is placed on one side and the receiver on the other side of the 
finger. Light passes through the finger.  An alternative is placing the sensor on the 
ear. This is a common method in animal monitoring, however sometimes 
inconsistent results, due to hair, vessel patterns etc. [17] are reported. We have 
experienced that cattle was very sensitive to sensors applied to ears, while 
mounting of them on other parts of their body was tolerated. While transmissive 
pulsoxymetry requires that tissue is placed between receiver and transmitter, in 
reflective pulyoxymetry transmitter and receiver are placed next to each other on 
the skin and the reflected light signal is processed. In general reflective 
pulsoxymetry is less accurate but was found to give good results in difficult 
environments [18].   

Other methods found in literature use invasive methods for acquisition of heart 
rate: Some report the use of ingestible pills for monitoring of heart rate and core 
temperature in cattle. In those systems a bolus (pill) is placed in the reticulum of 
the cattle. The reticulum is physically near the heart of the cow, which enables the 
measurement. The pills contain a microphone for [19] or they use an 
electrocardiographic method with electrode on each side of the pill [20] for 
monitoring the heart rate. These methods have the advantage  that the animal 
cannot intentionally damage the system and provide continuos data, however, 
these units cannot be repaired or replaced if required, they need to be water tight 
over long period of time and the data transmission from inside the animal requires 
is challenging.  
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Microcontroller Selection: 

Many wireless nodes available on the market include a microcontroller that has 
often some free space in the FLASH memory that can be used to user applications. 
Such a device could also be used for our purposes, however, especially when real 
time behavior of the data acquisition is required, there are drawbacks, mainly as 
modification of the firmware is difficult and requires knowledge of the software 
design that is often not available. Thus it was decided at early stage to use next to 
the wireless node a separate microcontroller for data acquisition and processing. 

Several microcontrollers were taken into consideration. Main selection criteria 
were: 

- inbuilt AD converter with gain stage and differential channels to enable 
acquisition of external signals with only few external components 

- at least 2 USART interfaces, where one is used for connecting a 
pulsoxymeter module and one for programming and debugging purposes 

- one I2C interface for interfacing an accelerometer and a magnetometer 
- low power consumption and standby mode 
- possiblity to upscale the performance when required 
- good support from the manufacturers side / free development 

environment 

In previous projects we have mainly used Atmel products thus we have considered 
only Atmel microcontrollers in order to be able to reuse already written code. The 
AVR32 series are very powerful microcontrollers and feature low power 
consumption. Moreover Atmel provides a software framework including drivers 
and many examples, thus development time can be reduced. However, in different 
to 8-bit microcontrollers from the ATmega series, the AD converter is quite 
simple and does neither offer differential channels nor a programmable gain stage. 
The ATmega series is however fixed to one system clock – that cannot be changed 
during runtime, thus a possibility to upscale the performance during operation is 
not given. The new ATXmega series from Atmel can be seen as successor of the 
popular ATmega series. It provides a large periphery including a programmable 
AD converter, which allows fast sampling rates up to 2MHz and quasi parallel 
sampling of up to 4 channels. Further several USART, I2C and SPI interfaces are 
available. It also features an integrated PLL that allows changing the system clock 
during in large ranges also during operation.   In general the ATXmega series 
offers much more configuration possibilities thus also the first software 
development approaches are more difficult, however Atmel provides with a driver 
and example framework good support. For the current project an ATXmega128A1 
microcontroller was selected. 

Wireless Sensor Networks 

Current Status 

Wireless Sensor Networks (WSN) emerged about 10 years ago. A typical WSN 
consists of a number of sensor nodes, called motes, communicating wirelessly. 
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The number of the motes in a WSN is determined by the application field. Most 
mote types feature a low-power, low-cost architecture consisting of a 
microcontroller, volatile and non-volatile memory, transmitter and receiver and a 
battery. The extreme emphasis on low power consumption necessitates the use of 
special operating systems, e.g. TinyOS [21] together with the programming 
language nesC [22] being widely used for a long time. 

The emergence of the WSN technology resulted in a surge in research and 
subsequent applications with the prospect of having an impact on all fields (cf. 
[23] , [24]). In general a WSN may have two major tasks: 

- to monitor data from remote sensors, and 
- to control actuators. 

WSNs may be embedded in a larger information infrastructure for data analysis 
and visualization. 

Major tasks for a cattle monitoring WSN application include 

- monitoring on a large spacial scale, 
- long duration monitoring, 
- high reliability, 
- security, 
- low power consumption, 
- easy setup, and 
- maintenance 

In 2002 Estrin at al. [25] laid out the future of connecting the physical world with 
the world of information by discussing the promises and challenges of ubiquitous 
and pervasive computing. The authors also anticipated a tremendous progress in 
microminiaturization with the goal of designing and deploying smart dust [26].  

Albeit the WSN field exploded in research, progress has not been as fast as 
anticipated.  Many challenges of a decade ago still remain. As Corke et al. [14] 
point out, the field moved much slower than the optimistic papers forcasted in 
2002 [25]: 

- There is still no smart dust available on a commercial scale. 
- Design, setup and maintenance of a WSN for an application are still in 

the realm of WSN experts, not of application specialists regarding a 
WSN as a new form of instrumentation. 

- Reliability is a major requirement for all applications. 
- WSN performance has not reached capabilities of standard, wired 

instrumentation. 
- Integration into a comprehensive infrastructure requires large software 

development efforts. 
- Very slow progress in battery technology hinders progress to more 

elaborate designs. 
- Difficult scaling keeps real applications with relatively small number of 

measurement channels. 
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Transmitting and receiving remains the most power consuminug activity [27]. 
With more complex microcontrollers the idea of sensor data fusion in the motes 
and transmitting aggregated data regains importance.  

Standards and Protocols 

A multitude of different standards adress the requirements for high bandwidth 
communications in LANs, audio- and video streaming etc. For sensors and 
actuators high bandwidth is not necessary. WSNs are governed by a standardized, 
twofold, hierarchical protocol stack. 

 

Fig. 1 OSI vs. IEEE Std. 802.15.4 & ZigBee 

IEEE 802.15.4 [28] defines the physical and MAC-layers 
- ZigBee [29] defines the network and application layers  

A comparison with the OSI Model is shown in Fig. 1. 

Proprietary designs with a similar functionality are not a real alternative, because 
of interoperability issues. 

802.15.4 Protocol 

The IEEE Std 802.15.4 [28] defines the physical layer (PHY) and medium access 
control (MAC) sublayer as stated above. The main application is communication 
in low-data-rate WSNs with a range suitable for Personal Area Networks (PAN) 
[28]. The main objectives of a WSN based on this standard are reliable, low-cost 
data communications. The main characteristics include:  
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1. Several free radio bands: 
- 868–868.6 MHz: Europe, 1 channel 
- 902–928 MHz: North America, 10 channels 
- 2400–2483.5 MHz:  worlwide, 16 channels 
- In addition some local bands have been added (cf. Amendments of IEEE 

804.15.4 [30, 31, 32]). 
2. Data rates vary in different bands: 

- 868 MHz: 20/100/250 Kb/s 
- 900 MHz: 40/250 Kb/s 
- 2.4 GHz:  250 Kb/s 

3. Transmission power underlies national and international restrictions [33, 34]. 
For a coarse overview: 

- 868.0-896.6 MHz: 25mW, 1% duty cycle, Europe 
- 869.4-869.65MHz: 500mW, 10% duty cycle, Europe 
- 902-928MHz: 1000mW, U.S.A 
- 2400-2483.3MHz: 100mW in FHSS mode, Europe 
- 2400-2483.3MHz: 10mW in DSSS mode, Europe 
- 2400-2483.3MHz: 1000mW, U.S.A., Canada 

ZigBee 

ZigBee (cf. [35, 36] for details) defines the upper layers of the protocol stack with 
the main characteristics: 

- Low-cost, 
- Low-power 
- Mesh networking 

ZigBee(R) is not a standard, but a trademark of the ZigBee Alliance [29]. In a 
ZigBee WSN 3 different node types may be present: 

-  Coordinators 
o start and control the WSN 
o Trust center with security keys 
o Full functionality device (FFD) in IEEE 802.15.4  

-  Routers 
o Dynamical routing, providing back-up paths in case of node 

failure 
o connect to coordinators, routers and end devices 
o Full functionality device (FFD) in IEEE 802.15.4 
o may feature sensors /actuators  

-  End devices 
o Transmit/receive messages 
o connect to coordinators or routers 
o reduced functionality devices (RFD) in IEEE 802.15.4 
o features sensors / actuators 
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Network Topology 

 

Fig. 2 Different basic network topologies 

Each of the basic topologies features application advantages: 

- Star topology:  
o Simplicity 
o ZigBee Devices communicate with central ZigBee Coordinator 

only 
o Coordinator is single router 

- Mesh topology: 
o Great flexibility for mote placement 
o Peer-to-peer communication between FFD devices 
o High reliability 

- Cluster Tree topology: 
o Structured hierarchy.  

The Application layer (APL) in the ZigBee stack is designed to support specific 
applications. The APL features interfaces to the network layer and Application 
Profiles which facilitate data exchange on the application level. 

Being a quasi-standard for WSNs ZigBee is continously developed. Fields of 
active research include: Fault detection and reconfiguration mechanisms are 
proposed by Song et al. [37].  Designs with backup-routes introduce redundancy 
schemes and improve the reliability. Improvements with respect to the overhead of 
the ZigBee architecture are possible, f.i. the ones proposed by Li et al. [38]. 
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Security Issues 

In a mission critical deployment of WSNs security poses a multitude of 
challenges. As Sen et al. [39] summarize, measures have to be taken against the 
following vulnerabilities 

- Attacks on secrecy and authentication 
- Attacks on network availability, mostly denial-of-service attacks (DOS) 
- Stealthy attack against service integrity 

Sen et al. go on to discuss various defense mechanisms to deal with attacks on 
WSNs: 

- Cryptographic techniques 
- Methods against WSN DOS 
- Secure broadcasting 
- Secure routing 
- Intrusion detection 
- Secure data aggregation 
- Trust management schemes 

Depending on the application and its criticality the system design has to include 
security mechanisms for every layer of the communication stack. 

Hardware Overview 

The ZigBeee Alliance provides a list of vendors for ZigBee compatible hardware 
(cf. [40]). Hardware Manufacturers and Vendors come in two varieties: 

- Chip-manufacturers offer 
o ZigBee certified module (incl. microcontrollers µC, called 

MCU) 
o source code, and 
o a development environment. 

- ZigBee node manufacturers offer 
o application-ready motes 
o configurable and/or 
o programmable motes. 

The ZigBee MCUs differ mainly in frequency range, transmission power, 
sensitivity, and of  analog and digital I/O-channels. 

The 2.4 GHz band is license-free worldwide. The largest number of MCUs is 
offered here. Nevertheless the transmission power of MCUs for the international 
market is limited to 10 mW (10 dBm). For the U.S. market transmission power is 
usually 63 mW (18 dBm). The 868MHz ( Europe ) and 915MHz ( USA ) are only 
locally license-free bands with a small number of offered MCUs. Usually MCUs 
for the European market feature a transmission power of only 10 mW, despite the 
allowance of 500 mW (cf. ETSI EN 300 220-1 V2.3.1 (2010-02) [41]). One 
reason is their primary use in facility management applications which require only 
short ranges.  The large variety of application-ready ZigBee motes are based on a 
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small number of certified ZigBee MCUs, e.g. by Atmel, Ember, Jennic, Texas 
Instruments and Freescale. The following table provides an overview of ZigBee 
MCUs with some characteristics and software tools: 

Table 1 Selection of MCUs 

 

 
Because of the large number of certified ZigBee motes this chapter is focusing 

on a selection with special emphasis on long transmission ranges. The following 
list focuses on devices with the characteristics: long range, good software support, 
and extensive documentation. The list is based on manufacturer data sheets. Major 
parameters have been field tested and compared to manufacturer information.  

Digi International (for details cf. [42]) offers development kits and a variety of 
RF-modules, differing with respect to range, frequency, power consumption and 
functionality (i.e. ZigBee node type). All types feature 6 (10) configurable 
digital/analog I/Os. The modules are fitted with Ember or Freescale MCUs. Only a 
subset is programmable. 

 
- XBP08-DP: The 868 MHz module has a scalable transmission power of 

up to 315 mW with a range in open country of up to 40 km. XBP08-DP 
are strictly  devices for point-to-point connections. Router or Coordinator 
functionality is not possible. A Point-to-Multipoint-network is possible 
by using a ConnectPortX Gateway 

- XBP09-DM: 
The 915 MHz module for the U.S. Market deatures with 50mW an open 
range of up to 3km. These modules may adopt ZigBee Coordinator, 
Router and Endpoint roles enabling the implementation of a DigiMesh 
WSN.  

- XBP24–ACI: Featuring 10mW the 2.4 GHz module reaches up to 750m 
open range. These modules can assume every ZigBee role and enable 
point-to-point, peer-to-peer, and point-to-multipoint (star) network 
topologies. The nodes are compatible to IEEE 802.15.4. modules of other 
vendors.   
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- XBP24-Z7: This 2.4 GHz module features similar performance values, 
10mW with 750m range and can assume every ZigBee role. From series 
2 on the modules may be used to build a ZigBee Mesh.  The nodes are 
compatible to IEEE 802.15.4. modules of other vendors.  

- Typ XBP24 –DM: This 2.4GHz module features the same performance 
characteristics as the 2.4GHz modules above and enables a DigiMesh 
WSN.  

Adaptive Network Solutions (An-Solution), (for details cf. [43]) offers 
development kits and different ZigBee modules, differentiated by range, 
frequency, power consumption and design. Every module can fulfill the ZigBee 
roles Coordinator, Router or Endpoint. All types feature 13 programmable 
Digital/analog I/Os. The MCU is an Atmel ATMEGA1281 with the radio chip 
AT86RF212(868MHz) or AT86RF231 (2,4GHz). They are programmable with 
AVR Studio. 

- @ANY 2400 RF Brick/@ANY 900 RF Brick: Devices are development 
boards with a JTAG interface, status LEDs, a Reset button and a 
temperature sensor. Via JTAG code may be transferred or debugging 
performed. Batteries or external power supply can be used. 

- @ANY900 Dongle/@ANY2400 Dongle: These motes are ZigBee 
modules with USB and JTAG interfaces and an embedded antenna. They 
feature an AT25F2048 flash memory. The 868 MHz Dongles achieve a 
range of 500m with 10dBm and the integrated antenna and up to 5km 
with an external antenna. The 2,4GHz Dongles achieve up to 2500m with 
18dBm and the internal antenna. 

SENA Technologies, Inc. (for details cf. [44]) sells different variants of 
2.4GHz ZigBee modules, based on its own ZigBee stack ProBee. The modules 
differ in their antenna setups, but can assume every ZigBee role. Based on the 
antenna type a maximum range of 1.6km can be achieved. All modules are 
based on the Ember250 MCU and feature 4 analog inputs and 13 digital I/Os. 
The motes are configurable only with a development board and the ProBee 
manager. 

NETVOX TECHNOLOGY CO., LTD (for details cf. [45]) provides different 
variants of 2.4GHz modules and complete solutions based on ZigBee. The 
modules differ in their transmission power and antenna setup. The maximum 
range is 1.2km. The MCU type is unknown. The motes are programmable via the 
Netvox ZBHA SDK, but documentation is scarce. 

Dresden elektronik (for details cf. [46]) offers development kits, several 
variants of 2,4GHz ZigBee modules, and a 868MHz ZigBee module. The 2,4GHz 
motes differ in their antennas only, which determine the range. Each module can 
fulfill the three ZigBee roles and features 13 programmable digital/analog I/Os.  
The modules are equipped with Atmel ATMEGA1281RFA or AT91SAM7 with 
integrated internal or external 2,4GHz or 868MHz radio transceivers. They are 
programmable with AVR Studio. 
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- deRFmega128-22Axx/deRFarm7: The  deRFmega128-22Axx/ 
deRFarm7 ZigBee modules feature JTAG and digital/analog I/O 
interfaces. All modules of these types have a transmission power of 2.4 
dBm and a range over 200m.  

- USB-Radio-Sticks deRFusb-14E00(868MHz), deRFusb-24E00(2,4GHz): 
These modules feature USB and JTAG interfaces. USB is used to transfer 
data between motes and a computer. JTAG is used to transfer code 
images unto the sticks. Antennas are integrated into the module. 
Tansmission power is +4dBm for 868MHz and +3dBm 2,4GHz. Ranges 
are given as greater than 200m. 

MeshNetics (for details cf. [47]) manufactured various WSN devices. MeshNetics 
BitCloud stack and ZigBit modules have been transferred into the Atmel product 
line (see below). 

Atmel (for details cf. [48]) provides MCUs, Transceivers, Bundels and 
modules, altogether with software tools,  IEEE 802.15.4 MAC, IPv6/6LoWPAN, 
ZigBee RF4CE, ZigBee PRO, and ZigBee Smart Energy stacks, AVR Studio, 
JTAGICE mkII, etc. for development. 

- ZigBit 2.4 GHz Wireless Modules: Atmega1281 MCU/AT86RF230 
Transceiver with 104 dB link budget, up to 3dBm output power and low 
power consumption. Dual chip antenna, range not given. 

- ZigBit 2.4 GHz Wireless Amplified Modules: Atmega1281 
MCU/AT86RF230 Transceiver with 124 dB link budget, up to 20 dBm 
output power and low poer consumption. A built-in UFL antenna 
connector enables the use of application specific antennas. Range with 
external 2.2 dBi antenna 4000m. 

- ZigBit 700/800/900 MHz Wireless Module: Atmega1281 
MCU/AT86RF212 Transceiver with 120 dB link budget, up to 11dBm 
output power and low power consumption. Range over 6km.  

 
WSNs for Long Range Measurements 

The range of radio transmissions depends on  

- transmission  or output power 
- frequency 
- antenna type 
- environment, and  
- athmospheric conditions.(cf. [35]) 

As mentioned before, national or international restrictions apply for the WSN 
radio bands. The ranges listed in the datasheets of the selected long range motes ( 
see above) have been measured under ideal, laboratory conditions. Zennaro et al. 
[50] conducted long-range tests in a desert environment and showed the principal 
feasibility of long-range WSN. The authors of this chapter have conducted a series 
of „real-world“ measurements to compare with.  
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Results 

Several tests were carried out in the preliminary phase of the project. On the one 
hand, the transmission ranges of the wireless modules was tested and verified 
against the specifications. In parallel to that, first trials for physiological 
monitoring of cattle were carried out.  

Range Tests 

The following test reports list a variety of measurements with stable data 
transmission without any signal loss. For each test run environmental conditions, 
i.e. terrain type, and weather, are given. Principles of undisturbed radio 
transmission (cf. [35]), e.g. free 1st Fresnel Zone, have been observed. 
Geographical coordinates were acquired with GPS equipment. (XBee 2.4GHz 
modules have been operated with 17dBm/50mW. Standards allow only 10mW) 

Table 2 Test Scenario 1/2:  Urban environment and indoors 
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Table 3 Test Scenario 3: Rural area 

 
 

Test Summary 

In line with physical basics transmission power, frequency/wavelength, and 
environmental conditions determine the range of a reliable data transmission. 

Physiological monitoring of cattle 

A commercial available puls watch was purchased. The puls belt was 
disassembled and prolonged with a cable to achieve an electrode to electrode 
distance of  45 cm (figure 3a).  
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Fig. 3 a and b: assessment of heart rate with a modified puls belt 

Once correctly applied, hart rate was successfully acquired with a heart rate 
watch as well as with the embedded receiver. However it must be noted, that a 
careful application of electrode gel was necessary and fixation of the belt was 
necessary, which is rather difficult on cattle. Small displacements of the electrodes 
caused immediate signal loss.  

 

Fig. 4 Testing reflective pulsoxymetry 
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As alternative to ECG based heart rate assessment reflective pulsoxymetry was 
tried. In a first experiment an ear clip was attached. The 3 subjects turned out to be 
very sensitive on the ear and  seemed to be disturbed. An application was only 
possible in one case, but the data was of poor quality, most probably because of 
artifacts caused by movements. 

As alternative reflective pulsoxymetry was tested. Figure 4 details one trial. 
Typical for reflective pulsoxymetry is that the correct selection of the 
measurement point is of utmost importance for the signal quality. Heart rate as 
well as oxygen saturation (SaO2) were successfully recorded, but only when the 
optical sensors were placed on white fur. On black fur the light absorbance was 
too strong and the system could not adjust to a reliable working point. 

 
System design 

Based on the range tests the XBee motes were selected. For a  ZigBee Tree 
Topology the XBee 2.4 GHz motes while for point-to-point connections the XBee 
868 MHZ motes (915 MHz for US market) turned out to be the best choice. A 
sensor node board was designed. Its main features are: 

-  ATXmega128A1 microcontroller 
- Supply via 2 rechargeable Li Ion cells in parallel (in total 4.2 V, 4 Ah) 
- puls belt receiver [RMCM01, Sparkfun] 
- integrated magnetometer/accelerometer [LSM303, ST Microelectronics] 
- 3 USART and one I2C interfaces 
- integrated real time clock 
- board size: 62x35mm², excluding wireless module 

The complete electronics is housed in a small box machined from Acetal. To 
ensure reliable and long lasting protection against humidity and vibrations, the 
electronics was encapsulated in silicone gel [SilGel, Wacker, Germany]. To avoid 
bubbles and air entrapments, a vacuum was applied during the encapsulation 
process.  

One coordinator board was designed, consisting of basically the same 
hardware, but in addition to that, it is equipped with one wireless GSM modem 
[GM862, Telit] connected to one USART interface. Moreover it features an 
integrated GPS based on a SIRFIII chipset.   

5 modules and one coordinator were assembled.  A first test was carried out, 
where similar maximum transmission ranges were recorded. Similar to Corke et 
al. [14] the wireless nodes were incorporated into collars.  

The system is currently undergoing a first test. 
 

Network Topology 

The proposed network (figure 5) consists of sensor nodes worn by the cattle and 
one coordinator equipped with a GSM modem. Data can be transmitted via GSM 
to a server which may be located from the farm. Alternatively the coordinator 
node may also be connected directly to a computer on site.   
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Fig. 5 WSN Design for Cattle Monitoring 

Software design  

The firmware for the sensor nodes was developed under Eclipse and a GNU C 
compiler [Winavr] together with AVR Studio 4 [Atmel]. National Instruments Lab 
View was used for data visualization during the range tests and the trials for 
measurement of physiological parameters. 

Conclusion 

Heart rate as well as arterial oxygen saturation assessment on cattle was 
successfully demonstrated. ECG based heart rate assessment is problematic, as 
electrode fixation is difficult, sufficient electrode gel is required and small 
displacements of the electrodes lead to immediate signal loss. Reflective 
pulsoxymetry can be applied on many parts of the body and may give good 
signals, as long as the emitted light is not absorbed too much by the fur. 
Measurments on white fur gave good results while on black fur no signals could 
be acquired. Howerver it must be noted, that we used standard clinical 
pulsoxymeters developed for applications on humans. A dedicated pulsoxymeter 
with an increased light output might enable also measuments on dark fur.  

For what concerns wireless motes, a market survey was conducted. Several 
motes were tested and the maximum transmission ranges were compared to the 
specifications. Most manufacturers promise unrealistic maximum transmission 
distances. Large distances similar to those specified in the product sheet could 
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only be achieved when one mote was placed at 120m height and an undisturbed 
Fresnel zone was guaranteed. 

We agree with Corke et al. [14] that the development of a system, which is 
defined and configured directly by the end user, the application specialist, is 
paramount. However, in contrast to their approach, we decided to use  open 
standard technologies. 

A sensor node demonstrator was developed with an ATXmega [Atmel] 
processor and a XBee mote as core elements. The whole electronics was 
encapsulated in Silicon gel to achieve a good environmental protection. The 
sensor nodes can be connected to computers, smartphones, a GSM network or the 
Internet for data analysis and visualization. 
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1 Introduction

The concept of precision agriculture has been around for some time now.
Blackmore et al., in 1994 [1] defined it as a comprehensive system designed to
optimize agricultural production by carefully tailoring soil and crop manage-
ment to correspond to the unique condition found in each field while main-
taining environmental quality. The early adopters during that time found
precision agriculture to be unprofitable and the instances in which it was
implemented were few and far between. Further, the high initial investment
in the form of electronic equipment for sensing and communication meant
that only large farms could afford it. The technologies proposed at this point
comprised three aspects: Remote Sensing (RS), Global Positioning System
(GPS) and Geographical Information System (GIS). RS coupled with GPS
coordinates produced accurate maps and models of the agricultural fields.
The sampling was typically through electronic sensors such as soil probes and
remote optical scanners from satellites. The collection of such data in the
form of electronic computer databases gave birth to the GIS. Statistical anal-
yses were then conducted on the data and the variability of agricultural land
was charted with respect to its properties. The technology, apart from being
non-real-time, involved the use of expensive technologies like satellite sensing
and was labor intensive where the maps charting the agricultural fields were
mostly manually done.

Over the last seven years, the advancement in sensing and communication
technologies has significantly brought down the cost of deployment and run-
ning of a feasible precision agriculture framework. Emerging wireless technolo-
gies with low power needs and low data rate capabilities have been developed
which perfectly suit precision agriculture [2]. The sensing and communica-
tion can now be done on a real-time basis leading to better response times.
The wireless sensors are cheap enough for wide spread deployment and offer
robust communication through redundant propagation paths [3]. Thanks to
these features, the Wireless Sensor Networks (WSNs) [3] have become the
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most suitable technology to fit an invasive method of monitoring the agricul-
tural environment.

The requirements that adopting a WSN are expected to satisfy in effective
agricultural monitoring concern both system level issues (i.e., unattended op-
eration, maximum network life time, adaptability or even self-reconfigurability
of functionalities and protocols) and final user needs (i.e., communication re-
liability and robustness, user friendly, versatile and powerful graphical user
interfaces). The most relevant mainly concerns the supply of stand-alone op-
erations. To this end, the system must be able to run unattended for a long
period, as nodes are expected to be deployed in zones that are difficult to
maintain. This calls for optimal energy management. An additional require-
ment is robust operative conditions, which needs fault management since a
node may fail for several reasons. Other important properties are scalability
and adaptability of the network’s topology, in terms of the number of nodes
and their density in unexpected events with a higher degree of responsive-
ness and reconfigurability. Finally, several user-oriented attributes, including
fairness, latency, throughput and enhanced data querying schemes need to be
taken into account even if they could be considered secondary with respect to
our application purposes because the WSN’s cost/performance trade-off.

The before mentioned requirements call for a carefully designed and opti-
mized overall system for the case study under consideration.

The proposed WSN system, shown in Fig. 1, is comprised of a self-
organizing WSN endowed with sensing capabilities, a GPRS Gateway which
gathers data and provides a TCP-IP based connection toward a Remote Server
and a Web Application which manages information and makes the final user
capable of monitoring and interacting with the instrumented environment.

sensor node

sensor node

sensor node

gateway

TCP over
GPRS

Remote Server

Fig. 1 Wireless Sensor Network System
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In this chapter an overview of the overall system is provided. In particular
Sections 2, 4 and 5 deal respectively with the system in terms of hardware,
protocol and software design. Section 3 is dedicated to a detailed description of
the design of directional antennas. Section 6 describes the actual experiences,
focusing on several case study analyses for highlighting the effectiveness and
accurateness of the developed system. Sections 7 and 8 describe respectively
the commercial system ”VineSense”, born from the experimental solution,
and some agronomic results. Finally, in Section 9 some conclusions are drawn
in order to explain the future direction of the current research study.

2 Hardware Design: Sensor Nodes and GPRS Gateway

Focusing on an end-to-end system architecture, every constitutive element has
to be selected according to application requirements and scenario issues, espe-
cially regarding the hardware platform. Many details have to be considered,
involving the energetic consumption of the sensor readings, the power-on and
power-save status management and a good trade-off between the maximum ra-
dio coverage and the transmitted power. After an accurate investigation of the
out-of-the-shelf solutions, 868 MHz Mica2 motes [4] were adopted according
to these constraints and to the reference scenarios. The Tiny Operative System
(TinyOS) running on this platform ensures full control of mote communica-
tion capabilities to attain optimized power management and provides neces-
sary system portability towards future hardware advancements or changes.
Nevertheless, Mica2 motes are far from perfection, especially in the RF sec-
tion, since the power provided by the transceiver (Chipcon CC1000 ) is not
completely available for transmission. However, it is lost to imperfect coupling
with the antenna, thus reducing the radio coverage area. An improvement of
this section was performed, using directive antennas, described in Section 3,
and coupling circuits and increasing the transmitting power with a power
amplifier, thus increasing the output power up to 15 dBm while respecting
international restrictions and standards. These optimizations allow for greater
radio coverage (about 200 m) and better power management. In order to man-
age different kinds of sensors, a compliant sensor board was adopted, allowing
up to 16 sensor plugs on the same node;, this makes a single mote capable of
sensing many environmental parameters at a time [5]. Sensor boards recognize
the sensors and send Transducer Electronic Datasheets (TEDS) through the
network up to the server, making it possible for the system to recognize an
automatic sensor. The overall node stack architecture is shown in Fig. 2.

The GPRS embedded Gateway, shown in Fig. 3, is a stand-alone com-
munication platform designed to provide transparent, bi-directional wireless
TCP-IP connectivity for remote monitoring. In conjunction with Remote Data
Acquisition (RDA) equipment, such as WSN, it acts when connected with
a Master node or when directly connected to sensors and transducers (i.e.,
Stand-Alone weather station, Stand-Alone monitoring camera).
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Communication Board

Power Board

Sensor Board

Overall size: 58x32x25 mm

Fig. 2 Node Stack Architecture

Fig. 3 GPRS Gateway

The main hardware components that characterize the gateway are:

• a 868 MHz omnidirectional antenna;
• a miniaturized GSM/GPRS modem, with embedded TCP/IP stack [6], [7];
• a powerful 50 MHz clock microcontroller responsible for coordinating the

bidirectional data exchange between the modem and the master node to
handle communication with the Remote Server;

• an additional 128 KB SRAM memory added in order to allow for data
buffering, even if the wide area link is lost;

• several A/D channels available for connecting additional analog sensors
and a battery voltage monitor.

Since there is usually no access to a power supply infrastructure, the hard-
ware design has also been oriented to implement low power operating modal-
ities, using a 12 V rechargeable battery and a 20 W solar panel.

Data between the Gateway and Protocol Handler are carried out over TCP-
IP communication and encapsulated in a custom protocol; from both local
and remote interfaces it is also possible to access part of the Gateway’s con-
figuration settings. The low-level firmware implementation of communication
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protocol also focuses on facing wide area link failures. Since the gateway is al-
ways connected with the Remote Server, preliminary connectivity experiments
demonstrated a number of possible inconveniences, most of them involving
the Service Provider Access Point Name (APN) and Gateway GPRS Support
Node (GGSN) subsystems. In order to deal with these drawbacks, custom
procedures called Dynamic Session Re-negotiation (DSR) and Forced Session
Re-negotiation (FSR), were implemented both on the gateway and on the
CMS server. This led to a significant improvement in terms of disconnection
periods and packet loss rates.

The DSR procedure consists in a periodical bi-directional control packet
exchange, aimed at verifying the status of uplink and downlink channels on
both sides (gateway and CMS). This approach makes facing potential dead-
locks possible if there is asymmetric socket failure, which is when one device
(acting as client or server) can correctly deliver data packets on the TCP/IP
connection but is unable to receive any. Once this event occurs (it has been
observed during long GPRS client connections, and is probably due to Service
Provider Access Point failures), the DSR procedure makes the client unit to
restart the TCP socket connection with the CMS.

Instead, the FSR procedure is operated on the server side when no data or
service packets are received from a gateway unit and a fixed timeout elapses:
in this case, the CMS closes the TCP socket with that unit and waits for a
new reconnection. On the other side, the gateway unit should catch the close
event exception and start a recovery procedure, after which a new connection
is re-established. If the close event should not be signaled to the gateway (for
example, the FSR procedure is started during an asymmetric socket failure),
the gateway would anyway enter the DSR recovery procedure.

In any case, once the link is lost, the gateway unit tries to reconnect with
the CMS until a connection is re-established.

3 Directive Antennas: Design and Realization

In this section the theoretical tractation and practical implementations of
directive antennas are given, while actual effects of this technology will be
considered in the next sections.

3.1 Preliminaries

An antenna can be defined as a transducer able to converts electric energy from
wired form into free-space form, and vice-versa. In a up-link, the antenna is the
source of the electromagnetic field modulated by the signal provided by the
transmitter, while in down-link it is the sensor which converts the impinging
electromagnetic wave in a signal applied to the receiver terminals. Antenna
performance is the same in either transmission and reception (reciprocity).
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The principal figure of an antenna is the radiation pattern, which is de-
fined as a mathematical function or a graphical representation of the radiation
properties as a function of space coordinates [18]. Among the various radia-
tion properties, the most important is the power density, which defines the
power pattern, the ability of the antenna to transmit electromagnetic energy
power at radio frequency. The power pattern is implicitly defined in a far field
condition, at a distance where the radiated fields assume an almost planar
wave form [21].

Complete (tridimensional) pattern of elementary antennas are typically
bodies of revolution or regular surfaces. Generally one or two principal cuts
would represent the entire antenna behavior. Furthermore, pattern details are
emphasized with plots in dB normalized scale.

Fig. 4 Pattern of a omni-directional antenna. Left: top 2D cut, orthogonal to the
stylus antenna; right: side 2D cut, containing the stylus antenna.

Real antennas of all kinds are inherently directional, which means that
power patterns cannot be uniform. Canonical λ/2 stylus antennas are omni-
directional in a 2D sense, radiating uniformly in all directions constrained in
one plane, while the radiated power decreases with elevation angle above or
below the antenna plane (Fig. 4). For an almost planar network, this behavior
is enough to be called omni-directional and it is suitable for a broadcast.

In the context of this work, the term “directional” antennas refers to dis-
tinctly directive antennas. Following IEEE definition the directivity is the ratio
of the radiation intensity in a given direction from the antenna to the radiation
intensity averaged over all directions [20]. In particular, maximum directivity
measures the radiation intensity of the antenna in the direction of its strongest
emission.

Fig. 5 depicts a normalized pattern of a directive antenna highlighting the
typical lobes of real devices. A radiation lobe can be defined as portion of the
radiation pattern bounded by regions of relatively weak radiation intensity
(radiation zeros) [18]. The principal lobe is the one containing the direction
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Fig. 5 Pattern of a generic antenna with a maximum in 0◦ and a HPBW of around
45 degree. This pattern is suitable for a fixed point-to-point transmission.

of strongest emission. An useful quantity related to the principal lobe is the
Half Power Beam Width (HPBW), which is the angle between the half-power
points of the lobe.

Antenna gain is closely related to directivity. Gain is the ratio of the ra-
diation intensity in a given direction, to the radiation intensity that would
be obtained if the power accepted by the antenna were radiated isotropically
[20]. Gain is the product of directivity and efficiency, the ability to convert
the available power into electromagnetic waves without waste. While direc-
tivity is a design quantity, gain is the actual quantity involved in link budget
calculation.

To clarify the roles of the gain and directivity and their consequences,
consider the link between two fixed antennas in far field condition. Supposing
the be in a Line of Sight (LoS) condition, the link power budget is ruled by
the Friis Transmission formula [22]:

Prx = Ptx +Gtx(θ, φ) +Grx(θ, φ)− 20 logR− 20 log (4π/λ) (1)

Where Prx and Ptx are the received and transmitted powers, Gtx and Grx are
the gains of transmitting and receiving antenna, R is the distance between
source and target and the fourth term is a constant loss depending on the link
wavelength (i.e. frequency).

Given the receiver sensibility, the higher the gains, the lesser the transmit-
ted power necessary to guarantee the same link quality. High gain implies high
directivity, which in turn means that the optimal link can be established only
with a fixed target. Therefore a single antenna cannot be suitable for both
broadcast and different point-to-point links – see Fig. 6.

Another important antenna property is polarization, which is defined as the
curve traced by the vector representing the instantaneous electric field radiated
by the antenna along the direction of propagation [18]. Polarization varies
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Fig. 6 Antenna links in LoS condition. AB link is optimal, with both antennas
transmitting and receiving in maximum radiation. BC link is suboptimal, since only
C antenna is employed in its maximum. AC link, where both antennas present a
null in the link direction, represents the worst case scenario.

with direction and if not specified it is taken in the direction of maximum
directivity.

It is mandatory to have the transmitting and receiving antennas matched
in the polarization sense, otherwise the mismatch would reduce the signal
strength acting as a negative term in Eq. 1. Circular Polarization (CP) is a
particular case of polarization characterized by the electrical field describing
a perfect circle. Two kind of CP’s exist: Left Hand and Right Hand, which are
discriminated by the rotation sense. The advantage of CP over LP is the fact
that CP antennas can communicate regardless of relative orientation respect
to the ground. As for linear polarization, CP antennas must be matched in
the polarization sense, presenting an even higher cross-polarization rejection
respect to LP case.

In a open area, the ground bouncing (two ray effect) is the principal source
of multipath, which can severely degrade the communication quality. Cross
polarization rejection candidates CP as an effective aid to contrast multipath
impairments, since the radiated field by a CP antenna inverts its sense af-
ter reflecting on the ground, becoming invisible to the co-polarized receiving
antenna [24].

3.2 Printed Antennas

In this work printed antennas are employed. A printed antenna, also known as
patch antenna, is fabricated by photo-etching process, the same inexpensive
technology of printed circuit board (PCB). As shown in Fig. 7, it consists of a
very thin metallic patch printed over a layer of dielectric insulator which is in
turn placed above a metallic plane serving as ground reference. For the nature
of the resonant field lying between the top and the bottom metallic layers,
whose configuration is named resonant mode, printed antennas typically ex-
hibit the pattern maximum in the normal direction of the patch plane (broad-
side radiator). The best antenna performance are accomplished by properly
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Fig. 7 Printed Antennas. Left: typical design for an elementary patch. Right: 3D
Pattern shaped as a cardioid.

choosing the resonant mode of excitation beneath the patch and the opportune
feeding strategy.

Printed antennas are very popular since their unique and attractive proper-
ties such as low profile, lightweight, compactness and conformability, easiness
to fabricate in standard photo-etching technology and integration in MIC
circuits. Not to mention the ease of analysis and syntheses with the aid of
numeric C.A.D. tools. Patches typically assume the shape of squares, rect-
angles, circles or ellipses which are easy to analyze and fabricate, but since
the 2D nature of the manufacturing procedure they can assume any arbitrary
shapes, which lead to very versatile features in terms of resonant frequency,
polarization, pattern shape, and input impedance.

Patches can be excited in four classical way: microstrip line, coaxial probe,
aperture coupling, and proximity coupling. For the purpose of a this work, the
best feeding strategies are microstrip and coaxial probe, which is particular
easy to design and fabricate and demonstrates the best versatility in term of
matching and polarization issue, while showing low spurious radiation.

The most basic patch is rectangular shaped as the one depicted in Fig. 7 as
a L×W rectangle. The fundamental (first in the modal set) resonant mode of
the patch is called TM01 and its centered at the frequency satisfying L = λr/2.
It can be thought as a one-half wavelength section of open-ended microstrip
transmission line (wavelength referred to the substrate). In this modal con-
figuration the opposite sides (W-lengthed) resonate with a maximum value of
the E-field, making the patch acting like a dipole. As consequence, the patch
radiates a linearly polarized field, and since the presence of the ground plane,
it exhibits a monolobe pattern shaped as 3D cardioid (also shown in Fig. 7)
with a directivity in the range of 4-6 dB. The actual gain largely depends on
substrate quality – e.g. tan δ.
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Another common shape for the the patch is the disk-based. Circular geome-
try can achieve high compactness and better conformability than rectangular
one. In the form of circular loops (Characterized by an inner and a outer
radius), circular antennas present also a further degree of freedom which is
useful to impose other specific characteristics to the radiator. Excited in fun-
damental mode – which is called TM11 – disc antennas are capable of almost
the same radiation property of square patch, radiating a monolobe pattern
and operating in linear polarization. The relationship between disk radius and
resonant frequency is a little more complicated while still analytical, involving
complex function like Bessel harmonics.

As already stated, CP antennas have proven to be successful in reducing
multi-path impairments. The canonic technique to design CP patches consists
in exciting two identical orthogonal modes of a symmetrical patch, but in
phase quadrature. A smarter way to achieve and control the CP effect is the
modal degeneration. With a single probe feeding a quasi-symmetrical shaped
patch is possible to excite two overlapping modes at the same time.

The degenerated modes have to be geometrically orthogonal, and it is neces-
sary a controllable asymmetry to detune them imposing the opportune overlap
of frequency responses. Taken individually, each mode is linearly polarized –
as the TM01 and TM10 of a rectangular patch – but excited at the same time,
they generated two almost identical fields which can be combine in quadrature
at an intermediate frequency. This fact generate a CP far-field by definition.

The modal degeneration strategy leads to compact while effective radia-
tors, but it is successful only if the patch is asymmetric enough to support
two modes resonating at two proximate center frequencies, but not too much
asymmetric to separate the modes and behave too different.

Given the disk shape as basic shape, a convenient way to control the de-
generation effect consists in using a central elliptical cut as a detuning ele-
ment [23]. This can be considered also a deformation of a printed circular
loop. While the disc radius is the main parameter for the determination of
the central frequency, the ellipse axis synthesize and control the two degen-
erated modal frequencies. By an appropriate placement of the probe in an
intermediate position between the axes of the two detuned modes, the modal
fields combine in quadrature. Since a canonical disc patch antenna working
in the fundamental TM11 mode exhibits a mono-lobe radiation pattern, the
combination of the two modes will also present the same pattern behavior.

This design principle is adopted for the antennas employed in this work.
The resulting antenna layout designed in common FR4 substrate (εr = 4.4,
h = 1.6mm, σCu = 5.8mS) and its dimensions, along with the prototype
photograph, are shown in Fig. 8. Dimensions and performance were traded off
to be the most compact possible. The ground plane antenna element is taken
only slightly larger than the patch dimension, although its limited extension
leads to unavoidable coupling among other structures of the device. Anyway,
the influence of actual ground dimensions and characteristics are implicitly
considered in the simulation stage.
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Fig. 8 Design and photograph of the proposed patch antenna.

Fig. 9 Prototype characteristics. Left: co- and cross- polarized patterns. Right:
smithchart with input impedance characteristics.

In Fig.9 the measured radiation pattern is demonstrated in the azimuthal
plane at the design frequency of 868MHz. The measurements reveal the good
discriminations of co-poloarized and cross-polarized probe antennas (exceding
24 dB in maximum direction). Perfect CP can be achieved exactly only in the
broad-side direction since axial ratio deteriorates toward horizon. The absolute
gain value, estimated as 2.85 dB, is affected by the sub-optimum low-cost
substrate adopted for the prototype manufacturing. In the same figure the
return loss is also shown in smith chart form, revealing a minimum around
the center of the plot, thus confirming the good matching. The traces exhibits
a cusp at the minimum, which is a hint of the modal degeneration achieved
at the design frequency.
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3.3 Switched Beam Antenna

Switched beam antennas (SBA) are devices categorized as smart antenna tech-
nologies. A SBA consists of an antenna array and a beamforming network and
it is capable of a predetermined set of beams which can be selected with an
appropriate digital control. This technology is the complementary of adaptive
beamformer, an array combined with a phase-shifting device, which is able
to adaptively generate the required radiation pattern pointing in arbitrary
direction.

Even if limited by the available set (sectorised domain), switched beam
antenna are simpler – and cheaper – than adaptive beamformers, while main-
taining similar advantages. The simplest beamforming network consists of a
Single Pole N through (SPNT) switch. A transceiver connected to a SPNT
feeding an array of N patch antennas arranged to cover the entire angular do-
main of interest forms the simplest SBA node. Almost all modern transceivers
are equipped with a set of IO signals suitable for controlling SPNT inputs.

In figure Fig.11 is depicted a Four Beam Antenna (FBA), proposed as the
basic node of the WSN. The four sector beams of the 4BA are also shown.
The radiation patterns are measured in operative condition, with the antenna
elements connected to the switch. The maximum gain is estimated as 2 dB,
a low value affected by the switch insertion loss and unavoidable co-channel
coupling. The advantages in generating 4 beams is that the cumulative pattern
can cover the entire 2D angular range with a cubic box arrangement, but dedi-
cated links can be established toward the four directions. This omnidirectional
covering effect is radically different than the one given by omnidirectional an-
tennas as the one in Fig.4.

Remembering eq. 1, the opportune beam/sector can be activated in re-
sponse to the needs of the network protocol, and each of the pointing beams
can be arbitrary narrow as long as the beam number is higher enough, with
consequent reduction of interferences. In general, given a basic antenna el-
ement characterized by a HPBW = Δφ, a number equal or higher than
N = 2π/Δφ antennas is enough to guarantee a cumulative pattern whose
HPBW is the entire 2π angle. The proposed antenna prototype adopts the
family of non-reflective SPNT’s by Hittite, in particular the SP4T model
HMC182S14 which exhibits moderate insertion loss of 0.6 dB (over the chan-
nels) and an isolation in excess of than 40 dB for all the application of interest
(see Fig.10). The adoption of this kind of non-reflective switch minimizes the
interaction between elements. In fact, the matched loads connected to the
idle antennas permits to dissipate the coupled signal between elements rather
than reirradiate it back, thus resulting in a minimal corruption of the pattern
when compared to the isolated element case.

The proposed system is capable of another smart effect. Considering the
specular symmetry of the patch element, there are always two equivalent
choices for the probe position respect the slitting ellipse: one for excite Left-
hand circular polarization, and one for the opposite Right-Hand. A part for
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Fig. 10 HMC182S14 datasheet extract. The Single Pole 4 Through behavior versus
frequency is highlighted.

Fig. 11 Four Beam Antenna. left. Photograph of the a 4BA node. Right: Synoptic
view of the four antenna beams.

the rotation sense, the radiative performance of the antenna are theoretically
the same. Considering this feature, it is possible to make each antennas a
reconfigurable device by the means of a second SP2T connected the two feeds
points. The smart use of polarization reconfigurability can double the channel
capacitance.
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4 Protocol Design: A Cross-Layer Solution

The most relevant system requirements, which lead the design of an efficient
Medium Access Control (MAC) and routing protocol for an environmental
monitoringWSN, mainly concern power consumption issues and the possiblity
of a quick set-up and end-to-end communication infrastructure that supports
both synchronous and asynchronous queries. The most relevant challenge is
to make a system capable of running unattended for a long period, as nodes
are expected to be deployed in zones that are difficult to maintain. This calls
for optimal energy management since a limited resource and node failure
may compromise WSN connectivity. Therefore, the MAC and the network
layer must be perfected ensuring that the energy used is directly related to
the amount of handled traffic and not to the overall working time. Other
important properties are scalability and adaptability of network topology, in
terms of number of nodes and their density. As a matter of fact, some nodes
may either be turned off may join the network afterward.

Taking these requirements into account, a cross-layer MAC protocol and
a routing protocol were implemented.

4.1 MAC Layer Protocol

Taking the IEEE 802.11 Distributed Coordination Function (DCF) [8] as a
starting point, several more energy efficient techniques have been proposed
in literature to avoid excessive power waste due to so called idle listening.
They are based on periodical preamble sampling performed at the receiver
side in order to leave a low power state and receive the incoming messages,
as in the WiseMAC protocol [9]. Deriving from the classical contention-based
scheme, several protocols (S-MAC [10], TMAC [11] and DMAC [12]) have
been proposed to address the overhead idle listening by synchronizing the
nodes and implementing a duty cycle within each slot.

The proposed MAC protocol, called Directive Synchronous Transmission
Asynchronous Reception (D-STAR), takes the benefits of both WiseMAC and
S-MAC schemes and the features of directive antennas. It joins the power
saving capability, due to the introduction of a duty-cycle, together with the
advantages provided by the offset scheduling without an excessive signaling
overhead. In particular, it permits to realize a space-time synchronization:
each node periodically sends to its neighbors when it will be again in the
listening status (time synchronization); the destination node, upon the recep-
tion of a packet, can identify the relative angular position of the sender with
respect to its own angular reference system (space synchronization).

D-STAR protocol is characterized by the state diagram shown in Fig. 12.
According to it, each node wakes up independently, entering an initial idle

state (init state) in which it remains for the time interval necessary for per-
forming the elementary CPU operations and to be completely switched on
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Fig. 12 Finite state machine description of the proposed D-STAR protocol for mesh
networks, involving the transitions occurring among init, discovery, regime and off
states.

(Tinit). Moreover, before entering the discovery state, each node starts to or-
ganize the time into frames whose durations are Tf .

In the discovery state each node tries to identify its neighbors and to es-
tablish a time-space synchronization with them. To this purpose it remains
in a listening mode for a time interval equal to Tset−up ≥ 2Tf and begins
to periodically broadcast a HELLO message to each angular sector (i.e., the
coverage area within a certain side lobe) sending its ID and its phase. The
phase is the time interval after which the sender exits from the discovery state,
enters the regime state and changes back in listening mode in that particular
sector. A node that receives a HELLO message adds the source node to the
list of its own active neighbors and transmits an acknowledgement.

The overall messages exchanged during the discovery state are represented
in Fig. 13. It is assumed that Node A has two neighbors belonging to two
different angular sectors. Node A begins the channel sensing procedure and
then it sends one HELLO message per angular sector. Upon the successful
reception of this message, each node adds Node A to the list of its own active
neighbors. The procedure is repeated until the discovery state is expired. This
condition can be alternatively expressed as nf = Nfd, where nf is the number
of frame periods spent from the beginning of the discovery state and Nfd

represents its maximum value.
Once the discovery state has expired, each node enters the regime state.

Within this state the operation mode is duty cycled with a periodic alterna-
tion of listening and sleeping sub-periods whose time intervals are Tl and Ts

respectively. The duty cycle function is given by the following formula:

d =
Tl

Tl + Ts
(2)

In the regime state each node tries to preserve the synchronization with its
neighbors. To this purpose it sends a frame-by-frame HELLO message in
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Fig. 13 Messages exchange during the discovery state

a unicast way to the active nodes in its list belonged to different sectors
according to the phase transmitted by them in previous HELLO messages.
As in the discovery state, the HELLO message contains the ID and the phase
that, in this case, is the time interval after which the sender claims to be again
in the listening status in that sector waiting for the HELLO messages. The
phase φ is evaluated according to the following rule:

φ1 = τ − Tl (3)

if the node is in the sleeping mode, where τ is the time remaining to the
beginning of the next frame. Conversely, if the node is in the listening status,
φ is computed as:

φ2 = τ + Ts (4)

The channel access is managed using the Carrier Sense Multiple Access with
the Collision Avoidance (CSMA/CA) scheme. This mechanism is very effective
in reducing collisions, while the problem of hidden nodes is still partially
unsolved.

Each node remains in the regime state until there is at least one neighbor,
otherwise if there are no active neighbors (i.e., the number of empty angular
sectors is equal to the number of sector Ns), it reenters the discovery state in
search of connectivity.

To complete the protocol characterization, whenever a node battery is de-
pleted, this node turns off entering the off state.

To give an insight on the protocol energy efficiency, in Fig. 14, the relative
lifetime as a function of the number of network nodes is presented in the case of
directive antennas with two and four angular sector, respectively, normalized
to the lifetime achieved by using omnidirectional antennas. The remarkable
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Fig. 14 Normalized network lifetime vs. Number of nodes

gain provided by the introduction of directive antennas could be noticed: in
particular, it increases at the increasing of the node density (underlying an
optimal scalability).

The energy efficiency of the proposed protocol can be also evaluated by fo-
cusing on the collision probability that depends upon the node density and the
presence of the hidden nodes. The underlying CSMA/CA mechanism might
fail indeed if neighbor nodes get extremely close or if two or more nodes not
belonging to the same coverage area attempt to transmit toward the same
node. To get an insight on this aspect, in Fig. 15, the collision probability as
a function of the number of network nodes is depicted in the case of omnidi-
rectional antennas and directive antennas with two and four angular sectors,
respectively.

It could be noticed that the adoption of omnidirectional antennas minimizes
the packets collisions as the hidden node effect is minimized. However, as the
angular resolution increases, the collision probability decreases since a lower
number of nodes might overlap with a third node when transmitting and the
communication becomes really point-to-point.

To conclude this analysis, the latency is evaluated (see Fig. 16). According
to this results, the omnidirectional scheme takes the longer time to deliver a
packet, due to the higher probability of finding the channel busy.

4.2 Network Layer Protocol

In order to evaluate the capability of the proposedMAC scheme in establishing
effective end-to-end communications within a WSN, a routing protocol was
introduced and integrated according to the cross layer design principle [13]. In
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particular, we refer to a proactive algorithm belonging to the class link-state
protocol that enhance the capabilities of the Link Estimation Parent Selection
(LEPS) protocol. It is based on periodically information needed for building
and maintaining the local routing table, depicted in Table 1. However, our
approach resorts both to the signaling introduced by the MAC layer (i.e.,
synchronization message) and by the Network layer (i.e., ping message), with
the aim of minimizing the overhead and make the system more adaptive in
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a cross layer fashion. In particular, the parameters transmitted along a MAC
synchronization message, with period Tf , are the following:

• next hop (NH) to reach the gateway, that is, the MAC address of the one
hop neighbor;

• distance (HC) to the gateway in terms of number of needed hops;
• phase (PH) that is the schedule time at which the neighbor enter in lis-

tening mode according to Equation (3) and Equation (4);
• sector (SE) of the switched beam antenna that the node has to select for

reaching the next hop;
• link quality (LQ) estimation as the ratio of correctly received and the

expected synchronization messages from a certain neighbor.

Table 1 Routing Table General Structure

Target NH HC PH SE LQ BL CL

Sink 1 A NA φA λA ηA BA CA

B NB φB λA ηB BB CB

Sink 2 C NC φC λC ηC BC CC

D ND φD λD ηD BD CD

On the other hand, the parameters related to long-term phenomena are
carried out by the ping messages, with period Tp � Tf , in order to avoid
unnecessary control traffics and, thus, reducing congestion. Particularly, they
are:

• battery level (BL) (i.e., an estimation of the energy available at that node);
• congestion level (CL) in terms of the ratio between the number of packets

present in the local buffer and the maximum number of packets to be
stored in.

Once, the routing table has been filled with these parameters, it is possible
to derive the proper metric by means of a weighted summation of them. It is
worth mentioning that the routing table might indicate more than one desti-
nation (sink) thanks to the ping messages that keep trace of the intermediate
nodes within the message header.

5 Software and End User Interface Design

The software implementation was developed, considering a node as both a
single element in charge of accomplishing prearranged tasks and as a part of
a complex network in which each component plays a crucial role in the net-
work’s maintenance. As far as the former aspect is concerned, several TinyOS
modules were implemented for managing high and low power states and for
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realizing a finite state machine, querying sensors at fixed intervals and achiev-
ing anti-blocking procedures, in order to avoid software failure or deadlocks
and provide a robust stand alone system. On the other hand, the node has
to interact with neighbors and provide adequate connectivity to carry the
messages through the network, regardless of the destination. Consequently,
additional modules were developed according to a cross layer approach that
are in charge of managing D-STAR MAC and multihop protocols. Further-
more, other modules are responsible for handling and forwarding messages,
coming from other nodes or from the gateway itself. Messages are not only
sensing (i.e., measures, battery level) but also control and management mes-
sages (i.e., synchronization, node reset). As a result, a full interaction between
the final user and the WSN is guaranteed.

The final user may check the system status through graphical user inter-
face (GUI) accessible via web. After the log-in phase, the user can select the
proper pilot site. For each site the deployed WSN together with the gateway
is schematically represented through an interactive map. In addition to this,
the related sensors display individual or aggregate time diagrams for each
node with an adjustable time interval (Start/Stop) for the observation. Sys-
tem monitoring could be performed both at a high level with a user friendly
GUI and at a low level by means of message logging.

Fig. 17 shows some friendly Flash Player applications that, based on math-
ematical models, analyze the entire amount of data in a selectable period and
provide ready-to-use information. Fig. 17(a) specifically shows the aggregate
data models for three macro-parameters, such as vineyard water management,
plant physiological activity and pest management. The application, using cross
light colors for each parameter, points out normal (green), mild (yellow) or
heavy (red) stress conditions and provides suggestions to the farmer on how to
apply pesticides or water in a certain part of the vineyard. Fig. 17(b) shows a
graphical representation of the soil moisture measurement. Soil moisture sen-
sors positioned at different depths in the vineyard make it possible to verify
whether a summer rain runs off on the soil surface or seeps into the earth and
provokes beneficial effects on the plants: this can be appreciated with a rapid
look at the soil moisture aggregate report which, shows the moisture sensors
at two depths with the moisture differences colore in green tones. Fig. 17(c)
highlights stress conditions on plants, due to dry soil and/or to hot weather
thanks to the accurate trunk diametric growth sensor that can follow each
minimal variation in the trunk giving important information on plant living
activity. Finally, Fig. 17(d) shows a vineyard map: the green spots are wireless
units, distributed in a vineyard of one hectare.

6 Real World Experiences

The WSN system described above was developed and deployed in three pilot
sites and in a greenhouse. Since 2005, an amount of 198 sensors and 50 nodes
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(a) Aggregate Data Models for Vine-
yard Water Management, Plant Physi-
ological Activity and Pest Management

(b) Soil Moisture Aggregation Report:
the upper map represent soil moisture
@ 10 cm in the soil and the lower map
represents soil moisture @ 35cm in the
vineyard after a slipping rain

(c) Trunk Diametric Growth Diagram:
daily and nightly metabolic phases

(d) Distributed Wireless Nodes in a
Vineyard

Fig. 17 Flash Player User Interface

have continuously sent data to a remote server. The collected data represents
a unique database of information on grape growth useful for investigating the
differences between cultivation procedures, environments and treatments.

6.1 Pilot Sites Description

The first pilot site was deployed in November 2005 on a sloped vineyard
of the Montepaldi farm in Chianti Area (Tuscany - Italy). The vineyard is
a wide area where 13 nodes (including the master node) with 24 sensors,
running D-STAR MAC and dynamic routing protocols were successfully de-
ployed. The deployment took place in two different steps: during the first one,
6 nodes (nodes 9,10,14,15,16,17) were placed to perform an exhaustive one
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Table 2 Message Delivery Rate for the Montepaldi Farm Pilot Site

Location MDR

Node 9 72.2%

Node 10 73.7%

Node 11 88.5%

Node 12 71.4%

Node 13 60.4%

Node 14 57.2%

Node 15 45.6%

Node 16 45.4%

Node 17 92.1%

Node 18 87.5%

Node 19 84.1%

week test. The most important result regards the multi-hop routing efficiency,
estimated as:

ηMHop =
MEU

Mex
(5)

where ηMHop is the efficiency, MEU are the messages correctly received by the
remote user and Mex are the expected transmitted messages. For the gate-
way neighbors, ηMHop is very high, over 90%. However, even nodes far from
the gateway (i.e., concerning an end-to-end multihop path) show a message
delivery rate (MDR) of over 80%. This means that the implemented routing
protocol does not affect communication reliability. After the second deploy-
ment, in which nodes 11,12,13,18,19,20 were arranged, the increased number
of collisions changed the global efficiency, thus decreasing the messages that
arrived to the end user, except for nodes 18,19,20, in which an upgraded
firmware release was implemented. The related results are detailed in Table 2.

This confirms the robustness of the network installed and the reliability of
the adopted communications solution, also considering the power consump-
tion issues: batteries were replaced on March 11th 2006 in order to face the
entire farming season. After that, eleven months passed before the first bat-
tery replacement occurred on February 11th 2007, confirming our expectations
and fully matching the user requirements. The overall Montepaldi system has
been running unattended for one year and a half and is going to be a perma-
nent pilot site. So far, nearly 2 million samples from the Montepaldi vineyard
have been collected and stored in the server at the University of Florence In-
formation Services Centre (CSIAF), helping agronomist experts improve wine
quality through deeper insight on physical phenomena (such as weather and
soil) and the relationship with grape growth.

The second pilot site was deployed on a farm in the Chianti Classico with
10 nodes and 50 sensors at about 500 m above sea level on a stony hill area
of 2.5 hectares. The environmental variations of the the ”terroir” have been
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monitored since July 2007, producing one of the most appreciated wines in
the world.

Finally, the third WSN was installed in Southern France in the vineyard
of Peach Rouge at Gruissan. High sensor density was established to guar-
antee measurement redundancy and to provide a deeper knowledge of the
phenomena variation in an experimental vineyard where micro-zonation has
been applied and where water management experiments have been performed
for studying plant reactions and grape quality.

6.2 Greenhouse

An additional deployment at the University of Florence Greenhouse was per-
formed to let the agronomist experts conduct experiments even in seasons
like Fall and Winter, where plants are quiescent, thus breaking free from the
natural growth trend. This habitat also creates the opportunity to run sev-
eral experiments on the test plants, in order to evaluate their responses under
different stimuli using in situ sensors.

The greenhouse environmental features are completely different from those
of the vineyard: as a matter of fact, the multipath propagation effects become
relevant, due to the indoor scenario and the presence of a metal infrastructure.
A highly dense node deployment, in terms of both nodes and sensors, might
imply an increased network traffic load. Nevertheless, the same node firmware
and hardware used in the vineyard are herein adopted; this leads to a resulting
star topology as far as end-to-end communications are concerned.

Furthermore, 6 nodes have been in the greenhouse since June 2005, and 30
sensors have constantly monitored air temperature and humidity, plants soil
moisture and temperature, differential leaf temperature and trunk diametric
growth. The sensing period is equal to 10 minutes, less than the climate/plant
parameter variations, providing redundant data storage. The WSN message
delivery rate is extremely high: the efficiency is over 95%, showing that a low
number of messages are lost.

7 VineSense: A WSN Commercial System

The fruitful experience of the three pilot sites was gathered by a new Italian
company, Netsens, founded as a spinoff of the University of Florence. Net-
sens has designed a new monitoring system called VineSense based on WSN
technology and oriented towards market and user applications.

VineSense exalts the positive characteristics of the experimental system
and overcomes the problems encountered in past experiences, thus achieving
an important position in the wireless monitoring market.

The first important outcome of the experimental system, enhanced by Vi-
neSense is the idea of an end-to-end system. Sensors deployed in the field con-
stantly monitor and send measurements to a remote server through the WSN.
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Data can be queried and analyzed by final users thanks to the professional and
user-friendly VineSense web interface. Qualified mathematic models are ap-
plied to monitoring parameters and provide predictions on diseases and plant
growth, increasing agronomists’ knowledge and reducing costs while paving
the road for new vineyard management.

VineSense improves many aspects of the experimental system, both in elec-
tronics and telecommunications.

The MAC and Routing protocol tested in the previous experimental system
showed such important and significant results in terms of reliability that the
same scheme was also adopted in the VineSense system and minimal changes
were introduced: the routing protocol is lighter in terms of data exchange,
building the route with different parameters, aimed at increasing the message
success rate, such as master node distance and received signal strength.

A more secure data encryption was adopted in data messages to protect
customers from malicious sniffing or to discourage possible competitors from
decrypting network data.

Furthermore, a unique key-lock sequence was also implemented on each
wireless node to prevent stealing, ensuring correct use with only genuine Net-
sens products and only in combination with its master node, which comes
from the factory.

The new wireless nodes are smaller, more economical, more robust and
suited for vineyard operations with machines and tractors. The electronics
are more fault-tolerant, easier to install and more energy efficient: only a
2200 mAh lithium battery for 2-3 years of continuous running without hu-
man intervention. Radio coverage has been improved up to 350 m and nodes
deployment can be easily performed by end users who can rely on a smart
installation system with instantaneous radio coverage recognition. Some users
have also experimented with larger area coverage, measuring a point-to-point
communication of about 600 m in the line of sight.

Hypothetically, a VineSense system could be composed of up to 255 wireless
nodes and more than 2500 sensors, considering a full sensor set per node, but
since it is a commercial system these numbers are much more than necessary
to cover farmers’ needs.

Sensors used in the VineSense system are low-cost, state-of-the-art devices
designed by Netsens for guaranteeing the best accuracy-reliability-price ratio.
The choice of Netsens to develop custom and reliable sensors for the VineSense
system is not only strategic from a marketing point of view, since it frees Vine-
Sense from any kind of external problems, such as external supplying, delays,
greater costs and compliancy. It is also a consequence of the ”System Vision”,
where VineSense is not only a wireless communication system product, but
an entire system with no ”black holes” inside so as to provide the customer
with a complete system with better support.

Recovery strategies and communication capabilities of the stand-alone
GPRS gateway have been improved: in fact, data received by wireless nodes
are both forwarded in real-time to a remote server and temporarily stored
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on board in case of abrupt disconnections; moreover, automatic reset and
restart procedures avoid possible software deadlocks or GPRS network fail-
ures. Finally, a high-gain antenna guarantees good GPRS coverage almost
everywhere.

The GPRS gateway firmware has been implemented for remotely managing
of the acquisition settings, relieving users of the necessity of field maintenance.

The GPRS gateway communication has been greatly improved introducing
new different communication interfaces, such as Ethernet connection (RJ-
45), USB data downloading and the possibility of driving an external Wi-Fi
communication system for short-range transmissions.

Since the beginning of 2010, the ”Always On” connection started to be
fully used and it boosted the VineSense system, enlarging its possible field of
application: a complete bidirectional communication was established between
the GPRS unit in the field and the remote server at Netsens. The previous
”one way” data flow, from the vineyard to the internet, was gone over by a new
software release, able to send instantaneous messages from the VineSense web
interface to the field: the monitoring system was changed into the monitoring
and control system, sending automatic, scheduled or asynchronous commands
to the gateway station or to nodes, i.e. to open or close irrigation systems or
simply to download a firmware upgrade.

In Fig. 18 the GPRS gateway with weather sensors is shown.

Fig. 18 VineSense GPRS Gateway with Weather Sensors

The web interface is the last part of VineSense’s end-to-end: the great
amount of data gathered by the sensors and stored in the database needs a
smart analysis tool to become useful and usable. For this reason different tools
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are at the disposal of various kinds of users. On one hand, some innovative
tools such as control panels for real time monitoring or 2D chromatic maps
create a quick and easy approach to the interface. On the other hand, profes-
sional plots and data filtering options allow experts or agronomists to study
them more closely.

8 Agronomic Results

The use of VineSense in different scenarios with different agronomic aims has
brought a large amount of important results.

When VineSense is adopted to monitor soil moisture positive effects can
be obtained for plants and saving water, thus optimizing irrigation schedules.
Some examples of this application can be found in systems installed in the
Egyptian desert where agriculture is successful only through wise irrigation
management. In such a terroir, plants suffer continuous hydric stress during
daylight due to high air temperature, low air humidity and hot sandy soils
with a low water retention capacity. Water is essential for plant survival and
growth, an irrigation delay can be fatal for the seasonal harvest therefore, a
reliable monitoring system is necessary. The adoption of VineSense in this
scenario immediately resulted in continuous monitoring of the irrigating sys-
tem, providing an early warning whenever pump failure occurred. On the
other hand, the possibility to measure soil moisture at different depths allows
agronomists to decide on the right amount of water to provide plants; de-
pending on different day temperatures and soil moisture, pipe schedules can
be changed in order to reduce water waste and increase water available for
plants.

An example of different pipe schedules is shown in Fig. 19.

Fig. 19 Different Pipe Schedules in Accordance with Soil Moisture Levels
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Originally, the irrigation system was opened once a day for 5 hours giving 20
liters per day (schedule 1); since sandy soils reach saturation very rapidly most
of this water was wasted in deeper soil layers; afterwards irrigation schedules
were changed (schedule 2), giving the same amount of water in two or more
times per day; the water remained in upper soil layers at plant root level,
reducing wastes and increasing the amount of available water for plants, as
highlighted by soil moisture at 60 cm (blue plot).

Another important application of the VineSense system uses the dendrom-
eter to monitor plant physiology. The trunk diametric sensor is a mechanical
sensor with +/− 5 microns of accuracy; such an accurate sensor can appreci-
ate stem micro variations occurring during day and night, due to the xilematic
flux inside the plant. Wireless nodes measure plant diameter every 15 min-
utes, an appropriate time interval for following these changes and for creating
a plot showing this trend. In normal weather conditions, common physiologic
activity can be recognized by agronomists the same as a doctor can do read-
ing an electrocardiogram; when air temperature increases and air humidity
falls in combining low soil moisture levels, plants change their activity in or-
der to face water stress, preserve their grapes and especially themselves. This
changed behavior can be registered by the dendrometer and plotted in the
VineSense interface, warning agronomists about incoming risks; as a conse-
quence, new irrigation schedules can be carried into effect.

Fig. 20 shows an example of a plant diametric trend versus air temperature.

Fig. 20 Plant Diametric Trend vs. Air Temperature

The blue plot represents the air temperature in 10 days, from 13th August
until the 22nd August 2009 in Italy; the blue line becomes red when the
temperature goes over a 35 degree threshold. During the period in which the
temperature is so high, plant stem variations are reduced due to the lower
amount of xilematic flux flowing in its vessels, a symptom of water leakage.
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WSN in agriculture are also useful for creating new databases with histor-
ical data: storing information highlighting peculiarities and differences of vine-
yards provides agronomists an important archive for better understanding
variations in plant production capabilities and grape ripening. Deploying wire-
less nodes on plants in interesting areas increases the knowledge about a spe-
cific vineyard or a specific terroir, thus recording and proving the specificity
of a certain wine. I.E., the quality of important wines such CRU, coming from
only one specific vineyard, can be easily related to ”grape history”: data on air
temperature and humidity, plant stress, irrigation and rain occurring during
the farming season can assess a quality growing process, that can be declared
to buyers.

Finally, VineSense can be used to reduce environmental impact thanks to
a more optimized management of pesticides in order to reach a sustainable
viticulture. Since many of the most virulent vine diseases can grow in wet
leaf conditions, it is very important to monitor leaf wetness in a continuous
and distributed way. Sensors deployed in different parts of vineyards are a
key element for agronomists in monitoring risky conditions: since wetness can
change very rapidly during the night in a vineyard and it is not homogeneous
in a field, a real time distributed system is the right solution for identifying
risky conditions and deciding when and where to apply chemical treatments.
As a result, chemicals can be used only when they are strictly necessary and
only in small parts of the vineyard where they are really needed, thus reducing
the number of treatments per year and decreasing the amount of active sub-
stances sprayed in the field and in the environment. In some tests performed
in 2009 in Chianti, the amount of pesticides was reduced by 65% compared
to the 2008 season.

Leaf wetness sensors on nodes 2 and 3 measure different wetness conditions
as shown in Fig. 21. The upper part of the vineyard is usually wetter (brown
plot) than the lower part (blue plot) and sometimes leaf wetness persists for
many hours, increasing the risk of attacks on plants.

Fig. 21 Different Leaf Wetness Conditions in a Small Vineyard
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9 Conclusion

This paper deals with the design, optimization and development of a practical
solution for application to the agro-food chain monitoring and control. The
overall system was addressed in terms of the experienced platform, network
issues related both to communication protocols between nodes and gateway
operations up to the suitable remote user interface. Every constitutive element
of the system chain was described in detail in order to point out the features
and the remarkable advantages in terms of complexity reduction and usability.

To highlight the effectiveness and accurateness of the developed system,
several case studies were presented. Moreover, the encouraging and unprece-
dented results achieved by this approach and supported by several pilot sites
into different vineyard in Italy and France were shown.

The fruitful experience of some pilot sites was gathered by a new Italian
company, Netsens, founded as a spin off of the University of Florence. Netsens
has designed a new monitoring system called VineSense based on WSN tech-
nology and oriented towards market and user applications. In order to point
out the improvements of the new solution respect to the experimental one,
the main features of VineSense were described. Moreover, some important
agronomic results achieved by the use of VineSense in different scenarios were
sketched out, thus emphasizing the positive effects of the WSN technology in
the agricultural environment.

Nowadays, the research group is investing substantial resources on the real-
ization of custom sensors for leaf wetness, soil moisture and soil temperature
monitoring.
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Abstract. This paper presents the development of a versatile sensor platform that 
is well-suited for autonomous data acquisition in environmental monitoring. The 
key advantages of the platform are its compact design, implemented onboard sen-
sors, wireless communication and further standard interfaces to connect applica-
tion specific sensors. The sensor system is subsequently simple to install and the 
costs for the preparation and execution of a measurement task are low. The paper 
provides details of the platform design and key characteristics as well as data ac-
quisition-, communication-, and data storage strategy. A practical exemplary ap-
plication in the field of environmental monitoring - the determination of accelera-
tion of plants due to wind load - is presented. 

Keywords: sensor platform, autonomous sensing, environmental monitoring, 
plant windthrow.  

1   Introduction 

Agriculture has always played a key role in the development of human civilization 
and the feeding of the population. With the increasing demand for agricultural 
products, efforts are made to make food production more efficient [1]. One prom-
ising approach for improving processes in agriculture is to use sensors to collect 
information on environmental conditions, allowing to take appropriate actions. 
More frequent data acquisition and interpretation is seen as a key to understanding 
productivity variability and quality [2]. According to [3], the impact of ‘precision 
agriculture’ [4] technologies on agricultural production is expected mainly in two 
areas: profitability for the producers and ecological and environmental benefits to 
the public. 

In agriculture and horticulture a range of well-established instruments for 
measuring variables such as mass, volume, temperature, relative humidity, gas and 
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fluid flow are available [5]. Typical applications in agriculture where parameters 
are determined by means of sensors are for example soil moisture and soil proper-
ties measurement [6, 7], detection and monitoring of foliar disease [8] or fertilizer 
management [9]. 

Data acquisition applications in agriculture often require covering a large area, 
taking representative samples and exchanging measurement data and control 
commands. Distributed sensor system and reliable data communication is hence 
an important issue in precision agriculture. A reliable and versatile data acquisi-
tion system capable of synchronizing, exchanging and storing measurement data is 
required to efficiently evaluate sensor signals and allow real-time or a-posteriori 
analysis of the behaviour of single parameters and their mutual impact [10]. 

Wireless sensor networks are a technology that can provide processed real-time 
field data from sensors physically distributed in the field [2]. Wireless sensors 
provide nearly unlimited installation flexibility for sensors and their technology 
reduces maintenance complexity and costs [11]. 

Agriculture production systems in general have benefited from incorporation 
and adaption of technological advances primarily developed for other industries 
[3]. The sensor system used in this work was developed at the Virtual Vehicle 
Competence Center in Graz, Austria for harsh environmental conditions in auto-
motive testing [10]. This novel data acquisition platform is called ViFDAQ and 
features several advantages with significant relevance for industrial testing and 
environmental monitoring, among others small dimensions, onboard sensors, 
standardized interfaces, and the ability to transfer measurement data wirelessly. 
Due to the versatile layout, the sensor platform is well-suited also for other inter-
disciplinary or cross-research applications that can be found for example in agri-
culture. 

2   Sensor Platform Design 

The main aim for the sensor platform ViFDAQ was to design a versatile, easy to 
operate measurement system that is capable of recording measurement data for 
various measurement tasks simultaneously and synchronizing the input of multiple 
sensors connected. 

Apart from demands of high sampling rate and reliable, high-resolution data 
acquisition, one of the most important demands for the sensor platform is its small 
size and the ability to work without external power supply. The hardware is opti-
mized to have minimum energy consumption and a small housing size. For several 
standard measurement tasks the platform is already equipped with onboard sensor 
(e.g. 3-axes acceleration sensor and temperature sensor). Additional external sen-
sors can easily be connected with the sensor platform using standard interfaces or 
wireless communication. It is possible to operate a measurement or control task 
completely independent from a host (PC, notebook, mobile phone, etc.), ViFDAQ 
is hence able to work completely stand-alone. Fig 1 shows a functional block dia-
gram of ViFDAQ. 



Autonomous Sensor Platform for Environmental Monitoring Applications 189
 

Onboard Sensors 

3D 
Accelerometer 

Microcontroller 
& 

Firmware 

3D 
Gyroscope 

3D 
Magnetometer 

Temperature 

Humidity 

D
ig

it
al

 I
O

s 
an

d 
B

us
 S

ys
te

m
s 

 
I2

C
, S

PI
, O

-W
ir

e,
 P

W
M

 

Digital IOs and Bus 
Systems  

I2C, SPI, O-Wire, PWM 

Analog IOs  
10 bit and 16 bit 

Resolution 

W
ir

el
es

s 
an

d 
W

ir
ed

 
In

te
rf

ac
e 

to
 H

os
t o

r 
to

 
S

en
so

r 
N

et
w

or
k 

Li-Ion-Accumulator 
Integrated Charging Circuit 

Data Memory 
8 MB Flash Memory and SDCard Slot 

 

Program Memory  
128 kB Flash, 16 kB SRAM, 4kB EEPROM 

Interface to External Sensors 

Air pressure 

 

Fig. 1 Functional block diagram of ViFDAQ showing the microcontroller and firmware 
core, digital and analog IOs, onboard data and program memory, onboard sensors, and in-
terfaces to external sensors, host or sensor networks [10]. 

To achieve the small housing size, most of the sensors are based on micro-
electro-mechanical systems (MEMS) technology [12]. Other advantages of this 
MEMS technology are that a wide range of those sensors have low energy con-
sumption and they are inexpensive due to the mass production for e.g. smart-
phones or automotive assistance systems. Table 1 lists the integrated ViFDAQ 
sensors and its most important technical parameters. 

Table 1 Onboard sensors implemented in ViFDAQ and their specifications 

Measurement 
Parameter 

Measurement Range Resolution (Res), 
Noise Density (ND) 

Sensor Out-
put Rate 

Accelerometer 
(3 axes) 

±2,±4,±8,±16 g Res: 1 mg,  
ND: 220 µg/Hz-1/2 

1 Hz - 5 kHz 

Magnetometer 
(3 axes) 

±1.3,±1.9, ±2.0 ±4.0, 
±4.7, ±5.6, ±8.1 Gauss 

Res: 8 mGauss 0.75 - 75 Hz 

Gyroscope 
(3 axes) 

±250,±500, 
±2000 dps 

Res: 0.00875 dps,  
ND: 0.03 dps/Hz-1/2 

100 - 800 Hz 

Temperature -40 to 125 °C Res: 0.01 °C 
Accuracy ±0.3 °C 

max. 100 Hz 

Humidity 0 to 100% Res: 0.04% 
Accuracy ±2 % 

max. 250 Hz 

Air Pressure 300 to 1100 hPa Res: typ. 1 hPa max. 300 Hz 



190 M. Lieschnegg et al.
 

The entire measurement circuitry, the connectors for external sensors and ac-
tuators and the integrated sensors are encapsulated in a housing with the dimen-
sion of only 30 mm length, 20 mm width, and 15 mm height (compare Fig. 2).  

The complete system consists of two independent printed circuit boards (PCB). 
The entire data acquisition system comprising onboard sensors and external con-
nectors is integrated on a four layer PCB at the bottom. The internal accumulator, 
charging unit and USB-to-serial interface is assembled on a two layer PCB. 

Fig. 2 shows the entire stand alone sensor platform in side and bottom view. To 
show the compact design of the system, a 2 Euro coin is placed next to the sensor 
platform as a comparison. 

 
Fig. 2 Stand-alone data acquisition system ViFDAQ including power supply (side and bot-
tom view angle). Dimensions: 30 mm length, 20 mm width, and 15 mm height [10] 

The housing also includes a Lithium-Polymere (LiPo) accumulator with a 
charge capacity of 100 mAh, which enables ViFDAQ to work stand-alone for sev-
eral hours. To achieve a higher lifetime of the system, the internal accumulator 
can be replaced by an accumulator with a higher capacity. Both, an external or the 
internal accumulator can be charged by the integrated charging circuitry of ViF-
DAQ (see Fig. 1) or by means of other power sources such as a micro USB, an ex-
ternal battery or a photovoltaic cell via 2.5 mm power connector. The supply volt-
age is between 3.3 V and 17 V. Due to this wide input voltage range, the system 
can use a variety of external energy sources to be loaded. 

For the supply of external sensors, ViFDAQ provides different regulated power 
supplies (3.3 V and 5 V) that are independent of the accumulator voltage. Due to 
an integrated boost converter, the power supply for external sensors can even be 
higher than the nominal voltage of the internal accumulator. 

The energy and power management can be completely controlled by the micro-
controller, since it is possible to set all peripherals (ADC, USB, RF transceivers, 
sensors, etc.) into standby mode or to turn off those devices by means of the mi-
crocontroller. Also the microcontroller itself can be switched in several sleep 
states, so that in deep sleep mode the current consumption is less than 250 nA. By 
external events, such as a level change on the General Purpose Input/Output 
(GPIO) ports or the measured values of the integrated sensors exceed a custom 
limit, the microcontroller can be awakened at any time and take appropriate ac-
tion. Additionally, it is possible to wake up the microcontroller after custom time 
intervals.  
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For storing the measurement or calibration data, different storage media are 
available as shown in Fig. 1. Data is stored primarily on an integrated high speed 
64 Mbit flash memory or on an additional MicroSD card. Assuming that one 
measurement value requires 16 bits of memory, 4 million measurement values can 
be stored on the internal flash memory of ViFDAQ. For long-term measurements 
with higher memory requirements, a separate MicroSD card can be used. Cur-
rently, when using a MicroSD card, the file systems FAT12, FAT16 and FAT32 
are supported, making recorded measurement data easily readable for an operating 
system [13]. The flash memory is recommended for measuring tasks with high 
sampling rates, because accessing this memory uses less intervention of the mi-
crocontroller. To store calibration data, a 4 kB Electrical Erasable and Program-
mable Read Only Memory (EEPROM) or a 16 kB Random Access Memory 
(RAM) and also the above mentioned storage media can be used.  

The execution speed of a measurement task and the power consumption of 
ViFDAQ are mainly determined by the user application (especially by the type of 
data storing and communication and measurement channels). 

One of the main features of ViFDAQ is wireless communication. Therefore, 
two independent radio frequency (RF)-transceivers have been included in the de-
sign of the communication structure of the sensor platform. For the direct commu-
nication to a host a Bluetooth transceiver has been implemented (according to 
IEEE 802.15.1 standard) [14]. The Bluetooth interface is specified by the Blue-
tooth standard V2.0 with Enhanced Data Rate (EDR). The transmission power of 
the Bluetooth hardware is max. 4.5 dBm, the receiver sensitivity is -85 dBm and 
typically meet the specification for the Bluetooth device classes 1 and 2, allowing 
ranges between transmitter and receiver of up to 10 m. The transmitting power of 
the Bluetooth hardware can be adapted as needed. To ensure plug & play func-
tionality in conjunction with other Bluetooth enabled devices, the Bluetooth pro-
file Serial Port Profile (SPP) has been implemented. This profile is supported by 
the most Bluetooth devices and standard hardware driver can be used to establish 
a communication between ViFDAQ and a host. It is hence very easy to start a 
communication between ViFDAQ and a running application on the host (e.g.  
Excel, LabView, Matlab, etc.). 

In addition to the Bluetooth transceiver, a second transceiver for wireless com-
munication according to IEEE 802.15.4 standard is implemented, that allows 
transfer rate of up to 2 Mbit/s. Among others, the ZigBee protocol can be used 
with this IEEE standard [15]. ZigBee is designed for data transfers with a transfer 
rate of 250 kbit/s. The receiver sensitivity of the transceiver is -100 dBm and its 
maximum transmission power is 3.5 dBm. Due to this technology, transmission 
ranges between the transmitter and the receiver of up to 200 m are possible. Com-
pared to Bluetooth communication mode, the transceiver operates more energy-
efficient [1] (maximum current 14.5 mA) and it is possible to combine multiple 
ViFDAQ sensor platforms to a network.  
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3   Data Acquisition with Sensor Platform 

An important part of ViFDAQ is the integrated and programmable microcontrol-
ler. It is an 8-bit microcontroller that can operate up to 16 MHz clock frequency. 
The user can program this microcontroller with a custom measurement and / or 
control task, so ViFDAQ can perform this task without a host. All peripherals on 
ViFDAQ operate independently of the microcontroller. This allows simultaneous 
acquisition and storage or wireless transmission of data. The maximum data ac-
quisition rate depends on the number of channels used, the storage medium (flash, 
MicroSD) and the method used for exchanging data between a host and ViFDAQ 
(wired or wireless). The maximum data acquisition rate of the analog input ports is 
330 kHz. Due to the time consuming operation of storing data on microSD card, 
the maximum data acquisition rate for long-term acquisition with ViFDAQ is  
approximately 1 kHz. 

To set-up the system for a measurement task, the microcontroller must be pro-
grammed with an appropriate development environment. This was done using 
AVR Studio 5 from Atmel. This free development suite contains a user-friendly 
Integrated Development Environment (IDE) and a free C-compiler (GCC) [16]. 
For most peripheral devices of ViFDAQ, a C-library has been created and an Ap-
plication Programming Interface (API) was defined. With this library, a broad va-
riety of measurement tasks can be covered by means of a simple template  
program. 

The structure of this program is shown in Fig. 3: After the desired sensors has 
been initialized through the previous mentioned API, the memory and additionally 
used hardware (Bluetooth, ZigBee transceiver, ..) must be initialized too. The in-
ternal sensors and the most other peripheral devices operate independently from 
the microcontroller and will interrupt the main application of the microcontroller 
via interrupt signals. This interrupt of the main application will be automatically 
managed from the driver library after the user has initialized the desired sensors at 
the start of the program through the driver’s library API. In the corresponding in-
terrupt routines of these devices, the new measurement values of each time step 
will be automatically collected and written to a temporary buffer. If necessary, the 
user can also define own callback routines to new measurement values. After all 
sensors and peripheral devices were initialized, the measurement task can be 
started. The binary data values in the temporary memory buffer are streamed to a 
non-volatile memory (for example to a file on the microSD card). During the data 
transfer, new measurement data of the ongoing data acquisition can be written 
‘simultaneously’ to the temporary buffer in the SRAM. After the measurement 
task has been created, the compiled and error-free C-program must be transferred 
to the program memory (flash) of the microcontroller via a programmer (for ex-
ample JTAG MKII from Atmel®) or transferred via pre-installed bootloader  
on the microcontroller. This bootloader program on the microcontroller can  
reprogram the program memory without an external programmer. 

In an enhanced version of the system, the creation of a measurement task will 
be replaced through a Graphical User Interface (GUI) assisted Wizard, which can 
be used from each user without C programming skills and without additional  
development tools (software, programmers). 
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Fig. 3 Flowchart for programming a measuring task for the ViFDAQ sensor platform 

4   Application of Sensor System in Agriculture 

The sensor platform has already been successfully implemented in automotive 
testing processes [10] and is currently also applied for laboratory measurement 
tasks in agriculture. 

Windthrow is a significant problem in forestry that can easily cause observable 
losses, especially along the perimeters of clear-cut areas and within newly-thinned 
stands [17]. Especially asymmetric trees are twisted by the wind, and the torque 
(twisting force) will depend on the degree of asymmetry [18, 19]. This problem 
also exists for economic plants such as corn and is worth being addressed by 
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means of agricultural instrumentation. Having a deeper understanding of the loads 
and accelerations applied to trees and plants during wind would allow finding bet-
ter strategies against windthrow. 

Several measurement principles have been developed to determine the impact 
of wind load. In [20] for example, a strain meter to measure dynamic wind loads 
on trees during storms is presented. Two 500 mm long sensors detect linear strain 
in the outer fibers of the tree trunk, as the wind induces bending. In [17] an optical 
prism-based measurement system for monitoring the swaying of trees under wind 
load is presented. 

To acquire measurement data for the analysis of windthrow phenomena a labo-
ratory test setup has been used. Therefore, two plants – a yucca palm with a rather 
thick stem and comparable small/few leaves and a ficus tree with a rather thin 
stem and comparable large/many leaves – are exposed to the controlled air flow of 
a wind tunnel. Fig. 4 shows the wind tunnel used for the experiment. The circulat-
ing air in the wind tunnel is driven by a radial fan through silencers into the stag-
nation chamber. After the stagnation chamber there are grids and honeycombs to 
extract turbulences and vortices. The flow is accelerated and uniformed by a con-
traction chamber with a contraction ratio of 1:10. Measurements are performed in 
the test section of the outlet. The wind tunnel provides a wind speed of more than 
10 m/s.  

 

Fig. 4 Wind tunnel test rig used for measurements with the two test plants at the wind tun-
nel outlet 

Both test plants were placed at a distance of 45 cm between wind tunnel outlet 
and plant stem and fixed on the ground (see Fig. 5a and Fig 6a). The sensor sys-
tem was mounted on the stem of the test plants in a height of 80 cm (see Fig. 5b 
and Fig. 6b). The sensor system was operated stand-alone, the wind tunnel air vo-
lume flow was recorded using external signals of the data acquisition system of 
the wind tunnel. 
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Fig. 5 Test plant yucca palm with rather thick stem and comparable small/few leaves placed 
at the wind tunnel outlet. (a): Experimental setup and denotation of axes and (b): Detail 
view of ViFDAQ mounted on the stem of the yucca palm. Note that the sensor system is 
operated stand-alone, the cables connected to ViFDAQ are to record the wind speed exter-
nally. 
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(a) (b)

Fig. 6 Test plant ficus tree with rather thin stem and comparable large/many leaves placed at 
the wind tunnel outlet. (a): Experimental setup and denotation of axes and (b): Detail view of 
ViFDAQ mounted on the stem of the ficus tree. Note that the sensor system is operated 
stand-alone, the cables connected to ViFDAQ are to record the wind speed externally. 
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For the experimental procedure, the wind speed was increased in 1 m/s steps 
from 0 m/s to 10 m/s every 90 seconds by the automated wind tunnel control sys-
tem. This was to simulate different wind speeds under repeatable laboratory condi-
tions and analyze the behavior of the test plants. Accelerations in all three axes 
were recorded with a sampling rate of 400 Hz. Measurement data was stored on 
microSD card during data acquisition. 

Fig. 7 shows acceleration measurement results for the yucca palm. The accele-
ration values for x-axis (i.e. direction of gravity) show a variation of about 0.2 g 
peak-peak, for y-axis of about 0.45 g peak-peak, and for z-axis (i.e. air flow direc-
tion) of about 0.5 g peak-peak. The plant does not bend due to the wind load even 
for wind speeds up to 10 m/s since all recorded acceleration values are symmetric-
al about the mean value. 

 

Fig. 7 Acceleration measurement results (3 axes) and wind speed for the yucca palm test 
plant. With increasing wind speed the accelerations recorded increase as well. It can be 
seen that the plant does not bend significantly due to the wind load since acceleration 
values for x- (i.e. direction of gravity) and z-axis (i.e. air flow direction) are symetrical. 
Note that the mean acceleration in x-direction is close to 1 since the acceleration due to 
gravity is superposed. 
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Fig. 8 shows acceleration measurement results for the ficus tree. The accelera-
tion values for x-axis (i.e. direction of gravity) show a variation of about 1 g peak-
peak, for y-axis of about 1.1 g peak-peak, and for z-axis (i.e. air flow direction) of 
about 1 g peak-peak. The acceleration amplitudes for the ficus tree in the experi-
ment are hence significantly higher than for the yucca palm. The plant bends sig-
nificantly due to the wind load, recorded acceleration values for x- and z-axis are 
not symmetrical about the mean value, indicating that the inclination of the stem 
changes. 

The characteristic of the acceleration in air flow direction is of importance 
since this parameter is related to the swaying of the plants. Fig. 9 shows a compar-
ison between z-axis accelerations for the two test plants. The yucca palm with its 
thick stem shows symmetrical swaying behavior with minor acceleration ampli-
tudes while the ficus tree with the thinner stem shows asymmetrical swaying  
behavior with higher acceleration amplitudes. 

 

Fig. 8 Acceleration measurement results (3 axes) and wind speed for the ficus tree test 
plant. With increasing wind speed the accelerations recorded increase as well. The plant 
bends significantly due to the wind load, acceleration values for x- (i.e. direction of gravity) 
and z-axis (i.e. air flow direction) are not symetrical. Note that the mean acceleration in x-
direction is close to 1 since the acceleration due to gravity is superposed. 
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Fig. 9 Comparison of the accelerations in air flow direction for the two test plants. The 
yucca palm (upper signal plot) shows symmetrical swaying behavior with lower accelera-
tion amplitudes, the ficus tree (lower signal plot) shows asymmetrical swaying behavior 
with higher acceleration amplitudes. 

 

Fig. 10 Low pass filtered (fg=1 Hz) signals for yucca palm (bottom) and ficus tree (top). 
The stepwise characteristic of the acceleration results from the stepwise excitation of the 
wind speed. The variation of z-axis acceleration is less than 0.05 g for the yucca palm and 
nearly 0.6 g for the ficus tree. 
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The bending of the test plants due to wind load can be seen when only low fre-
quency contributions of the acceleration signal in the direction of the air flow are 
plotted. Fig. 10 shows the low pass filtered (fg=1 Hz) signals for yucca palm and 
ficus tree. The stepwise characteristic of the acceleration results from the stepwise 
excitation of the wind speed (i.e. increasing wind speed in time intervals of 90 s). 
It can be seen that the variation of z-axis acceleration is less than 0.05 g for the 
yucca palm and nearly 0.6 g for the ficus tree. 

5   Conclusion 

In this paper, a novel versatile sensor platform is presented that meets important 
requirements for mobile environmental monitoring such as autonomous operation, 
small dimensions, onboard sensors, and standard interfaces to augment the system 
with additional sensors. The sensor platform design, data acquisition, storage and 
exchange are described in detail. An exemplary measurement task, the 3-axes ac-
celerations of two test plants are recorded for a wind speed up to 10 m/s, is  
presented. 

The sensor platform is well-suited for data acquisition with multi-sensor input 
and can hence be used for a variety of measurement tasks in science and industry. 
Its applicability in environmental monitoring testing is shown. Making use of  
multiple ViFDAQ systems in a network of distributed sensors supports the  
investigation of current challenges in agriculture and forestry. 
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In-Situ Sensing of Surface and Atmospheric 
Moisture 

Alan Wilson and Richard Muscat 

Maritime Platforms Division 
Defence Science and Technology Organisation, Australia 

Abstract. Water is one of the most important materials on the Earth, being 
necessary for all forms of agriculture and many industrial processes. Water is also 
a critical element of many crop diseases and the prime cause of corrosion, rot and 
decay. The monitoring of atmospheric and surface water contributes to the 
understanding of these adverse effects and can be used to mitigate them. Sensors 
for both atmospheric and surface moisture have been in use for a long time but it 
is only recently that miniaturised and cheap sensors have become available so that 
in-situ, multi-point monitoring of water is feasible. 

Keywords: sensors, humidity, wetness, leaf wetness, corrosion. 

1   Introduction 

Water is arguably the most important material on the Earth. Its properties  
as a solvent make it indispensable for life and for many industrial processes. 
Water, agriculture and the development of civilizations have been and continue 
to be inextricably entwined. However, its very nature as an excellent solvent 
means that water in the environment is a prime contributor to corrosion, rot and 
decay. 

The amount of water on foliage can have a direct relationship with disease, 
such as fungal infections, which in turn can have a large impact on food 
production. Estimates for the State of Georgia in the USA placed the value of 
damaged produce at $346M with added costs of $185M in control measures for 
the year of 2007 [1]. The total of $531M corresponds to 11% of the annual value 
of the crops in this one state. 

Salty water in coastal locations is responsible for corrosion on unprotected 
metallic surfaces and also contributes to the degradation of protective coatings on 
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corrosion prone surfaces. The cost of corrosion and corrosion prevention schemes 
is very high. As an example, it was estimated in 2001 that between dry-dock 
cycles the United States Navy’s annual maintenance budget for corrosion 
correction and prevention was in excess of $1.8B [2], while the United States 
Department of Defense estimated in 2003 that the annual corrosion related costs 
were $US20.1B [3]. A cost estimate in 2001 for corrosion on major infrastructure 
in the United States was around $276B per year [4]. 

Adverse agricultural and corrosion related effects are often the result of air-
borne water or moisture that may contain other material, such as fungal spores or 
corrosive salts. The monitoring and measurement of water in the air can contribute 
to the understanding and control of these unwanted consequences. Sophisticated 
equipment has been developed for this purpose. However, until relatively recently 
this equipment has been large, expensive and required skilled operators. Thus the 
techniques for monitoring atmospheric water have not been suitable for uses that 
required measurements at large numbers of points, in inaccessible locations or on 
mobile platforms such as vehicles and aircraft. The advent of modern integrated 
electronics and miniature sensors has, to a large extent, changed this situation. 
While the results obtained with the newer devices may not be as accurate as the 
larger and more developed measurement techniques, the accuracy is now 
sufficient for many applications that require knowledge of the amount of water in 
the air and on a surface. These devices are also quite inexpensive, enabling their 
use in applications that it would not have been cost effective to employ them in 
the past. 

This chapter will consider small, inexpensive sensors that are either 
commercially available or under development. Surface wetness sensors are the 
primary focus of the chapter since surfaces are the principle location where 
corrosion starts or where rotting, mould and fungal growth commences. However, 
the initial sections are devoted to sensing atmospheric water and temperature, 
since these two together can give an indication of possible surface wetness, and a 
knowledge of humidity is useful for understanding how surfaces become wet and 
how surface wetness sensors may respond. 

2   Atmospheric Water (Humidity) Sensors 

Knowledge of the amount of water in the atmosphere can be used as an indirect 
indicator of the presence of surface water. A device for measuring the moisture 
content, or humidity, of air is referred to as a hygrometer. Absolute humidity is the 
ratio of the mass of water vapour present to the volume of air or gas, generally 
expressed as grams per cubic meter (g/m3). Relative humidity (RH) is the ratio, 
generally stated as a percentage ratio, of the moisture content of air compared to 
the possible saturated moisture content of the air at the same pressure and 
temperature. The saturated moisture content is the amount of moisture that the air 
can hold just prior to the point that it starts to condense. The temperature at which 
condensation commences is called the dew point. The temperature and the amount 
of moisture in the air are interrelated (Fig. 1), so that at different temperatures a  
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Fig. 1. Mass of water contained in a cubic metre of air at the saturation humidity as a 
function of temperature#, which is the dew point temperature, at sea level. Also shown is 
the change in relative dielectric constant due to the presence of water in the air, determined 
as a superposition of the relative dielectric constant of air, εr = 1, and water, εr ~ 80. 
# From http://www.bom.gov.au/lam/humiditycalc.shtml 

particular value of RH occurs for different amounts of water in the air. For 
instance, a %RH of 80% measured at 30o C is relative to a saturation humidity of 
around 37 g/m3 and indicates a water content of 30 g/m3. The same %RH at 20o C 
is relative to a saturation humidity of 22 g/m3 and indicates a water content of 18 
g/m3. Thus, if absolute humidity is required and only RH measurements can be 
made, then the temperature must also be measured. 

Humidity is difficult to measure accurately and direct measurement requires 
accurate and calibrated equipment to determine the amount of moisture contained 
in a volume of air. A gravimetric hygrometer measures the mass of an air sample 
and compares this to the mass of an equal volume of dry air. While considered the 
most accurate direct method for determining the moisture content of air the 
apparatus required to perform these measurements is bulky and not at all suitable 
for field use, in mobile platforms or where a large number of measurement points 
are required. The well known wet and dry bulb hygrometer consists of two 
thermometers, one of which is kept moist with distilled water on a sock or wick. 
The temperature coupled with the temperature differential between the two 
thermometers can be used to determine the relative humidity. Again, this method 
is not practical for field deployed sensors since one thermometer must be 
constantly supplied with distilled water. Other measurement techniques rely on a 
physical or chemical property that is affected by the moisture in the air. A 
technique that has been used for many years is the hair-hygrometer that uses a 
length of hair, under tension, mechanically linked to a dial gauge. The hair swells 
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and shrinks due to changes in humidity and the dial gauge changes accordingly. 
This is again bulky and not a practical sensor for deployment in the field. 

Modern electronic devices have been developed that use the same principles as 
larger hygrometers, but are much smaller (millimetre dimensions) and can include 
internal processing to correct for non-linear responses. Being electronic, there are 
a range of interface options including voltage, current and serial digital outputs. 
The development of these sensors is relatively mature with a number of sensors 
available commercially. Many of these have been integrated with electronics and 
are available as surface mount or small devices suitable for mounting on a printed 
circuit board. The inclusion of a small microprocessor (or state machine) in the 
electronics along with flash memory only adds a few dollars to the cost and means 
that devices can be calibrated against known standards. Algorithms can also be 
implemented to correct for non-linear responses and other effects such as sensor 
temperature dependence. Higher accuracy than the basic sensor without correction 
can be attained using these techniques. A number of humidity sensors are 
considered below grouped according to the basic principle used for the detection 
of humidity. Appendix 1.1 is an illustrative list of some commercially available 
humidity sensors. 

2.1   Capacitive Hygrometers 

Capacitive hygrometers measure relative humidity by detection of changes in 
capacitance of around 20-50 pF, from 0% RH to 100% RH, with a base 
capacitance in the 100-200 pF range. The devices generally consist of an 
insulating substrate with a bottom electrode over which either a thin metal oxide 
or polymer film is deposited. A second, porous electrode is deposited over the film 
and this forms both an electrode and a protective surface against condensation and 
contamination of the film (Fig. 2). The change in capacitance is generally due to 
an increase in the dielectric constant of the film on exposure to moisture and this 
is nearly linear with RH. As can be seen from Fig.1 the change in dielectric 
constant is not simply due to atmospheric vapour between the electrodes since 
even up to 30o C this effect will result in a capacitance change of only a little over 
0.3%. The dielectric film itself is in an equilibrium condition with the atmospheric 
water so that either the effect is due to a relatively larger adsorption/absorption of 
moisture between the electrodes or the property of the dielectric is itself modified 
by the water vapour. Some polymer based devices detect capacitance change due 
to dimensional changes induced in the polymer, similar to the hair-hygrometer, 
and again these changes are significantly larger than the simple dielectric change 
that would be brought about by just the presence of the water vapour in the air. 
The metal oxide sensors can operate at high temperatures whereas the polymer 
sensors are generally restricted to lower temperatures. 
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Fig. 2 Schematic cross-section of a capacitive hygrometer. This consists of 2 electrodes 
separated by a dielectric material that can absorb moisture. The capacitance between the 
electrodes depends on how much moisture is absorbed in the dielectric and can be related to 
the humidity. 

Commercially available sensors include bare devices (i.e. sensors only) to 
sensors fully integrated with measurement and signal processing that deliver 
digital outputs via serial communications. Given that the capacitances involved 
are relatively small care, must be taken to ensure that any measurement electronics 
for the bare sensors do not introduce excessive stray capacitance. Thus long wires 
between a bare sensor and the electronics are not advisable. Capacitive sensors 
may have some temperature dependence and temperature measurements can be 
used to correct for this. There are a number of capacitive humidity sensors which 
include a temperature sensor that can be used for this purpose. Contamination with 
water or other fluids should generally be avoided and there are a number of 
materials or fabrication geometries available that the sensors are packaged with to 
protect them. These can increase the response time of the sensor by slowing the 
access of the air to the sensor.  

2.2   Resistive Hygrometers 

Resistive hygrometers measure the change in electrical resistance of an 
hygroscopic material such as a conducting polymer or a treated substrate or film, 
to give a measure of RH. These sensors consist of two electrodes on an insulating 
substrate between which is deposited the hygroscopic material, or the substrate 
itself is used as the hygroscopic material, possibly after an activation process  
(Fig. 3). Symmetrical AC excitation is often used to avoid polarisation of the 
sensor. The response to moisture is generally non-linear and will include a 
capacitive component however selection of an appropriate excitation frequency 
will minimise this, or a true impedance measurement can be made to allow for it. 
Excitation generation, signal conditioning, measurement and linearization can be 
integrated with the sensor to make the device simple to use. Longer leads than for 
the capacitive hygrometers can be used with these sensors if collocation of the 
electronics is not possible. The resistance of the sensors ranges from a few 
thousand Ohms to many millions of Ohms. Contamination with fluids should 
again be avoided. 

Bottom Electrode

Porous Top Electrode
Dielectric

Moisture penetrates to dielectric

Substrate
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Fig. 3 Schematic top view of a resistive hygrometer. The 2 electrodes have a hygroscopic 
material between them that changes resistance depending on how much moisture it has 
absorbed. The example here is for a hygroscopic coating applied over the electrodes. 

2.3   Thermal Conductivity Hygrometers 

Thermal conductivity hygrometers measure absolute humidity by determining the 
thermal conductivity of the air. They consist of a sealed chamber, filled with 
nitrogen, and a similar unsealed chamber exposed to the environment. These 
chambers have matched thermistors1 in them that form one arm of a Wheatstone 
bridge circuit. The difference in thermal conductivity of the dry nitrogen and 
humid air in the two chambers results in different thermistor resistance values and 
thus a voltage from the Wheatstone bridge that is related to the absolute humidity 
(Fig. 4). A disadvantage of these sensors is that they respond to anything that 
changes the thermal conductivity such as different gas mixtures or change in gas 
pressures. The effects of pressure changes can be reduced if the pressure in the 
sealed chamber can be matched to the external pressure via a diaphragm or other 
mechanical arrangement. An advantage of these sensors is that they can be very 
durable and can operate at high temperatures by the nature of the materials that 
can be used to construct them. Indeed, these sensors are more suitable for 
operation at higher temperatures where the dependence of the thermal 
conductivity on humidity is greater. At 20o C the thermal conductivity changes 
from 0.0258 W/(m.K) at 30% RH to 0.0257 W/(m.K) at 80% RH (-1 part in 250), 
whereas at 100o C it changes from 0.0299 to 0.0254 W/(m.K) (-45 parts in 300). 
This strong temperature dependence means that the temperature must be known or 
measured to determine the %RH. 

                                                           
1  A thermistor is a resistor that has a relatively large and controlled change in resistance 

with temperature, generally due to the heating effect of the current that is passed through 
it. Positive Thermal Coefficient (PTC) thermistors have an increase in resistance with 
temperature whereas Negative Thermal Coefficient (NTC) thermistors have a decrease in 
resistance with temperature. 
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2.4   Dew Point Hygrometers 

A dew point hygrometer measures the temperature at which condensation 
commences (or reaches an equilibrium with minimal condensation) on a smooth 
surface to determine the moisture content of the air. Detection of the water film is 
typically achieved in larger instruments by using optical techniques to detect very 
thin films of water on a mirror surface. The technique requires clean surfaces since 
any contaminants will provide nucleation sites or hydrophobic sites that affect the 
formation of the water condensate. Dew point sensors can be very accurate, 
however no miniature dew point hygrometers are currently available that could be 
used in remote, unattended locations. 

 

Fig. 4 Schematic diagram of a thermal conductivity hygrometer plus associated 
measurement arrangement. One thermistor is sealed, the other exposed to the air. An 
excitation voltage, VE, causes a current, I, to pass through both thermistors. The voltage at 
the junction above VE /2 is measured to give the response, VR. If the sealed chamber is dry 
air then any moisture in the open chamber will decrease the thermal conductivity and 
thermistor 2 will become hotter. If Positive Thermal Coefficient thermistors are used then 
VR, as labelled, is positive. 

2.5   Sensor Protection 

Many of the hygrometers above will react poorly to immersion in water and to 
mists such as oil vapours. Because of this it is often desirable to implement a 
method for protecting the sensors from the gross environment but still allows 
water vapour to access the sensor. Thin coatings or caps of material such as 
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Nafion® or fine porous meshes can be used to achieve such protection and should 
be used in harsher environments. Some sensors include a porous ceramic 
protection layer as part of the construction and for other sensors the top electrode 
that is exposed to the atmosphere is fabricated to provide some protection for the 
sensing element. 

2.6   Calibration of Hygrometers 

Hygrometers can be calibrated against better quality, laboratory hygrometers or 
standards-agency certified hygrometers. A much more accessible approach is to 
use saturated salt solutions at constant temperature. Saturated salt solutions in 
distilled water have the property that they maintain a constant humidity in a closed 
environment. These solutions can have some dependence on temperature but the 
error associated with variation in temperature is low since it is easy to measure the 
temperature to a sufficient accuracy. Salt solutions take long times to come to 
equilibrium however their ease of use and the fact that the approach to equilibrium 
can be monitored with the sensor under test make them a practical method for 
testing and calibrating cheap, commercial hygrometers. Table 1 lists a number of 
saturated salt solutions with their corresponding %RH values. Dew point 
measurements could be used to confirm the actual humidity achieved by 
introducing a cooled plate into the salt chamber and determining the dew point 
temperature. (For example, a Peltier cooled device, monitored with an accurate 
thermometer, or a commercial dew point sensor could be used to do this). If 
desired, accurate gravimetric measurements could be performed to determine the 
humidity of the closed chamber. 

Table 1 List of saturate salt solutions and the equilibrium humidity (%RH) achieved in 
closed and thermally stabilised environments [5, 6] 

Salt/Temperature (OC) 5.0  10.0  15.0  20.0  25.0  

Lithium chloride  11.3  11.3  11.3  11.3  11.3  

Magnesium chloride  33.6  33.5  33.3  33.1  32.8  

Potassium carbonate  43.1  43.1  43.1  43.2  43.2  

Potassium chloride  87.7  86.8  85.9  85.1  84.3  

Potassium sulphate  98.5  98.2  97.9  97.6  97.3  

Sodium bromide  63.5  62.2  60.7  59.1  57.6  

Sodium chloride  75.7  75.7  75.6  75.6  75.3  

3   Surface Wetness 

The wetness of surfaces is the primary interest of this chapter since it is at the 
surface that the effects of disease, in plants, and corrosion, for materials, will 
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occur. Measurement of humidity, as detailed above, gives some insight into the 
possible state of wetness of a surface. As a minimum, humidity sensors must be 
coupled with surface temperature measurements to infer the state of wetness of a 
surface. This still has limited validity since the possible wetness of the surface 
depends on many factors including whether it is hydrophilic or hydrophobic, 
topography, whether there are contaminates such as dust particles or salts on the 
surface and the previous wetting history of the surface. This section first briefly 
considers clean surfaces and the use of humidity and temperature measurements, 
and then proceeds to consider more complex surfaces and the effects of 
contaminants on the surface 

3.1   Clean Surfaces: Humidity and Temperature Sensors 

The dew point, introduced above, is the temperature, at a certain humidity, that the 
moisture in the air will condense out onto a smooth surface. Thus, a combination 
of temperature and humidity measurement can be used to determine whether 
surfaces at this temperature are likely to have condensed water on them. Humidity 
sensors have been discussed and, indeed, a few of these sensors are available with 
integrated temperature sensors. These do not quite perform the correct 
measurements since the critical temperature is the surface temperature, not the air 
temperature, and these two temperatures can be quite different, particularly when 
the air temperature is changing rapidly such as when a storm front passes through 
a region or when an aircraft descends from high altitude. 

Surface temperature can be measured by bonding a temperature sensor directly 
to the surface to be monitored. This sensor needs to be relatively small so that it 
tracks the temperature of the surface it is monitoring. A very large range of 
suitable temperature sensors are available ranging in cost from less than US$1 to 
US$30, depending on the required accuracy and the signal output. Outputs from 
temperature sensors range from direct, such as a change in resistance or the 
generation of a voltage, through the provision of an analog voltage or current to 
integrated analog-to-digital converters, which provide a serial interface and a 
digital output. Different temperature sensing technologies are summarized in 
Table 2. Combining the measured humidity with the measured surface 
temperature and information on the dew point (Fig. 1) will then give an indication 
of whether moisture could be condensing on the surface. Appendix 1.2 provides 
an illustrative list of some suppliers of temperature sensors. Appendix 1.3 is 
another illustrative list of some commercially available devices with both 
temperature and humidity measurement capability. 

3.2   Surfaces and Soluble Particulates 

A problem with an indirect determination of surface wetness from temperature 
and humidity measurements is that the topology and chemistry of the surface and 
the presence of particles on a surface can have a dramatic effect on when, and how 
much, moisture will form on the surface and whether it wets the surface. Obvious 
examples are waxy or greasy surfaces, super hydrophobic surfaces, and surfaces 
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Table 2 Different temperature sensing mechanisms employed in common sensors suitable 
for surface temperature measurements. 

Sensing Mechanism Description 

Resistance, metal 
film (RTD). 

A metallic element such as a thin platinum film resistor that has a 
well characterised change of resistance with temperature. Common 
devices such as the pt100 or pt1000 have resistance around 100 and 
1000 Ohms respectively and are known as platinum resistance 
thermometers (PRTs). Very stable but not useful as a remote sensor 
with long lead wires since the resistance of the wire can contribute 
to the measurement. 4-wire measurements can be used to reduce 
this problem. Wide temperature range, limited by the properties of 
platinum and connecting wires. 

Resistance, 
thermistors. 

A solid state temperature sensor that behaves like an RTD. Can be 
produced with a positive or negative thermal resistance coefficient. 
Can be very small and accurate but with a limited temperature 
range. A wide range of operating temperatures are available (but 
with limited range). 

Band gap, 
semiconductors. 

Solid state devices that use the temperature dependence of the 
forward voltage of a semiconductor (silicon) diode to measure the 
temperature. Easily integrated with other devices or circuitry thus 
easy to include communications and other capability on the sensor. 
Operation generally restricted to around -30oC to 200oC. 

Thermocouples. Use the Seebeck effect or thermoelectric effect whereby electrical 
conductors produce a voltage in response to a thermal gradient 
along their length. The response is different for different 
conductors. Thus 2 dissimilar conductors joined at one end 
generate a voltage in the millivolt range at the other, open end, in 
the presence of a thermal gradient. Can be used over a wide range 
of temperature and with long leads. Sensors are compact.  

 
contaminated with hydrophilic materials, such as salt. Thus it would be preferable 
to have a direct measure of surface wetness on a representative surface rather than 
extrapolating from surface temperature and humidity measurements. Factors that 
will affect the wetting of the surface include the surface’s inherent wetting 
properties (hydrophobic or hydrophilic) and the nature of the salts or contaminants 
on the surface. The latter may make measurements more difficult, especially if this 
is performed using an electrical technique, since now there is the possibility of a 
conductive salt in solution that may affect the measurement. Dissolved salts are 
also likely to attack the sensor and thus reduce its operating life. It is useful to 
have knowledge of surface wetting mechanisms on clean surfaces, and in the 
presence of surface particulates, to better understand the use and limitation of 
sensors for detecting surface wetness. 

3.2.1   Clean Surface Wetting: Contact Angle 

Wetting is the ability of a liquid to make contact with a solid surface. The liquid 
spreads across the solid surface due to adhesive forces between the liquid and 
solid while cohesive forces within the liquid resist this spread. In the absence of 
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gravity the cohesive forces try to make the liquid form a spherical ball. When 
placed on a solid surface a liquid drop will spread onto the surface until the 
cohesive and adhesive forces balance. The greater the drop spreads the more the 
liquid is said to wet the surface. Fig. 5 shows schematic examples for different 
amounts of surface wetting. The angle shown in Fig 5 is the contact angle and is 
an inverse measure of how well the liquid wets the surface. Contact angles of less 
that 90o indicate good wetting, whereas those above 90o indicate poor wetting. An 
angle of 0o corresponds to perfect wetting. Fig. 6 shows an example for a drop of 
water with a contact angle of just above 90o on the surface of a wetness sensor. 
The observed drop is close to hemi-spherical indicating that gravity forces are still 
low compared to the cohesive and adhesive forces for a surface drop of this size (4 
mm diameter). 

 

Fig. 5 Surface contact angles as an inverse measurement of how well a drop of liquid wets 
a surface. Contact angles of less that 90o indicate good wetting, whereas those above 90 o 
indicate poor wetting. 

 

 

Fig. 6 Contact angle example for a 32 μl water drop of just under 4mm diameter on a 
wetness sensor. The drop is still essentially hemispherical at this size with the ratio of the 
vertical to horizontal diameters ~0.95. The contact angle is just above 90o. 

3.2.2   Particulate Wetting 

In practice, surfaces will often have particles of some sort on them that will affect 
how they are wet. The most comprehensive studies on the wetting of particles 
have been conducted for aerosols so the following sections consider the wetting of 
aerosol particles and later sections, with a few assumptions, relate this to the 
wetting of particles on surfaces. The considerations here are also relevant to 
studies on the response of surface wetness sensors, particularly those used for 
monitoring corrosion, which are often characterised by doping with salts carried to 
the surface in aerosols. Also, in practice, many surface contaminants will be 
deposited on a surface from aerosols. 

θ < 90o θ = 90o θ > 90oθ < 90o θ = 90o θ > 90o
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3.2.2.1   Deliquescence and Crystallization Relative Humidity 
Deliquescence Relative Humidity (DRH) is the relative humidity at which a dry 
solid first takes up liquid water out of the air (and dissolves in this water) during 
an increase in relative humidity. The solid can not exist above the DRH, and all of 
the solid is in solution. Crystallization Relative Humidity (CRH) (also known as 
Efflorescence Relative Humidity (ERH)) can be considered as the opposite of 
DRH. CRH is the relative humidity at which a supersaturated aqueous solution 
becomes crystalline during a decrease in relative humidity. The values for DRH 
and CRH may be widely separated indicating a large hysteresis in the dissolution 
and re-crystallisation processes of solids in humid environments. DRH and CRH 
values tend to be lower for mixtures of salts than for the individual salts. Table 3 
is a list of the DRH and CRH values for a number of salts. (Note that some care 
needs to be taken with nomenclature since DRH is sometimes referred to the 
Critical Relative Humidity.) 

Table 3 Deliquescence Relative Humidity (DRH) and Crystallization Relative Humidity 
(CRH) values for a range of salts [7, 8]. Note that there is little dependence of DRH with 
temperature. 

Electrolyte DRH(%) at 0oC DRH(%) at 25oC CRH(%)at 25oC 

NaCl 76.4 75.00 47 

NaBr 61.3 59.77  

NaNO3 81.0 74.66  

Na2SO4  84.2  57-59 

NaHSO4  52.0 <5 

NH4Cl  77.1 47 

(NH4)2SO4 81.2 80.10 37-40 

NH4HSO4  40 <5-22 

NH4NO3  61.83 25-32 

KCl 87.30 84.34 62 

Oxalic acid  97.3 51.8-56.7 

 
3.2.2.2   Growth Factor 
The Growth Factor (GF) is the inverse ratio of the size of the dry particle to the 
size of the “wet” particle. In both the dry and wet cases the particle size is taken as 
the diameter of an equivalent spherical object: the dry particle mobility diameter 
[8], Ddm, for the dry particle and the wet particle mobility diameter, Wdm, for the 
wet particle. This gives 
 

GF = Wdm  / Ddm. (1) 
 

A number of studies [9-12] have shown that DRH, CRH and GF depend on the 
size of the particles, with smaller particles resulting in higher DRH and CRH 
values (Fig. 7) and smaller GF values (Fig. 8). These studies indicate that the  
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Fig. 7 Dependence of Deliquescence Relative Humidity and Crystallization Relative 
Humidity on the size of a salt particle [9]. 
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Fig. 8 Dependence of Growth Factor on the size of a salt particle at 80 %RH [10]. 

DRH and CRH values are constant for particles above a certain size (Ddm > 100 
nm for NaCl). Thus, for particles above this size, the GF is fixed and, for ionic 
materials, the ion concentrations in the “wet” particle is constant irrespective of 
the initial particle size. For instance, for NaCl with a GF ~2 at 80% RH the 
concentration of each ionic species when in the “wet” particle is 4.6 M2. (Note that 
                                                           
2  M = Molarity = Number of Moles of the compound per litre of solution. A Mole of a 

compound is Avogadro’s Number (6.0221415 x 1023) number of base units (e.g. 1 Na and 
1 Cl for NaCl) of the compound. The Molarity is calculated by determining (Mass of 
Compound (g)) / (Formula Weight x Volume (l)). 
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the saturation concentration for NaCl in water at 25o C is 6 M.) This concentration 
is quite high and has implications in corrosion of metals if salt is deposited on a 
surface followed by subsequent hydration of the salt. Below 100nm the GF is 
smaller and thus the concentration of ions in the “wet” particle will be even 
greater. 

3.2.3   Surface Wetting 

The results and studies in section 3.2.2 above have been performed for aerosols (i.e. 
airborne particles) and not for particles/droplets on surfaces. If it is assumed that 
the mechanisms for the solid particles taking up water on a surface are similar to 
that for particles in an aerosol then the extra consideration that needs to be taken 
into account is how well the solution wets the surface of interest since (a) the final 
geometry of the “wet” particle will affect both how wet a surface will be and the 
response of a wetness sensor and (b) this geometry will affect how the water and 
dissolved ions interact with the surfaces of interest. The assumption that the particle 
studies can be useful in terms of the final volumes reached for wetting of particles 
on a surface is reasonable since the governing mechanism controlling the volume 
of the wet particle will be the competing rates of condensation and vaporisation at 
the surface exposed to the air and the concentrations of dissolved species. At the 
same volume with the same dissolved species concentration, any change in surface 
area exposed to the atmosphere will not affect the ratio between condensation and 
vaporisation rates, and thus the same equilibrium conditions will apply.  

How far a droplet spreads to wet a surface can be determined from the contact 
angle (covered above) if some simplifying assumptions are made. Firstly, the 
contact area of the droplet with the surface is assumed to be circular in shape. 
Symmetry arguments suggest that this would be correct for a uniform surface and, 
in practice, many surfaces are essentially uniform on a scale commensurate with 
the droplet sizes being considered. The second assumption is that the free surface 
of the droplet (i.e. the surface not in contact with the surface being wet) forms part 
of a sphere. The free surface of a drop on a surface is distorted from its spherical 
form by gravity. For small drops the gravitational forces will be much less than 
the cohesive forces and thus the free surface of drop will retain its spherical form. 
Fig. 6 is one example indicating that this approximation is valid over the drop 
sizes and sensor geometries considered below. With these two assumptions simple 
geometric calculations give the relationship for the dependence of the diameter, 
DW, of the circle on the surface wet by the droplet with contact angle, θ, as 
 

)sin()))(cos)cos(32/(4( 3/13 θθθ +−= dmW WD  (2) 
 

where Wdm is the diameter of the aerosol droplet that would form as a sphere with 
the same volume. Fig. 9 shows the relative dependence with contact angle of the  
diameter of the circle wet by a surface wetting droplet, relative to the diameter of 
the aerosol drop (i.e. DW / Wdm) determined using (2). Up to a contact angle of 30o 

the increase in diameter is quite modest and is roughly linear with the inverse of 
the contact angle. It is only at the low contact angles, corresponding to very good 
surface wetting, that the drop spreads out appreciably. 
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Fig. 9 Wetting diameter relative to the diameter of the equivalent volume aerosol drop, of a 
droplet on a surface plotted against the contact angle of this droplet on the surface, 
calculated using (2). At a contact angle of 90o the relative value is 1.26, increasing slowly 
to 2.1 at 30o, when the increase becomes more rapid to reach 4 at 5o. 

Thus, combining the GF information, which will give the Wdm value, and how 
well the liquid wets a surface (giving θ) will result in an estimate of the surface 
area of the droplet that will form around a particular particle on a particular 
surface. As well, an estimation of the concentration of ionic species in the wetting 
droplet can be determined, which is useful in consideration of the corrosive effect 
the droplet might have. Examples for NaCl are given in Table 4. 
 

Table 4 Calculated wetting diameter of a droplet wetting a surface with a contact angle of 
20o for a range of initial salt particle sizes on the surface and a %RH in the range 85 - 90%. 

NaCl Salt Particle Ddm GF (%RH ~  
85 - 90%) 

Wdm Wetting Diameter  
(CA = 20o, Fig. 9) 

Nano-particle 10 nm 1.5 15 nm 15 x 2.5 = 37nm 

Micro-particle 10 μm 2 20 μm 20 x 2.5 = 50μm 

Macro-particle 0.1 mm 2 0.2 mm 0.2 x 2.5 = 0.5mm 

4   Surface Wetness Sensors 

Unlike humidity and temperature sensors, there are no surface wetness sensors 
available as a standard electronic component. A number of sensors are available 
from specialty sources for agricultural applications for leaf wetness monitoring. 
Also, a few different approaches have been explored to develop wetness sensors 
for corrosion monitoring however no wetness sensors for corrosion monitoring 
applications are available commercially. All of the wetness sensors considered 
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below can detect how long a surface has been wet above a certain threshold (Time 
of Wetness (TOW) sensor) and a number have some capability to determine how 
wet a surface is (Amount of Wetness (AOW) sensor). However, the wetness 
sensors discussed below should be considered as not fully characterised 
particularly with regard to AOW sensors. A number of them should still be 
considered as experimental sensors.  

All of the wetness sensors considered here use two electrodes in an 
interdigitated/interleaved pattern. For the first three detection mechanisms 
considered below, the surface droplets must span the space between the electrodes 
to complete an electrical circuit in order to be detected (Fig. 10). For all the sensor 
types an electrical response is detected or an electrical measurement is made 
between the two electrodes to determine the wetness of the sensor. Four detection 
mechanisms for the two electrode sensor are considered. Appendix 1.4 contains an 
illustrative list of a number of (leaf) wetness sensors commercially available from 
specialist suppliers. 

 

 

Fig. 10 Schematic of droplets on a bare, 2-electrode wetness sensor. For the sensors based 
on measuring voltage, current or resistance the droplet on the left is not detected because it 
does not span across the 2 electrodes whereas the droplet on the right is detected since it 
makes an electrical connection between the 2 electrodes. The dielectric sensor detects both 
droplets since both affect the dielectric constant on the sensor 

4.1   Galvanic Wetness Sensor 

The galvanic wetness sensor has two electrodes made from dissimilar metals. The 
potential developed between the two electrodes in the presence of ion carrying 
moisture is used to indicate that the sensor is wet and that there is an electrolyte 
present (that could cause corrosion). An advantage of this sensor is that it is very 
simple and easy to use since all that is required is a voltage measurement. 
However, since only the potential is detected it is not possible to determine how 
wet the sensor is. Also, the electrodes and droplet form a chemical cell and so both 
the electrodes and the species in the droplet are consumed to generate the voltage, 
which means that the sensors may have a limited life depending on the 
application. The consumption of the electrodes can be reduced by limiting the 
amount of current that flows.  
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4.2   Current Wetness Sensor 

A variation of the galvanic wetness sensor is the current wetness sensor. This 
works on the same principles as the galvanic sensor however the current produced 
is measured. This gives a measure of the amount of chemical activity and, with 
knowledge of the wetting properties of the sensor and the properties of the salt 
particles present on the sensor, this could then theoretically be related to how wet 
(in terms of surface area wet) the sensor is. In practice, it is difficult to measure all 
of these variables and a number of assumptions, such as the salt species present, 
would be needed to try to estimate the amount of wetness. For corrosion 
monitoring, the amount of current flowing can be used to deduce how aggressive 
the corrosion is. To do this reliably, studies need to be performed to correlate a 
sensor’s response with observed corrosion, particularly since the sensor materials 
are likely to be different to the materials in the structure. The current wetness 
sensor also suffers from the same disadvantages as the galvanic sensor in that the 
electrodes are consumed to generate the current. However, not withstanding these 
issues, current wetness sensors have been developed and tested in corrosion 
studies. Two of these are considered below. 

4.2.1   Copper-Tin Sensor 

Trathen and Hinton [13] have developed a sensor, based on this principle, using 
copper and tin electrodes (Fig 11). This sensor has been flown on military aircraft 
and has also been used to monitor the environment inside aircraft hangers in 
humid climates. The results in Fig. 12 show that the sensors can detect times of 
high wetness that occurred during these tests when an aircraft landed in humid 
conditions after flight at altitude. The sensor was used as a TOW sensor only and 
in this simple application it was valuable in demonstrating when corrosion was 
most likely to occur on the aircraft under study. 

4.2.2   Cadmium-Gold Sensor 

Agarwala [14, 15] has developed a sensor using cadmium and gold electrodes 
(Fig. 13) that also can be connected to encapsulated electronics and interrogated 
with a wireless interface. Tests partially immersing the sensor into a 1 M NaCl 
solution show that the sensor’s response is linear with the amount of surface that is 
wet [16], generating a current of ~0.9 μA / (% Surface Area) i.e. 90 μA when fully 
covered and 0 A when totally dry, with a linear variation between these two 
extremes. Fig. 14 shows the results from tests doping the sensor with different 
surface coverage of salt and exposing these to humid/dry cycles in a humidity 
cabinet. The results show that the response depends on the amount of salt on the 
surface with the higher salt concentration giving higher current. The observed 
decrease in the response with increasing number of cycles is discussed more fully 
in section 5 below and is probably an artefact of the testing technique. 
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Fig. 11 Copper-tin wetness sensor developed and trialled by Trathen and Hinton [13], 
(sensor provided by P. Trathen). The sensor has 26 alternating Cu and Sn fingers, 400 and 
300 μm apart and 150 μm wide, covering an area of around 600 mm2. 
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Fig. 12 Output of the copper-tin wetness sensor flown on a P-3C Orion [13], (data provided 
by P. Trathen). The green bars indicate flight time. Periods of high wetness on the sensor in 
the aircraft occur after landing in a humid environment. 

 

Fig. 13 Agarwala [14, 15] cadmium-gold sensor with 52 alternating Cd and Au fingers, 
250μm apart and 250μm wide, covering an area of 650mm2. 
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Fig. 14 Response [16] of the Agarwala wetness sensor during humidity cycles from 62-98 
%RH with surface salt doping of a) 5 g/m2 and b) 0.1 g/m2, (data provided by T. Trueman). 

 4.3   Resistive Wetness Sensor 

The resistive wetness sensor relies on the fact that the ions in the moisture wetting 
the sensor will conduct electricity and change the conductivity between the two 
electrodes. The conductivity will depend on both the ionic concentration and the 
amount of droplet cover on the sensor. An advantage of the resistive sensor over 
the galvanic and current based sensors is that the electrodes can be fabricated from 
inert conductors and thus will not be consumed in the measurement process. This 
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4.3.2   Resistive Wetness Sensor for Corrosion Monitoring 

Fig. 16 shows measured impedance response obtained by the authors for the small 
sensor in Fig. 15 for two different experiments with drops of distilled water or 
0.59 M NaCl solution placed on the surface of the sensor. The impedance was 
measured at 200 Hz excitation using an HP 4194A Impedance/Gain-Phase 
Analyser. When the sensor was dry the resistance was between 30-40 MΩ, with a 
phase angle of 90o +/- 2o (i.e. a small capacitor). On placing the first 1 μl drop of 
0.59 M NaCl solution onto the sensor the resistance decreased to less than 1 kΩ 
with a phase angle of -45o to stabilise at around 740 Ω. At this point the drop was 
observed to be covering 3 fingers on the sensor. Adding the next 1 μl of 0.59 M 
NaCl solution dropped the resistance which stabilised quickly at 680 Ω. The drop 
had not enlarged to cover any more fingers. The third drop of 1 μl caused a 
gradual decrease in resistance and the drop was seen to be spreading to both 
include more fingers and spread laterally along the fingers. The 4th drop of 4 μl 
pushed this spread and the resistance was stabilising at below 210 Ω when a 6 μl 
drop was added. Thus, for the 0.59 M NaCl solution, dry to wet with 18 μl of 
solution corresponds to around a 104 decrease in resistance, and from 1 μl to 18 μl 
there is an 8 fold decrease in resistance. Further volume added above 18 μl has 
less effect, as would be expected since the relative increase in the surface area of 
the sensor wet by the drop would now be decreasing. The results for the distilled 
water follow a similar pattern. Due to the higher impedance of the distilled water, 
the resistance values are around 1.5 orders of magnitude higher for the same drop 
volume. This indicates a practical limitation of this sensing technique for use as an 
AOW sensor since the measured values have a strong dependence on the  
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Fig. 16. Resistance response with volume of a surface water drop on the small sensor in 
Fig. 15, measured at 200 Hz, for drops of distilled water, black line, or 0.59 M NaCl, blue 
line, applied to the surface. Notice the different resistance scales for the distilled water and 
the 0.59 M NaCl water. 
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(generally) unknown conductivity of the surface water. So, while these results 
indicate that the response of the sensor is related to the drop volume it may be 
difficult to use this information in practical applications because of unknowns 
associated with the surface moisture composition. This will be discussed further in 
section 5 below. However, the sensor certainly is very responsive to the presence 
of water to give an indication that the surface is wet to some extent. 

4.4   Dielectric Wetness Sensor 

There are a number of commercially available sensors for measuring soil moisture 
content that detect the change in dielectric constant due to the presence of water 
[18]. There are, however, few dielectric wetness sensors for detecting surface 
wetness. The dielectric wetness sensor has the same general form as the resistive 
wetness sensors above (Figs. 10 and 15) but with a non-conductive coating 
covering the electrodes (shown in Fig. 6). Water on the surface of this coating will 
change the capacitance between the electrodes and can be detected using AC 
impedance techniques. The relative dielectric constant of air is 1 while at 20-50 
OC for frequencies less than 1 GHz that of water is around 80-703 (and ice is 
around 5) so there is the potential for a large change in impedance from a dry to 
wet sensor. Fig. 17 is a schematic cross-section of a dielectric sensor including the 
equivalent circuit elements used in the discussion below. In this case the water 
drop is modelled in the same way that lossy capacitors are modelled with a series 
resistive element, RW, included to account for all energy loss mechanisms. 

A few dielectric sensors are available from specialist suppliers of 
environmental and crop monitoring equipment however none were found for 

 

 

Fig. 17 Schematic cross-section, with simple equivalent circuits, for a dry dielectric 
wetness sensor on the left, and a water drop on a dielectric wetness sensor on the right. The 
equivalent circuits consist of capacitors CS, CD, CAD, CAW, CW and RW, being the 
capacitances due to the substrate, the covering insulating dielectric, the air in the dry case, 
the air in the wet case, the water drop, and the resistive losses due to the water drop. Over 
frequencies up to 1MHz all of the circuit elements except CW and RW can be considered to 
be constant. 

                                                           
3  http://www.random-science-tools.com/electronics/water_dielectric.htm is a useful web 

site for calculating the dielectric constant. 
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corrosion related wetness sensing. Again, since corrosion wetness sensing is 
considered to be an important application area the authors have fabricated and 
tested dielectric wetness sensors for corrosion applications. These sensors had the 
same electrode geometry as the resistive sensors above but with a thin dielectric 
coating over the electrodes. 

4.4.1   Dielectric Leaf Wetness Sensor 

Dielectric leaf wetness sensors area available with frequency, digital or voltage 
outputs. A manufacture’s data shows that a particular sensor can clearly 
distinguish between wetness associated with frost, dew and rainfall if the signal 
change with time is used [19]. The change in response as dew evaporates can be 
clearly detected. The sensor response to rainfall shows an output change of a 
factor of ~2.4 whereas frost gives a change of a factor of ~1.07. These sensors 
appear capable of detecting surface wetness with some possible ability to 
determine the form of the wetness and how wet the surface is. 

4.4.2   Dielectric Wetness Sensor for Corrosion Monitoring 

4.4.2.1   Effect of Dielectric Thickness 
The sensitivity of the dielectric wetness sensors depends critically on the thickness 
of the dielectric covering the electrodes. Tests were performed by the authors on 
the smaller sensor shown in Fig. 15 with a 75 μm thick Mylar tape applied over 
the surface (chosen as a representative thickness for a paint coating) and with a 
sub 4 μm thick Lacomet® coating (Fig. 6). The results in Table 5 show that the 75 
μm thick Mylar tape gives a very low change in impedance, roughly 3% change in 
magnitude for the 20 μl drop and 14% when fully covered, whereas the 4 μm  
 

Table 5 Results for two different thickness dielectric coatings on a wetness sensor when it 
is dry, with 20μl of distilled water applied as a drop on the surface, and totally covered with 
distilled water. The impedance measurements were taken at 495 kHz and the values for the 
R-C equivalent circuit are those obtained for a simple serial R and C circuit. The results are 
corrected for the bare cable R (0 Ω) and C (12.8 pF) values. 

 75μm Thick Mylar Tape Sub 4μm Lacomet® Coating, 
Dry 20μl  Covere

d 
Dry 20μl  Covered 

Impedance at  

495 kHz 

      

|Z| (Ω) +/-3% 1.30 x 
104 

1.25 x 
104 

1.12 x 
104 

1.40 x 104 4.76 x 
103 

850 

θ (ο) +/-2% -89.5 -89.4 -89.7 -89.5 -81.9 -68.3 

R-C Equivalent 
Circuit Values 

      

R (Ω) 114 130 60.5 122 671 314 

C (pF) 11.3 12.5 15.4 9.7 54.9 394 
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Lacomet® coated sensor gives 60% and 94% changes in magnitude for the 20 μl 
drop and when fully covered, respectively. This is easily understood with 
reference to Fig. 18, which is a comparative schematic of the electric field line and 
charge distribution that would exist for the thick and thin dielectric coatings. Fig. 
18 considers the case when the potential between the electrodes is the same for the 
two dielectric thicknesses. When water is present the electric field between the 
electrodes will extend through more of a region of higher dielectric constant, due 
to the water, than for the thin dielectric case. Thus a higher charge on the 
electrodes is required to generate the same potential between them compared to 
the thick dielectric case i.e. the capacitance is higher and hence the capacitance 
change, from dry to wet, is higher. Essentially, the thick coating holds the water 
further from the electrodes where the electric field strength is less and thus the 
overall change in the effective dielectric constant is lower than for the thin 
dielectric.  

 

 

Fig. 18 Not-to-scale representation of two, 2-electrode dielectric sensors with different 
thickness of insulating dielectric when a drop of water is sitting over the electrodes. Field 
lines and charge distributions (+ and – symbols) are only illustrative. The case when the 
voltage between the electrodes is the same is considered. Making an analogy with a parallel 
plate capacitor the electric field is E ~ σ / εr, where σ is the average charge density and εr is 
the average relative dielectric constant. The thinner dielectric exposes more of the higher 
dielectric water to the electric field between the electrodes. Since the potential and 
electrode geometry is the same for both dielectric thicknesses more charge is required for 
the thin dielectric case to generate the same potential i.e. the capacitance is larger. 
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The values of capacitance for the model in Fig. 17 can be estimated from the 
dry and totally wet results in Table 5 for the two different dielectric thicknesses. If 
CS and CD are lumped into one capacitor, CSD, the total capacitance with no water 
is given by CDRY = CSD + CAD. When wet the increase in dielectric constant is ~80 
giving CW = 80 CAD, if it is assumed that when totally wet the field lines are all 
contained in the water and substrate plus dielectric (i.e. infinitely wide water layer 
and thus CAW can be ignored). When totally wet the water depth was at least 1mm. 
Thus this assumption is valid since the 75 μm thick Mylar tape gave a very low 
change in impedance indicating that there was very little electric field extending 
even 75 μm above the surface of the sensor. Hence the total capacitance can now 
be considered as CWET = CSD +80 CAD (for small RW). With the covered (i.e. totally 
wet) and dry results in Table 5 it is easy to show that for the thick Mylar film CSD 
= 11.2 pF  and CAD = 0.05 pF whereas the thin Lacomet® film gives CSD = 5.4 pF 
and CAD = 4.3 pF. The dry air capacitance value, CAD, comes from the electric field 
lines that are in the air and this is the capacitance that will change due to the 
presence of water. Thus it is not surprising that the Lacomet® film sensor has a 
much higher both absolute and relative value of CA: CSD than the Mylar film 
sensor. A more refined treatment to determine the capacitances could be 
performed but the above is sufficient to demonstrate the general principle. 
 
4.4.2.2   Effect of Conductive Ions in Solution and Amount of Wetness 
Fig. 19 shows the response, obtained by the authors, of the Lacomet® film coated 
wetness sensor to water drop volume on the surface for both distilled water and 
0.59 M NaCl at 495 kHz. This shows a decrease in the magnitude of the 
impedance with increasing drop volume with the rate of change decreasing with 
increasing volume as would be expected since the relative rate of spread of the 
water drop will reduce with increasing volume. The important aspect of the results 
in Fig. 19 (and Fig. 20, discussed below) is that the sensor response has very little 
dependence on the conductivity of the solution wetting the surface. This is in 
sharp contrast to the resistive sensors that show a very strong dependence on the 
conductivity of the wetting liquid. 

The relative wetting diameter shown in Fig. 9 was derived by assuming that the 
wetting radius of the drop on the surface is directly related to the radius of the 
equivalent spherical drop, for constant contact angle. This assumption can be 
checked by plotting the square of the radius of the equivalent spherical drop 
against the determined capacitance for CW, since the capacitance will vary as the 
area of the surface covered. Fig. 20 shows this plot for the same test shown in  
Fig. 19. The result for both the distilled water and the 0.50 M NaCl indicate that 
the capacitance is linearly related to the exposed area as determined from Fig. 9 
and thus supports the assumption. 
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Fig. 19 Magnitude of the impedance at 495 kHz for distilled water, black line, and 0.59M 
NaCl, blue line, water drop applied to a dielectric wetness sensor with 4 μm thick 
Lacomet® dielectric covering the sensor surface. Note that unlike the resistive wetness 
sensor (Fig. 16) the measurement is not significantly affected by the presence of conductive 
ions in the water drop. 
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Fig. 20 Plot of derived capacitance due to the wetting solution and the square of the radius 
of the equivalent sphere with volume equal to the drop of water on the sensor. The top two 
lines (right hand side of the graph - solid and dashed) are for 0.59 M NaCl while the bottom 
two lines are for distilled water. In both cases the dashed lines are the linear fit to the 
experimental lines. The capacitance is effectively a measure of area covered by the drop 
and the linear relationship with the square of the radius confirms the assumptions used to 
arrive at (2) and Fig. 9. 
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4.4.2.3   Effect of Single or Multiple Water Drops 
Fig. 21 shows the results for a sensor with the same total area as that above and 
with the same electrode finger dimensions, but with a separation of 0.96 mm 
between the fingers. The figure shows the response for the same total volume of 
both a single drop of water and for a number of individual 2 μl drops placed 
between the fingers. Comparison of the single drop response with Fig. 19 shows 
that the sensitivity decreases slightly with the increased finger spacing with a 
change in the magnitude of the impedance of 22 kΩ to 8.2 kΩ (a factor of 2.8) 
here compared to 14 kΩ to 4 kΩ  in Fig. 19 (a factor of 3.5) going from the dry 
sensor to a single 32 μl drop of water. The second point to note is that, as would 
be expected, the sensor is less sensitive to the individual water drops placed 
between the electrodes compared to the single large drop with a volume equal to 
the total volume of the individual drops. However, unlike the resistive sensors 
which can not detect drops between the fingers (i.e. that do not span the electrodes 
to complete an electrical circuit) a measurement is still made and with only a small 
decrease in sensitivity to 2.4 from 2.8 (again determined as the ratio of the dry 
response to the 32 μl response). In practice any droplet formation is likely to be 
random and thus a calibration curve located between the single and multiple drop 
results could be used. For the test here using such a calibration curve could results 
in a ~50% error in the estimation of the wetness of the surface. 
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Fig. 21 Dielectric wetness sensor impedance results obtained at 495 kHz plotted against the 
volume of distilled water on the surface for a single drop (lower black line) and multiple 
individual drops (upper blue line). 

4.4.2.4   Impedance Related to Wet Surface Area 
The parameter that is really required is not the drop volume but the surface area 
covered by the water. Drop volume results can be converted to surface area by 
first determining the radius of the equivalent sphere with the same volume. This 
can be used with knowledge of the contact angle of the liquid on the surface to 
determine the wetting radius (Fig. 9) and thus the area covered. Fig. 22 shows the 
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results for the two wetness sensors considered above assuming a contact angle of 
90o and thus a relative radius factor of 1.26. Thus the magnitude of the impedance 
is now related directly to the surface area covered by water. 
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Fig. 22 Dielectric wetness sensor impedance results obtained at 495 kHz plotted against the 
area covered by the water on the surface for the wide spaced electrode sensor (upper black 
line) and the finer space electrodes (lower blue line), with a contact angle of ~90o and thus 
a relative radius factor of ~1.26 (Fig. 9). 

4.4.2.5   Effect of Interrogation Frequency 
The last factor to consider is the interrogation frequency for the sensors. Fig. 23 
shows the variation of impedance with frequency for no water, 8μl and 32 μl 
volume single water drops, and when the sensor is covered in water. These results 
were obtained by the authors using a fine finger sensor with a slightly thicker 
Lacomet® coating than previously. The ratio of the no water (0 μl) to the 32 μl 
drop volume gives an indication of the sensitivity to water and is shown in Fig. 24. 
For this sensor an interrogation frequency of around 5 kHz would maximise the 
sensitivity in a region where the response does not vary much with frequency and 
avoids the somewhat variable lower frequency response. Less frequency 
dependence is seen around 0.5 – 2M Hz but at around half the sensitivity. 

4.5   Conclusions and Discussion for Surface Wetness Sensors 

A number of leaf wetness sensors for agricultural applications are available from 
specialty suppliers but there are no commercially available wetness sensors for 
corrosion monitoring. The leaf wetness sensors all appear capable of indicating 
surface wetness above a minimum level with the work here suggesting that this 
level is at most a few drops of water that spans the electrodes of the sensor.  Thus, 
as a minimum, the leaf wetness sensors are capable of indicating that there are 
drops of moisture on leafs. 



In-Situ Sensing of Surface and Atmospheric Moisture 229
 

102 103 104 105 106
10-1

100

101

102

103

104

Total Cover

32 μl

8 μl
0 μl

|Im
pe

da
nc

e|
 (k

Ω
)

Frequency (Hz)  

Fig. 23 Variation of the magnitude of the impedance with frequency for drops of volumes 0 
μl (i.e. no drop), 8 μl and 32 μl and total cover (top line to bottom line), on a fine spaced 
wetness sensor as per Fig. 15, but with a slightly thicker Lacomet® coating than for the 
previous measurements. 
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Fig. 24 Ratio of the magnitude of the impedance with no water (0 μl) to that with a 32 μl 
water drop with measurement frequency from the results in Fig. 23. This gives an 
indication of the sensitivity with frequency of the dielectric sensor. Measurement at the flat 
regions would ensure minimal error due to frequency variations in the measurement 
circuitry. 
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The wetness sensors considered here fall into two broad categories; bare-
electrode sensors (that include galvanic, current and resistive sensors) and 
dielectric sensors, which have electrodes covered by an insulator. A critical 
difference between theses two categories is that the bare-electrode sensors require 
the water to form a physical bridge between the electrodes whereas the dielectric 
sensors do not. For both sensor categories the sensitivity depends on the electrode 
spacing, however for the dielectric sensors the major factor governing the 
sensitivity is the thickness of the dielectric coating.  

Sensors with electrode separations greater than ~100 μm are easily fabricated 
using standard printed circuit board (PCB) technology and this is likely to give 
sufficient sensitivity for most applications. For higher sensitivity requiring 
dimensions below this more accurate PCB technology can be used and, for small 
dimensions down to sub-micrometer levels if required, micro-lithographic 
techniques can be used to fabricate large numbers of narrow, long, closely packed 
and thin deposited metal fingers. For the dielectric sensors thin (again down to 
sub-micrometer thickness) dielectrics could be applied using spin coating, vapour 
deposition or deposition out of solution. Some of these coatings could require a 
post deposition baking to stabilise them or make them water proof.  

AC monitoring is preferred to avoid polarisation effects but this is not possible 
with the galvanic and current sensors. Thus these sensors could suffer from 
polarisation effects, however a more critical consideration is the fact that the 
sensing material is consumed which could limit the life of these sensors. 
Resistance sensors can be constructed from inert materials to avoid degradation 
during use whereas the dielectric sensor electrodes are protected by the dielectric 
coating. This coating needs to be chosen to be resistant to the environment that it 
is exposed to. 

In contrast to the bare electrode sensors, the dielectric sensors appear to offer 
the capability of detecting how much water is on the surface of the sensors. 
Monitoring at a fixed frequency appears to be sufficient for the dielectric sensors 
to be able to determine water coverage to at least +/- 50%. Use of multiple 
frequency measurements, finer electrode separation and multiple dielectric sensors 
with different electrode separation are all likely to improve the accuracy and 
would be a worthwhile avenue for further investigation. 

Another advantage of the dielectric sensing technique, particularly for 
agricultural applications, is that the surface coating can be selected to better mimic 
the surface of interest (such as a leaf) than the bare electrode sensors which must 
have an exposed electrical conductor. Thus surfaces with the appropriate 
hydrophobic or hydrophilic properties could be applied to mimic the crops being 
monitored. It may be difficult to tailor the surface properties to mimic a leaf for 
micro-fabricated sensors however, co-deposition of materials with the desired 
properties or selection of particular coatings (e.g. hydrophilic epoxies or 
hydrophobic fluorine containing coatings) should provide a wide enough range of 
possible surfaces. These thin coatings could break down with continual exposure 
however this would become immediately obvious in the measured signal since the 
sensor would now exhibit behaviour like a resistive wetness sensor. 
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For applications in monitoring corrosion it might be beneficial to use both 
resistive and dielectric wetness sensors. The dielectric sensor would give a 
measure of wetness essentially independent of the conductivity of the wetting 
solution. This could be used with the resistive sensor measurements to determine 
the ionicity of the wetting solution and thus obtain a better understanding of the 
corrosivity.  

5   Wetting and Response of Two Electrode Wetness Sensors 

It is apparent from the discussion on GF and wetting that the spacing of the 
electrodes and the wetting properties of both the electrodes and the insulating 
substrate carrying the electrodes will have an effect on the minimum drop size 
detectable. For simple wetting by clean water this places a lower limit on the drop 
size that can be detected. Wetting in the presence of particles on the surface is 
more complicated. Using the macro-particle example in Table 4, the electrode 
finger spacing for a current, voltage or resistive wetness sensor (all now referred 
to as “bare electrode sensors”) would have to be less than 50 μm to detect the 
wetting of sparse 10 μm radius salt particles under the assumptions in the 
example.  In practice the spacing would need to be less than this to ensure that a 
number of the wet regions intersected two electrode fingers. The dielectric 
wetness sensor would still be able to detect water that does not span the sensor 
fingers however the sensitivity would be reduced. 

Further, the dependence of the sensor response on electrode spacing, GFs, 
particulate size and particulate density leads to the possibility of some interesting 
dynamics when trying to characterise surface wetness sensors in the presence of 
salts. Consider the case where ten, 10 μm, radius particles are in a line just less 
than 500 μm long. When hydrated, under the conditions considered in Table 4, 
these could link together and would just bridge an electrode spacing of 500 μm. 
However, if the humidity drops and the surface dries, the wet area could all dry to 
crystallise into a single particle of ten times the volume corresponding to a radius 
of 101/3 x 10 μm. Now on re-hydration this particle will wet a surface diameter of 
101/3 x 10 x 2 x 2.5 = 110 μm, to span a distance of substantially less than the 500 
μm that was spanned by the series of small particles when first hydrated. Thus the 
same amount of the salt on the surface would now not be detected by a bare 
electrode sensor with a 500 μm electrode spacing. In practice, all that it would 
actually take would be for the drying phase to result in less than the original 10 
particles to ensure that re-hydration did not result in a wet ionic path between 500 
μm spaced electrodes. A dielectric wetness sensor would not be affected to the 
same extent with the change in response depending on the exact geometry and 
location of the surface water.  

Consider now the same small particles but with uniform coverage of a surface 
so that when hydrated the surface droplets just coalesce to totally wet the surface 
bridging all the electrode fingers to give a sensor measurement for a fully wet 
surface. Now, on drying, if isolated larger particles are formed then when these are 
re-hydrated they will tend to not produce touching droplets and the surface will 
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appear to be less wet to the sensor and, possibly, may not register that the surface 
is wet at all for a bare electrode sensor, and would give a higher impedance (i.e. 
lower wetness) reading for a dielectric sensor. 

The above considerations demonstrate that the morphology and behaviour of 
contaminant species on the surface and the previous wetting history is critical to 
the sensor response which makes the task of measuring and characterising the 
surface wetness and relating the results to real effects, such as corrosion, more 
difficult. This will be true for all of the bare electrode sensors with less of an 
effect for a dielectric sensor although any reduction in the area covered by the 
moisture will reduce the signal for the dielectric sensor.  

In light of the above the following sections consider how aerosols of soluble 
particles may be delivered to surfaces and how the surface distribution of soluble 
particles may affect the response of the sensors both in practical use and when 
characterising the sensor response. 

5.1   Aerosol Sprays 

Aerosol sprays can be used to distribute salt on a surface to investigate the 
response of wetness sensors. Aerosols are also likely to be a predominant 
mechanism for the transportation of contaminants, especially salt, to a surface. For 
instance, any vehicles within 1 km of coastal areas will be subjected to highly 
corrosive environments [20] due to the transport of salt through the air. If the 
aerosol has formed solid particles (due to CRH in a dry atmosphere) or there has 
been appreciable evaporation of the moisture from the aerosol drops prior to 
landing on the surface then the particles can be located close enough so that on 
absorption of moisture the wet surface drops will touch and run together (ie. the 
particles are located within the GF multiplied by their diameter plus that of the 
neighbouring particles). Thus the first wetting of the surface would result in a 
number of the droplets formed around the salt particles contacting and coalescing. 
On drying these are likely to form larger salt particles in the manner discussed 
above so that on wetting again the amount of the surface apparently wet appears to 
be less. This behaviour could partly explain the results seen in Fig. 14 where the 
response from the salt doped surfaces rapidly decreases with progressive humidity 
cycles. This is more evident for the lightly doped surface where it would be 
expected that the amalgamation of smaller particles to larger particles would have 
a greater relative affect than for the more heavily doped surface. The results from 
the sensor appear to have stabilised over a short number of humidity cycles which 
is what would be expected if the salt was being concentrated so that re-wetting did 
not result in wet drops contacting in further humid cycles. 

Whether the doping solution lands as a wet drop or as a dry particle or as a 
substantially smaller drop will depend on the evaporation rate of the droplet and 
the time that the droplet takes to strike a surface. Both depend on the velocity that 
the droplet is moving through the air. Small drops will reach their terminal 
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velocity4 quite rapidly and so the simplifying assumption used in the 
considerations below that they are always moving at this velocity should not 
introduce too great an error. (It will actually over estimate the distance that the 
particle can travel before drying out). The following sections are not a rigorous 
treatment of the movement and evaporation of small water drops, only going into 
sufficient depth for the consideration of the terminal velocity, evaporation rates 
and transit times for small drops and how this might affect laboratory tests on the 
response of wetness sensors. 

5.1.1   Terminal Velocity of Small Drops  

Fig. 25 depicts the terminal velocity, vTerm, through air of water droplets plotted 
against the droplet radius using the standard quadratic equation and the laminar flow 
equation, [21]. The standard quadratic equation applies to turbulent flow and is,  
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2=   [m/s], with m = ρ 4/3πr3,  (3) 

 

where ρ is the density of the particle (1000 kg/m3 for water), r is the radius of the 
particle, C = 0.5 for a sphere, ρAir is the density of air (1.29 kg/m3), A is the cross-
sectional area of the particle (πr2) and g is the acceleration due to gravity  
(9.8 m/s2). This can be transformed to give, 
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and is valid for water particles with radius greater than ~50 μm [21]. Below this 
size the flow is laminar (Reynold’s5 number is less than 0.25 in air [21]) and the 
terminal velocity is given by: 
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where ηAir is the dynamic viscosity of air (18 μPa.s). Holterman [21] has 
developed a more generally applicable result where C is not constant and depends 
on the Reynolds number. The terminal velocity dependency on radius as in Fig. 25 
is sufficient for the following discussion, remembering that there is a cross-over of 
laminar to turbulent flow in the 10-100μm drop radius region.  

                                                           
4  Terminal velocity, also known as sedimentation velocity, is the velocity at which the drag 

force on an object moving through the air exactly balances the force of gravity on the 
object. 

5  Air resistance is usually described using Reynold’s number, Re = ρaDv/ηa, where the 
object has characteristic size D and is travelling through the air at speed v, and the air has 
a density of ρa and a dynamic viscosity of ηa. Laminar flow occurs for Re < 0.25 and this 
occurs for objects at their terminal velocity in air for D ~ 50 μm.  
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Fig. 25 Variation of terminal velocity with particle spherical water drop radius using (4) for 
the higher drop radii and (5) for the lower radii. The region from 10-100 μm is the 
crossover from laminar to turbulent flow [21]. 

A drop of radius r will travel distance d after time t, given by: 
 

tvd Term=  , (vTerm as above ).  (6) 
 

5.1.2   Evaporation Rate and Transit Time 

The evaporation of the droplet as it passes through the air will decrease its radius, 
decreasing the terminal velocity and in turn changing the evaporation rate. The 
rate of change due to evaporation of the radius, r, of a drop moving in air is given 
by [22]: 
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where M is the molecular weight and ρ is the density of the evaporating liquid, Dv,f 
is the average diffusion coefficient for vapour (v) molecules in the saturated film 
(f) around the drop, Tf is the average temperature (K) in the film, Re is Reynold’s 
number, S is Schmidt’s number, Δp is the difference between the vapour pressure 
at the drop and in the ambient atmosphere and R is the gas constant. A number of 
these parameters have dependence on air density, viscosity, drop radius and the 
drop velocity so the equations become quite complex to solve. Consideration of 
the change in radius is simpler if evaporation is considered in terms of the 
evaporation “constant” [21], 
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The interest here is the evaporation rate at the terminal velocity and then how far a 
drop of a certain size will fall before it totally evaporates. For water around a salt 
particle the considerations for pure water drops will give a maximum estimation of 
the distance travelled since a large amount of the volume is the solid. For instance, 
for GF = 2, 1/8th of the volume is the solid material. Holterman has done extensive 
work on this problem and at conditions characteristic of a laboratory environment 
(10-20 OC and 44-58 %RH) his work [21] shows that the evaporation rate can be 
approximately related to the drop radius by: 
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(i.e. K is not constant) giving, by combining (8) and (9), 
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Equation 10 has an analytical solution6 but for the purposes here (10), (5) or (4) 
and (6) can be used in a discrete approximation, with small Δt increments, to 
calculate both the drop radius and distance travelled after time t for an initial drop 
radius at the terminal velocity.  

In this discrete approximation the velocity and the radius are assumed to be 
constant over a small time, Δt. Thus after time increment, Δt, from (6) the drop has 
travelled vTerm Δt, with vTerm determined from (5) or (4). The radius for the next Δt 
period is changed, using (10), by Δr = -(0.425 + 62.5/r) Δt, with r the current 
radius. This new value of r is used to determine vTerm for the next calculation of 
distance travelled and the Δr for the next radius. The distance, xn+1, drop radius, 
rn+1, and velocity, vTerm,n+1, after the (n+1)th discrete step in this series of 
calculations (corresponding to elapsed time t = (n+1) Δt) are: 
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is the integration constant,  chosen so that the initial radius is equal to r(0), and W( ) is the 
product log function (known as the Lambert W-function and also as the Omega function). 
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with x0 = 0 and r0 = initial drop radius. The validity of the calculation can be 
checked by decreasing the Δt value until there is little change in the calculated 
results. 

Fig. 26 shows the results for initial radii of 20 μm and 5 μm calculated using 
(11). Even an initial drop radius of 20 μm (corresponding to a salt particle of 
radius 10 μm) will be totally evaporated after falling 70 mm in these conditions. 
Thus the use of aerosols to dope sensors with known amounts of salt could quite 
easily result in deposition of solid particles or, at least, droplets substantially less 
in size than the initial aerosol and thus they can be located close enough so that the 
particle distributions will alter after the first wetting cycle. 

5.2   Characterising and Use of Wetness Sensors 

The response of bare electrode sensors that rely on the amount of moisture 
contacting the electrodes is dependent on the previous wetting history of the 
sensor surface. Thus, to characterise bare electrode sensors in a way that can be 
related to the intended application of the sensor they should be cycled through a 
temperature and humidity regime representative of the application to ensure that 
the surface has stabilised. This will give an average response for the sensor. In 
some applications there could be events that result in the surface being “doped” 
with dry salts and then being exposed to a humid environment. These events 
should be detectable as a spike in the sensor response that damps down rapidly 
with progressive humid / dry cycles in the natural environment. This information 
could be useful and lead to a better understanding of the environmental causes of 
corrosion. The measurement regime for the sensors would need to be frequent 
enough to ensure that any such spikes were detected.  

The galvanic and current based surface wetness sensors may be affected by 
polarisation on the electrodes during prolonged periods of wetness. This may have 
contributed to the decrease in the readings obtained during the long period at high 
%RH seen in Fig. 14 and may also have been part of the general decrease in the 
readings along with the possible agglomeration affect discussed above due to salt 
doping and humid / dry cycles. It is expected that this effect would be less for the 
resistive or dielectric sensors driven with an AC excitation.  

It is also possible that for the bare electrode sensors in the test results in Fig. 14 
the electrodes themselves are being depleted and/or the salt is also being depleted, 
leading to a reduced signal. This could certainly be the case for the aggressive salt 
environment used to obtain the Fig. 14a results. Calculations relating the observed 
average current to possible removal of Cd from the Cd electrode, for the Au-Cd 
sensor [16], during the time from 4000 hours to 8000 hours suggest that ~7 μm of 
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Fig. 26 Graph of drop radius and the distance travelled after a certain time. a) is for a 
starting drop radius of 20 μm, which travels a distance of 70 mm over just less than 3 s 
before it evaporates, b) is for a 5 μm starting radius. The results for other starting drop radii 
can be obtained by determining the remaining time and distance from the desired radius 
value. The example in a) is for a 10 μm drop and gives a time to evaporate of 0.78 s (2.95 – 
2.17) travelling a distance of 4.5 mm (70 – 65.5). The calculations have converged to 
within 1% with Δt values of a) 0.006 s and b) 0.0004 s. 
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Cd could have been removed, with 0.5 μm being removed in the 500 hour wet 
periods subsequent to this time7. The less aggressive environment for Fig. 14b 
would only remove ~5 nm of material over the 500 hour wet periods and so is 
unlikely to have suffered from Cd depletion. Tests on military aircraft [23] of the 
Au-Cd wetness sensor [14] have shown total Coulombs transferred of up to 1.5 
over 120 days of operation. This corresponds to ~1.5 x 10-5 M of electrons, 
equivalent to ~7.5 x 10-6 M of Cd, using the same assumptions as above, which 
equals a thickness of 0.6 μm of Cd removed. This equates to around 1.8 μm per 
year and thus this sensor may have a limited operational life. The dielectric 
sensors would not suffer from either polarisation or electrode depletion effects 
since first, AC excitation is used and secondly, the electrodes are not exposed to 
the environment. 

The dielectric surface wetness sensor will be less susceptible to the 
agglomeration effects due to wet surface drops contacting and then drying to form 
particles since these sensors rely on an average dielectric constant change above 
the electrodes and not a completed resistive path between the electrodes. In the 
discussion example where ten, 10 μm particles connected to form a single new 
particle, on re-wetting the volume of the wet drop will be the same as that for the 
many small drops, however the surface area wet on the sensor would reduce by 
101/3. This is likely to result in a decrease in the measured impedance due a lower 
area of sensed water and thus a lower average dielectric increase. Since the 
response appears to be linear with the area wet (Fig. 20) the decrease in this case 
would be a little over a factor of 2 for the capacitance detected which is much less 
than the potential effect for the resistive wetness sensors. The critical component 
of the dielectric sensor is the thickness of the dielectric and how robust it is to the 
environment that it is exposed to. 

6   Sensing Water Penetration through Protective Layers 

Surfaces are often protected from the environment by surface coatings such as 
paint. These coatings have a lifetime and must periodically be stripped and 
replaced. Stripping and recoating can be expensive as well as time consuming and 
thus it is useful to be able to detect when this must be done to obtain maximum 
benefit from an applied coating. To do this some method of detecting when the 
environment, generally water plus dissolved salts, is penetrating the paint. Thus a 
sensor is required that fits under the paint, does not compromise the protection 
offered by the paint, and preferably does not disturb the surface of the paint. 
Ideally the thickness of the sensor should be significantly less than the thickness 
of the paint. For applications where the paint scheme is relatively thick, such as 
bilges in ships and storage tanks, the thickness of the paint can be a few 100s of 

                                                           
7  The 7 μm removal is arrived at by assuming Cd transforms to Cd2+ (possibly as 

CdCl22½H2O, which is soluble).  Thus an average current of 0.07 mA for 4000 m results 
in the removal of 8.6 x 10-5 M of Cd. Assuming that the Cd covers a quarter of the sensor 
this gives 7 μm of Cd into solution. With this geometry this corresponds to a dissolution 
rate of 25 nm/minute with a 1 mA current. 
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micrometers. However, other applications may only have paint thickness of 10s of 
micrometers. Paint degradation can also be a localised event so any sensor must 
have the capability of monitoring large areas to improve the probability of 
detection. A novel sensor based on laser micro-machined, insulated thin wires is 
being investigated by the authors [24], and others have trialled sensors based on 
thin, 2-electrode electrochemical techniques [25]. Similar to the situation with 
wetness sensors there are no generally available miniature, in-situ commercial 
sensors for monitoring the condition of paint or other protective coatings and the 
sensors discussed below should be considered as experimental sensors that have 
not been fully characterised. 

6.1   Thin Wire Sensor 

The thin wire sensor consists of commercially available thin conducting wire that 
has an insulation coating. The coating is removed at a number of small sections 
along the wire to expose the wire. Since the exposed areas are small the wire can 
be laid on the surface of a conducting structure and it will not make an electrical 
connection to the structure. This wire can, for instance, be placed into wet primer-
paint, which will hold it in position, and then be over-coated with further primer or 
top coats of paint. Interrogation of the sensor consists of measuring the 
conductivity between the wire and the conducting surface that it is placed on 
and/or measuring the end to end conductivity of the wire itself [24]. The wire to 
surface conductivity will initially be very low (i.e. an open circuit) whereas the 
end to end conductivity will be high. As the paint degrades moisture can penetrate 
it to attack the underlying metallic structure. This attack causes ions to be 
produced in the vicinity of the exposed part of the wire and the conducting 
surface, and thus the measured conductivity between the wire and surface will 
increase. Also, depending on the type of wire used in the sensor, the wire itself 
may be attacked leading to an end to end open circuit. Thus, quite simple 
measurements can be made to detect the breakdown of the paint that then allows 
the environment to attack the underlying structure, indicating that the paint needs 
replacing.  

Fig. 27 is a schematic of a thin wire located in a surface coating on an 
aluminium plate and Fig. 28 shows the response of a test with a thin wire sensor 
located under paint on an aluminium surface. The wire was made from the same 
alloy as the aluminium surface and was 50 μm in diameter with approximately 20 
μm spots of insulation removed every 1mm. The assembly was immersed in sea 
water with the aluminium surface held at 0V. Simple voltage measurements were 
taken periodically at both ends of the wire with one end of the wire connected to 
1.6 V through a 100 kΩ resistor and the other end left open (Fig. 27). (Note that 
all voltages were removed when measurements were not being performed to avoid 
driving corrosion.). Up to 60,000 s in the test the paint is intact and a voltage of  
1.6 V is measured at each end of the wire. After 60,000 s the voltage measured at 
both ends of the wire decreased showing that there is conduction between the 
surface and the wire, indicating that there are ions present i.e. corrosion in the 
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Fig. 27 Schematic diagram of the measurements set up for the 50μm thin wire sensor 
results shown in Fig. 28. The wire is on the surface of an Al plate covered with paint 
(depicted as a transparent layer). The Al plate is held at 0 V while the wire is energised at 
one end through a 100 kΩ resistor to 1.6 V. Potentials V1 and V2 are measured at the ends 
of the wire. Note that the 1.6 V is removed when measurements are not being performed to 
avoid driving corrosion. 

 

Fig. 28 Voltage plot for a 50 μm thin wire degradation sensor located under paint and 
immersed in salt water at 0 s. V1 and V2 are the voltages at either end of the wire (see  
Fig. 27). At 60,000 s the water has penetrated through the paint to the wire, at 70,000 s the 
wire itself corrodes through. 
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vicinity of the aluminium surface has commenced. At around 70,000 s the voltage 
measurements obtained from the two ends of the wire become different with the 
end connected to 1.6 V through the resistor (V1 in Figs. 27 and 28) becoming 
more positive than the unconnected end (V2 in Figs. 27 and 28). This shows that 
the wire itself has corroded through and could be used to give a rough indication 
of the possible severity of corrosion. Thus this sensor gives an indication that the 
environment has penetrated the paint and is attacking (generating ions at least) the 
aluminium. 

If the underlying structure is not conductive then the sensor can consist of two 
wires laid down together so that the conductivity between the two wires can be 
used to detect ingress of the environment and thus the degradation of the paint. A 
further attraction of the thin insulated wires is that the wires are round, the best 
geometry to introduce low stress in the paint. Also, the insulation can be selected, 
or treated, to enhance its compatibility (e.g. adhesion) with the paint used and the 
wire alloy can often be selected to match the alloy of the underlying structure. 
Long runs of wire embedded in the paint can be used to monitor large painted 
areas. At the present time the understanding of these sensors is limited to the 
ability to detect that the paint is allowing the external environment in and that 
ions, indicative of corrosion, are being produced. 

6.2   Electro-chemical Sensor 

Very thin, 2-electrode electro-chemical sensors can also be located under paints to 
detect the state of the paint [25-28]. These sensors generally cover a greater local 
area than the wire sensors above since the sensor consists of a thin insulator (e.g. 
polyimide) with 2 interdigitated electrodes covering an area typically greater than 
150 mm2. The sensor must then be interrogated either to measure a polarisation 
resistance or to perform electro-chemical impedance spectroscopy [28-30]. For 
remote or hard to access locations the interface to perform these measurements 
would need to be located close to the sensor itself. Such interfaces have been 
developed and tested in the laboratory [27, 31]. Interpretation of the results from 
these measurements will require development of a good understanding of the 
mechanisms that are occurring as the paint degrades, and how these are reflected 
in the electro-chemical sensor measurements. 

7   Conclusions 

Small humidity and temperature sensors suitable for use in the field are well 
developed and commercially available. Measurements of humidity and surface 
temperature can be used together to indirectly determine when a surface is likely 
to be wet. The particular choice of sensors will depend on the application with 
specialist sensors available that operate at high temperature. A range of outputs 
are available, ranging from the raw sensor response to complete systems in a 
single integrated circuit package that contains signal conditioning, analog to 
digital conversion and digital serial communication. Many of these sensors are 
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available as PCB components. The sensing element of most humidity sensors 
needs protecting from aggressive or overly wet environments. 

True surface wetness sensors for field deployment are developed to the point 
where the presence of water on a surface can be reliably detected. A number of 
leaf wetness sensors are available from specialist suppliers but no wetness sensors 
are available as general electronic components. Factors such as surface 
contamination, morphology and the previous wetting history affect wetness sensor 
response and make the task of quantifying the amount of wetness difficult. The 
dielectric wetness sensor would appear to be superior to the other sensors due to 
its insensitivity to the conductivity of the wetting solution, however more work 
needs to be done on the characterisation and interpretation of the results from 
wetness sensors to extend their capability.  

It is suggested that a combination of sensor technologies, such as the dielectric 
and resistive wetness sensors, may give results that can be used to determine both 
the wetness and conductivity, and hence the corrosivity of the wetting solution. In 
general, combinations of sensors are likely to give a better understanding of a 
surface’s state of wetness. Correlation of temperature, humidity and wetness 
sensors could help determine the species and quantity of salts present on a wet 
surface as well as the proportion of the surface that is wet. 

The development of sensors that can be installed under paint or other protective 
coatings to monitor the condition of the coating is relatively recent.  Again, while 
there are no sensors commercially available some progress has been made on 
simple and more complex techniques to determine whether a paint, or other 
protective coating, is breaking down. It is expected that work will continue in this 
area to provide tools for the in-situ monitoring of paint and sealant condition. 
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here for the response of the two current wetness sensors. 
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Appendices 

Disclaimer 
The information in the tables below has been obtained from catalogues, data 
sheets and other information accessed on the World Wide Web (WWW). It does 
not represent an endorsement of the companies mentioned or these companies’ 
products. There is no guarantee that the information is complete and that all 
companies that manufacture a particular type of sensor have been included. Some 
information required interpretation of the data presented and while all care has 
been taken it may contain errors. Readers are advised to contact the manufacturers 
to ensure accurate information. All costs are for single items and are approximate 
only and based on information as at July 2011. 

1.1   Humidity Sensors 

Following is a list of commercially available humidity sensors suitable for in-situ 
applications and PCB mounting. The list has been compiled from the on-line 
catalogue of a major electronics supplier. Please note the disclaimer above. 
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1.2   Temperature Sensors 

A very large number of temperature sensors are available. The same on-line 
catalogue as that used for the humidity sensors has over 38 pages of temperature 
sensors, too many to include individually. Below is a list of manufactures that 
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provide a range of in-situ, PCB compatible sensors. The values in the table 
attempt to cover the whole range of available devices and a particular device may 
have a smaller range. Please note the disclaimer at the head of this appendix. 

 

 

1.3   Combined Temperature and Humidity Sensors 

Following is a list of commercially available combined temperature and humidity 
sensors suitable for in-situ uses and PCB mounting. The list has been compiled 
from the same on-line catalogue of a major electronics supplier. Again, an “x” 
indicates a range of part numbers. Please note the disclaimer at the head of this 
appendix. 
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Abstract. Urban emissions have been considered an issue in the UK since as early 
as the 13th century, when the use of coal was banned in London because of the 
damaging effects to human health. Despite air quality improving in the last 
century, the establishment of legislative controls and limits, in addition to 
developments in sensing technology are helping to reduce further the pollutant 
levels present in the air. Technological advances, such as the emergence of 
Wireless Sensor Networks (WSNs), and complex computer based tools may allow 
for both the capturing and analysis of data in order to address the issue of 
emissions from road transportation systems.   This work delves into the possibility 
of remotely obtaining real-time emissions data at the vehicle level using a 
combination of WSNs and Geographical Information Systems (GISs).  The paper 
adopts a design science research methodology, discussing the rationale for the 
novel approach taken and presenting empirical measurements from a vehicle to 
demonstrate the principle of the work. 

Keywords: Wireless sensor network, geographical information system, vehicle 
pollution, urban monitoring. 

1   Introduction 

Since the problems of sooty smog from coal combustion have largely been solved 
in western European and North American cities, transportation has become the 
most significant source of air pollution.  With only a few exceptions, society is 
reliant upon the combustion of liquid fossil fuel for all modes of transport.  
According to the European Environmental Agency [1], the EU was 98% 
dependent upon them in 2004.  It is therefore reasonable to assume that most 
                                                           
* Corresponding author. 
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transport sources of today emit similar pollutants, although the extent will depend 
upon (1) the composition of the fuel and (2) the combustion conditions.  The most 
significant transport emissions to the atmosphere by mass are carbon dioxide 
(CO2) and water vapour (H2O) from the complete combustion of the fuel. 

Some transport power sources achieve almost complete combustion by 
ensuring there is plenty of excess air, as in a diesel engine or a lean-burn petrol 
engine; in many cases however combustion is incomplete.  Therefore a small  
fraction  of  the  fuel  is  oxidised  to only  carbon  monoxide  (CO).  Some volatile 
hydrocarbons are also emitted as vapour in the exhaust and carbonaceous particles 
from incompletely burnt fuel droplets.  In addition to the mixture of hydrocarbons, 
all fuels contain some impurities with the possible exception of hydrogen obtained 
from a fuel cell, and the lightest hydrocarbon fuels (e.g. methane) which are 
available with very low levels of impurities. Sulphur is oxidised mostly to sulphur 
dioxide (SO2) on combustion, and sometimes to sulphate which can assist in the 
nucleation of particles in the exhaust. Several other impurities such as vanadium 
in oil do not burn or have combustion products that have a low vapour pressure 
and so contribute further to particle formation. The organic lead compounds that 
are still added to high octane petrol only in parts of Africa and Asia, to prevent 
premature combustion, also form particles in the exhaust.  Finally, at the  high  
combustion  temperatures  of  most  transport  sources  of  air pollution,  
atmospheric  nitrogen  is  oxidised to form NOx gases,  in addition to smaller 
quantities from nitrogen-containing impurities in the fuel. Nitrous oxide (N2O) is 
also emitted, but only in small quantities from the combustion process (although it 
can be more abundant in the exhaust of cars fitted with catalytic converters [2]). 

Table 1 The evolution of final energy consumption in transport in the EU, by transport 
mode, 1990-2004. Figures are given as tonnes of oil equivalent unless otherwise  
stated. 

 1990 1995 2000 2001 2002 2003 2004 % change 
1990-2004 

Transport 
(Total) 

272 295 33 337 339 345 352 29% 

Rail Transport 
% share 

9.1 
3.4% 

8.8 
3.0% 

9.2 
2.8% 

9.1 
2.7% 

9.0 
2.7% 

9.1 
2.7% 

9.3 
2.6% 1% 

Road Transport 
% share 

228.0 
83.8% 

245.5 
83.3% 

274.0 
82.1% 

278.4 
82.7% 

282.0 
83.1% 

284.8 
82.7% 

290.0 
82.5% 27% 

Air Transport 
% share 

28.4 
10.4% 

33.7 
11.4% 

45.3 
13.6% 

44.2 
13.1% 

43.5 
12.8% 

44.8 
13.0% 

47.4 
13.5% 67% 

Inland Navigation 
% share 

6.6 
2.4% 

6.7 
2.3% 

5.4 
1.6% 

5.0 
1.5% 

5.0 
1.5% 

5.7 
1.6% 

5.0 
1.4% -23% 
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emitter. This data aligns well with research published in October 2005 by the 
Institute of Chartered Engineers (ICE), which shows that between the years 1982 
and 2003, the number of cars on UK roads rose from 15.5 to 26.2 million.  This 
represents a rise of 70% or 10.7 million vehicles [3].  In a report [4] that was 
published in January 2010, the Department for Transport reported that there were 
a total of 34.1 million vehicles legally registered on the UK roads at the end of 
September 2009.  Rises of this nature are not limited to the UK however – 
between January and April 2004 it is reported that an average of 1,375 cars was 
added to Beijing’s roads daily [5]. The Beijing Traffic Management Bureau 
reported that, up to the end of June 2009, the Chinese vehicle population has 
reached 176.5 million [6].  Recently there have been suggestions that some roads 
in Beijing will introduce congestion charging in a bid to reduce the resultant 
congestion [7]. 

The level of exhaust emissions accumulating in the atmosphere is directly 
related to the increase in the number of vehicles on the roads.  While individual 
cars have advanced tremendously in terms of emission quality, their vastly 
increasing numbers overwhelm advances made in decreasing the harmful 
materials released into the atmosphere.  As a result of this, it is important to 
consider novel ways in which to monitor and treat vehicle exhaust gases.  This 
work focuses on the former of these problems – i.e. monitoring.  The monitoring 
of harmful emissions could serve a multitude of purposes, not least the 
management of urban traffic by local authorities.  Vehicular traffic in urban areas 
is a particular problem since large quantities of exhaust emissions are confined to 
a relatively small area – these are often called pollution hotspots.  Evidence from 
epidemiological research indicates exposure to traffic is associated with a number 
of adverse health impacts including mortality [8, 9], myocardial infarction [10, 11] 
and impaired lung development in children [12].  While the observed associations 
are small, in metropolitan areas exposure is pervasive giving rise to risk for large 
populations [13].  Moreover, spatial variation in traffic pollution may contribute to 
socioeconomic inequalities in exposure and associated health effects [14]. 

Therefore, this work discusses a technique using Wireless Sensor Networks 
(WSNs) and Geographical Information Systems (GISs) together to provide 
invaluable vehicle level emissions data, but first discusses some of the 
mechanisms currently in place for the reduction of urban emissions.  

2   Current Methods for Urban Emissions Reduction 

In recent years there have been a number of methods put forth in an attempt to 
kerb road traffic congestion and emissions.  As a result, a number of government 
policies have focused on encouraging a shift toward so-called ‘green’ 
technologies, offering incentives for road users to adopt more efficient and cleaner 
vehicles.  On the other hand, the cost of motoring has increased significantly;  
Fig. 3 highlights this in terms of fuel price, however insurance and servicing costs 
have also shown upward trends. 

Vehicle ‘scrappage’ schemes are one example of recent policies [15, 16] which 
have been introduced in order to encourage road users to purchase newer vehicles. 
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Research by Granovskii et al [19] suggests that electric vehicles have considerable 
environmental advantages when compared to conventional, hybrid and hydrogen 
fuelled variants.  This work is corroborated by Jorgensen [20], who proposes 
hydrogen vehicles as being likely to produce 3-5 times more CO2 (in g/km) than 
their electric counterparts.  Despite these promising environmental figures 
however, electric vehicles are currently plagued by two key issues: (1) limited 
range and (2) concerns over recharging.  In the case of the later concern, charge 
times of 12 hours are quoted for the widely advertised Nissan Leaf [21] from 
domestic sockets, with 30 minute 80% charge times possible with ‘fast charging’.  
However, with limited range and few places to perform a fast charge, electric 
powered vehicles still have some way to go to match the flexibility afforded by the 
conventional combustion engine.  With this in mind, it is likely that fossil fuels are 
likely to continue being used for a significant period of time. 

With the cost of fuel rising, as previously mentioned and highlighted in Fig. 3, 
drivers are being encouraged to change their driving habits (e.g. more gradual 
acceleration) so as to reduce their fuel bills and thus reduce emission levels.  
Consequently, awareness campaigns have existed for numerous years  to 
encourage economical driving [22-25], and in the UK it is now a factor 
incorporated into vehicle driving tests [26].  In addition, legislation (e.g. EU 
Directive 1999/94/EC) requires car manufacturers and distributers to display 
information on fuel consumption and CO2 emissions of new passenger cars in 
showrooms and within any marketing activity.   

For some time in the UK, and in other heavily congested parts of the world, a 
further method of reducing emissions has been the introduction of congestion 
charging, or some similar form of “pay as you drive” scheme.  The first example 
of a scheme of this type was in Singapore, whose Area Licensing Scheme (ALS) 
began operation in 1975 and required a license to gain access to a ‘restricted zone’ 
within the central city area.  This system was superseded by an Electronic Road 
Pricing system (ERP) in 1998. The ERP now charges vehicles according to 
vehicle type, time of day and location, having regard to the level of congestion.  
Road traffic flows have been reduced by 20% and speed has increased by 33% 
[27, 28] since the scheme began.  

In the UK implementation of the London Congestion Charging Scheme (CCS) 
began in February 2003, using a single charge of £5 for vehicles entering a central 
London zone between   the   weekday   hours   of   07:00–18:30.  In January 2011, 
this charge was raised to £10 per vehicle per day.  Although  several  vehicle  
types  are  exempt  from  the charge, the effect of the scheme has been to reduce 
the vehicle distance travelled within the zone by 15% and to increase  the  speed 
by an average of 4 km/h (approx. 10%) [29, 30].  One could assume that reducing 
the distance travelled by vehicles within the CCS zone would lead to a reduction 
in emissions, but additional buses were introduced.  Therefore making such an 
assumption would be inappropriate given that buses have higher emission levels 
than cars, particularly since much of the data in relation to the CCS ‘success’ is 
collected using a variety of methodologies. However, work by Daniel and Bekka 
[31] and Tonne et al [32] predicted a modest reduction in CO2, NO2 and PM10 
(particulate matter ≤ 10µm) emissions. 
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Strictly speaking, such road charging mechanisms are designed largely to 
reduce traffic volumes; emission reductions are a predicted positive side effect of 
this aim. 

3   Monitoring Urban Emissions 

3.1   Issues with Current Monitoring Methods 

Strategies aimed at pollution monitoring in urban areas have typically taken two 
approaches: (1) to form a predictive model of pollution or (2) via roadside 
pollution monitoring stations.  This work seeks to consider a different approach, 
but first is important to discuss the limitations of existing methods. 

Predictive models, these are useful to obtain a reasonable estimation of 
pollution levels over large geographical areas.  However, these models are unable 
to account for traffic variability (i.e. type of vehicle used) and the variation in 
journey undertaken.  In addition, Holmén and Niemeier [33] show that the 
variability in driver behaviour is a significant factor in emissions.  Therefore, a 
driver with an ‘economical’ car (e.g. one with a low CO2 emissions rating) may 
not drive it economically; conversely a car with a high emissions rating may be 
driven gingerly.  There are many other potential scenarios too:  road works, road 
traffic accidents and other similar events may create congestion that are simply 
never modelled.  Therefore, models tend to consider the perceived ‘normal’ case, 
whereas the reality could well be much different.  

Some attempts to monitor vehicle emissions at the roadside have been made 
[34-39].  Often such methods are utilised in conjunction with predictive emissions 
models since the levels of emissions detected at the roadside are significantly less 
than that emitted from a car exhaust pipe due to dispersion.  The sensitivity 
achievable by sensors in these applications is a major concern in this case, since 
ambient emission levels (i.e. at the roadside) are in the order of parts per billion, 
whereas at the exhaust pipe parts per million quantities are present.  In addition, a 
number of factors influence the measurements taken by such roadside sensors 
including unusual activity near the sensor (e.g. emissions from roadwork plant).  It 
is also noted by some literature that exceptional meteorological conditions can 
have an impact on measurements taken.  This was evident, for example, as a result 
of analyses of measurements taken in London to estimate the impact of the CCS.  
In 2003 there was an increase in concentrations of the pollutants PM10, NO2 and 
O3 (Ozone) compared with 2002.  Furthermore, there was an exceptionally long 
photochemical season, were emissions react with sunlight to form other toxic 
substances such as O3.  These conditions made it difficult to detect any changes in 
concentration of key atmospheric pollutants. To compound these factors, roadside 
monitors suffer from a significant lag between an event occurring and that event 
being detected as a phenomenon of interest, preventing the sensor data from being 
utilised in a reactive way. 



256 L.E. Cordova-Lopez et al.
 

3.2   Proposed System Overview 

In this work, the aim has been to use advances in modern communication systems 
and sensor technology to bring about a new approach to pollution monitoring.  
In this approach the vehicles will be responsible for monitoring their own 
emissions, as well as forming an inter-vehicle network through which data can be 
collected. 

Data from vehicles can be transmitted to roadside receivers which may also act 
to sense ambient pollution levels.  These receivers may be standalone devices, but 
it would be preferable if they were an integral part of existing street furniture such 
as street lighting and traffic signals.  Data logging will be employed in the 
vehicles to allow for data acquisition while the vehicles are out of range of 
roadside receivers.  It is also the intention of the system to allow data to be 
transferred both directly and indirectly [40] (i.e. via other vehicles) to roadside 
receivers.  This is a feature of the Wireless Sensor Network (WSN) infrastructure 
that will be put in place and is discussed later in this Chapter. 

Once data reaches the roadside receivers, which will be at fixed known 
locations, the data may be transmitted via a WiMAX [41] link up to 50km to a 
centralised data gathering centre, where the data can be uploaded to an Internet 
database.  This database will form the core of a Geographical Information System 
(GIS) which will provide useful information to users based upon the geographical 
data presented   Such information can be made available either through a web 
interface (i.e. directly to a user’s Internet browser) or via some proprietary 
software – an example of the later is presented in this Chapter. 
 

 

Fig. 4 Overview of the proposed system for monitoring urban pollution from motor 
vehicles. 
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3.3   Methodology 

This work has taken the approach of discovering an appropriate method by which 
to tackle the issue at hand, an approach which has been described by others as 
design science [42, 43].  It can typically be difficult for those engaged in work 
such as this to articulate the research in a way appropriate for academic 
publication since the work may not presented well to the relevant audiences, 
which include those in the technology and managerial fields.  Design science 
fosters creative exploration and experimentation of novel ideas that can be put in 
place for significant gains in effectiveness and/or efficiency [44, 45].   

Existing policy instruments or technological systems in place to tackle the issue 
of emissions in urban areas resulting from motor vehicles have some significant 
short-comings.  Policy instruments, for example, focus largely on socioeconomic 
issues such as congestion.  Environmental issues are tackled as a by-product of 
this more obvious problem, with environmental benefits often seeming to be an 
afterthought.  From a technology perspective, current approaches to monitoring 
vehicular pollution are limited by the measurement and statistical methods utilised 
to predict emissions or urban pollution hotspots.  Therefore in this work, we 
follow the design science approach to design and evaluate the principle of 
monitoring emissions from motor vehicles in order to show how such an idea 
might be borne out in reality. 

The authors have attempted to adhere to guidelines set out for design science 
(see Hevner et al [45]) which provide a framework for directing such research.  A 
crude system to monitor the emissions of a motor vehicle has been implemented to 
represent an artifact, and evaluation of this artifact serves to determine its 
performance, in order to demonstrate the potential for implementing a vehicle 
level emissions monitoring system.  Design and evaluation is guided by relevant 
literature and theory combined also with the experience of monitoring vehicle 
emissions in order to demonstrate rigor and design as a search process. 
Furthermore, we communicate our empirical results to demonstrate and convey 
the utility of the artifact in relation to the problem at hand, satisfying the criteria of 
problem relevance within design science.  Finally, contribution to existing 
research is demonstrated through the novelty of the artefact itself in addition to the 
intended application domain. 

4   The Prototype System 

4.1   Vehicular Sensing 

Now that the system has been described in a generic way, and the research 
methodology outlined, it seems pertinent to consider the individual components of 
the proposed system in more detail.  This begins with a description of the sensor to 
be used at the vehicle level. 

As mentioned briefly already, it is intended that the vehicles should acquire 
pollution data and be able to then transmit this data to roadside sensors.  In order 
to accommodate this functionality the underlying hardware must be flexible, 
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allowing direct and indirect data relay.  In addition, one of the key concerns with 
employing a monitoring system is that there are already a vast number of cars on 
the roads.  Therefore, it is important that the on-board vehicle sensors are suitable 
for retro-fitting to existing cars, in addition to integration with new vehicles. 

These requirements will be demanding of any technology, but it is thought that 
the best option is to employ a WSN approach.  Currently the hardware being used 
is the embedded Crossbow MicaZ platform [46], which is well known and well 
supported; an example of this hardware is shown in Fig. 5.  This platform is very 
general purpose, incorporating a microcontroller, onboard data storage, a 2.4GHz 
radio transceiver, and connectivity for sensor and other peripheral devices.  In the 
future, it is likely that the system will move on to a custom platform, which will be 
more cost effective and smaller. 

 

Fig. 5 The Crossbow [46] MicaZ Wireless Sensor Network platform. 

Each vehicle is fitted with two sensor nodes.  The first node, the vehicle node, 
is a permanent node which acts as a transceiver to the outside world (i.e. relaying 
data to roadside sensors and receiving any incoming information).  The vehicle 
node will also have a GPS (Global Positioning System) sensor attached so that all 
emissions data it transmits to roadside sensors will have an associated position; 
this is vital to the functionality of the GIS element of the system. 

The other node, the exhaust node, is fitted to the vehicle exhaust.  The primary 
role of this node is to acquire sensor data from the exhaust (i.e. sensing the 
quantities of different exhaust gases) and to communicate it to the vehicle node.  
The exhaust node is currently designed to be non-disposable, however in the 
future it is imagined that it could be practically integrated into exhaust systems, 
and be disposed of when the exhaust system requires replacement.  This is feasible 
since the cost of sensor nodes is decaying rapidly, particularly with the advent of 
accessible system-on-chip (SoC) components. 

The current sensor used in the prototype system is a large Kane-May Quintox 
[47] chemical gas analyser (see Fig. 6).  This would not be suitable as a final 
solution; however it is intended to use compact fibre optic sensors should  
the system be developed further – an example would be a system from Dooly  
et al [48].  
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Fig. 6 The Kane-May Quintox 9106 combustion analyser with RS-232 connectivity and 
manual control options. 

 

Fig. 7 Indicative experimental setup, showing the Quintox device gathering sensor data 
from a vehicle while stationary, and transmitting this data wirelessly to a laptop interface.  
Note that the experimental results presented in Section 5 are not from the car pictured. 
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Communication between the vehicle node and exhaust node can be achieved in 
two ways.  The most efficient way would be to make use of the in vehicle 
Controller Area Network (CAN) bus [49].  CANs are commonly used in modern 
vehicles (ISO 11898 [50]) in order to reduce weight and wiring complexity, and 
allow many different devices to communicate with one another via a serial bus 
(see Fig. 8).  The advantage of doing this would be that drivers could be informed 
of their vehicle’s current emissions via a multifunctional display unit, which are 
becoming more common in modern vehicles. This could allow the driver be given 
real-time advice on how they could reduce emissions (e.g. when to change gear or 
apply less acceleration). 

Use of the CAN for inter-node communication would be best suited to newer 
vehicles, since integration of the sensors nodes into the CAN could be completed 
during manufacture.  For existing vehicles, the vehicle and exhaust nodes could 
 

 

Fig. 8 Overview of the CAN bus system utilised within modern motor vehicles to connect 
various components to a control unit and (potentially) one another. 

Control modules 

CAN Bus

CAR COMPONENTS



Urban Emissions Monitoring at the Vehicle Level 261
 

communicate wirelessly or be connected directly to the CAN bus depending upon 
individual vehicle design and flexibility. 

4.2   Roadside Sensor Nodes 

The roadside sensing element of the pollution monitoring system is intended for 
integration into existing structures and street furniture such as lighting and traffic 
signals.  This is deemed preferable to standalone devices which would be intrusive 
and costly.   

The roadside sensor nodes may incorporate GPS sensors which will allow their 
accurate positioning without the need for complicated deployment schemes.  In 
addition they will incorporate gas sensors similar to those of the exhaust nodes in 
order to allow ambient pollution monitoring, typical of that found in existing 
roadside monitoring schemes [34-39].  

Two communications standards will be implemented here; one for 
communication with the vehicles as part of the WSN, and another for long range 
wireless transmission.  Dealing with WSN communication initially, the roadside 
sensor nodes will be responsible for receiving data from vehicles as they pass. 

 

 

Fig. 9 An overview of how GISs display data in layer form to allow users to display only 
pertinent data. 
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Due to the small size and low cost of the sensor nodes may be placed with 
reasonable frequency in order to accommodate the inevitable high volumes of 
traffic at peak times which are experienced in urban areas.  Urban areas do tend to 
have natural stopping points for vehicles however (i.e. traffic lights and other 
junction types), which could offer an alternative to periodic roadside sensor 
placement.  Since the sensor nodes are designed for inter-vehicle multi-hop 
communication, it is not envisaged that range will represent a particular challenge 
in locations where there are many lanes (i.e. where vehicles may be many metres 
away from the roadside). 

Post data collection, a WiMAX link will be utilised to transmit data to a central 
data gathering centre.  This gathering centre will be physically located within the 
monitoring area (or nearby).  WiMAX is well suited to this notion since it has a 
large range, although additional gathering centres could be implemented if the 
situation demanded it.  At the gathering centres, data will be sorted to remove 
duplicate records and will then be transmitted via the Internet to an online storage 
database which is at the core of the GIS. 

4.3   Geographical Information System 

The output of the GIS is based upon the pollution data stored in the 
aforementioned Internet database.  This pollution data includes quantitative 
information relating to the following gases: CO, CO2, O2, NOx, SO2 and HC, 
which all have a part to play in issues surrounding urban air pollution and quality.  
Gases such as Oxygen and Nitrogen do not by themselves cause harm to humans 
and the environment, but they are still necessary in order to calculate the quantity 
of gases emitted which do cause harm. 

The purpose of the GIS is to display the database contents on a map of the 
relevant area, which is possible using the GPS position transmitted by either a 
vehicle node or roadside sensor node.  A feature of GISs is that they can represent 
items of interest in the form of layers – this is a common way in which to display 
terrain features such as mountains, water and even buildings, as shown in Fig. 9.  
Therefore, if each type of gas is represented by a different layer, the user can 
select gases of interest in relation to a particular geographical area.  These gas 
layers can then be overlaid onto this area, giving the user an indication of the air 
quality and emission levels in particular locations. 

5   Experimental Results 

5.1   Gas Measurements 

In order to demonstrate the principle of this work, some experimental data was 
obtained in situ using a 1.8 litre 1998 Ford Mondeo diesel car which had been 
serviced at yearly intervals and was in reasonable order.  The Quintox gas analyser 
was attached the car exhaust and the data from its serial output recorded and 
transmitted to a laptop computer.  The car was driven on public roads near to 
Liverpool (UK), with a route planned beforehand that would incorporate at range 
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Fig. 11 Overview of positions in which in 
situ data acquisition occurred on a small 
part of the trip. 

 

Fig. 12 Traffic light system employed for 
CO2 emissions data. 

acceptable parameters.  However, as the car has to accelerate from a standstill, or 
up a hill in one case, the CO2 emissions worsen – these features are evident in  
Fig. 12. 

6   Discussion 

The system discussed and presented in this Chapter shows the principle of 
monitoring urban emissions at the vehicle level.  There are a number of elements 
which require refinement, not least the sensor itself.  However, many modern 
vehicles are equipped with a variety of sensors to assist engine management 
functionality.  In addition, further work is required in relation to a multi-vehicle 
scenario to assess the practicality of utilising WSN technology for this purpose; 
numerous works exist in the field of mobile ad hoc networks (see Giordano et al 
[51, 52] for examples).   

Putting aside these issues of further work, the system developed demonstrates a 
number of possibilities and offers huge potential for urban emissions monitoring 
and it is these which the authors wish to discuss.  To begin with, the system offers 
the opportunity for simple emissions monitoring, which might provide useful 
information without there being the necessity for immediate reactionary measures 
being implemented.  In this scenario it may allow local (and national) authorities 
to prove whether or not they are meeting relevant targets or standards set for 
emissions.  In the UK for example, the Department of Transport [53] estimates 
that 21% of UK CO2 emissions in 2009 were transport related, and has been 
looking to cut these emissions in the lead up to 2020.  Provided that such 
monitoring is rolled out on a holistic basis (i.e. each vehicle is capable of 
measuring and reporting its own emissions), such a solution may provide more 
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accurate and localised emissions data thus providing the opportunity for targeted 
solutions to emission problems. 

Having access to information which allows targeted emission reduction 
schemes may impact on future policy as well as feeding into infrastructure 
planning.  The later may, for example, encourage the building of new 
infrastructure which helps alleviate current pollution hotspots.  In addition, the 
proposed system brings about the possibility for traffic management during 
periods of the day (e.g. rush hour) when traffic is at its heaviest in certain areas.  
Analysis of geographically related pollution data may allow for intelligent routing 
of traffic through real-time signal control and employing temporary road closures 
or higher charges in areas of concentrated pollution, thus encouraging dispersion 
of high pollution levels.   

Perhaps the area were the proposed system could contribute the greatest 
however is in terms of road charging.  Begg and Gray [54] suggest that many of 
the UK targets for pollution reduction will be met by improved technology (i.e. 
vehicles with fewer emissions), but advocate the introduction of a national road 
charging scheme within the UK as a way to manage road transport.  Without such 
management, it is possible that the increasing numbers of cars on the road could 
jeopardise the UK meeting its emissions targets, and The Future of Transport [55] 
white paper written in 2004 uses the London CCS as a real world example of how 
it is possible to benefit from road charging schemes. 

There are a number of methods by which to charge for road use, including 
vehicle taxation, manual or electronic collection, vehicle recognition and online 
metering [56]. The proposed system could well integrate with online metering, 
with users being charged not only on the basis of the road they use or distance 
they travel, but also by the emissions that they produce.  In the UK, road users 
currently pay an annual vehicle excise duty which is based upon the CO2 
emissions of the vehicle; however if emissions are monitored on the vehicle level 
then it is possible for economical drivers to benefit from their driving style in this 
respect and not only at the fuel pump.  Many authors have suggested that 
automated means of road charging, should such charges be introduced on a 
national scale, are preferable since toll systems are costly, time consuming and 
require substantial land-area for each site.  In addition, it is generally not 
acceptable to retro-fit a toll-plaza in urban areas as they present a traffic 
bottleneck, therefore creating congestion, noise and air pollution.  If an integrated 
road charging and emissions monitoring system could be implemented then this 
would certainly increase the attractiveness of the proposed system in terms of its 
cost, while realising the benefits of both emissions monitoring and road charging.  
There may well be other potential features which could be integrated too; the area 
of inter-vehicle communications brings about many possibilities.   

7   Conclusions 

This work has discussed a number of areas relating to vehicle emissions, and it has 
been established that despite the efforts of the automotive industry to build electric 
powered vehicles, the use of the combustion engine is likely to remain for a 
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significant time due to the flexibility and ‘peace of mind’ that it currently 
provides.  This, coupled with the fact that there are currently no ways to 
accurately monitor urban vehicle emissions, suggests that there is scope for an on-
vehicle emissions monitoring system. 

This work has taken a design science approach to research, presenting an 
artifact in the form of a novel vehicle emissions monitoring system, utilising the 
Crossbow MicaZ platform, in conjunction with a Quintox chemical gas analyser.  
The system has been demonstrated and evaluated to show that it is possible to 
monitor emissions at the vehicle level – to this end empirical results have been 
communicated which serves to highlight the utility of the artifact in relation to the 
problem at hand, satisfying the criteria of problem relevance within design 
science.  It is noteworthy that significant development of the sensor is required in 
order to make it practical in terms of size and cost.  The use of the MicaZ platform 
gives good flexibility to retro-fit the sensor to existing vehicles wirelessly or via 
the on-board CAN bus, and new vehicles could have a system which is directly 
integrated into the CAN bus. 

Finally this work demonstrates a contribution to existing research through the 
novelty of the artifact itself.  Current methods of emissions monitoring lack the 
detail and timeliness required to identify and combat pollution hotspots in the 
short term.  In addition, technology such as that proposed has massive potential, 
and could be integrated into a road charging model which rewards drivers with 
low emission cars and low emission driving habits. 
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Abstract. Acoustic information, collected in the form of measurements of 
integrated echo energies related to time and 3D space has been applied at the Sea 
Fisheries Institute since 1981 to examine the rough statistical relationships 
between clupeoids distribution in the Baltic and the relevant environmental 
factors. In this paper it is shown that the data collected can be also applied for very 
detail observation of dynamic phenomena in marine ecosystem. Two 
differentiated case studies were selected to show new acoustic applications in 
specific areas of oceanographic research. In the first case spatial characteristics of 
fish diel vertical migration in the southern Baltic was surveyed and analysed for 
the period 1994-2007, against the environmental background. In the second case 
acoustic sounding was applied to quantify ebullition of methane from Baltic 
sediments. Both phenomena are strongly dependent on climatic variability. For 
both cases the final characteristics of the phenomenon was given in the form of 
video frames, expressing the processes in time. Unique method of echo-recording 
transformation into video frames was described and applied to analyse the process 
of ebullition of methane from the seabed. 

Keywords: acoustics, tracking, dynamic phenomena, Baltic Sea, ecological 
studies, marine ecosystem, climate variability, methane, fish behavior. 

1   Introduction 

The functioning of the marine ecosystem is consists from many differentiated 
processes, which are strongly dependent on environmental factors [2]. The 
ecosystem is based on abiotic and biotic components, which are closely related 
and involved in circulation chains. Acoustic methods are widely supporting 
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observations of both components [ 6, 7, 9, 10, 11, 12, 15, 16, 18, 19, 20, 21, 22, 
23, 24]. Two different case studies are shown to illustrate particular methods of 
acoustic  tracking dynamic phenomena in the Baltic Sea. One case is dedicated to 
describe and to analyse diel fish vertical migrations in different geographical 
zones, characterized by differentiated environment. Dynamics of vertical fish 
distribution is closely dependent on environmental factors [2, 8]. The second case 
shows the process of ebullition of the methane from bottom sediments in the 
Gdańsk Deep, tracked by scientific sounder. The ebullition was caused by the 
CTD sensor landing at the seabed. Ebullition  is an important mechanism of gas 
liberation from bottom sediments to aquatic system and the atmosphere [20, 21]. 
The scale of this phenomenon corresponds to  degree of degradation of the marine 
ecosystem. Both phenomena are strictly dependent on the state of the environment 
which is closely correlated with climatic variability.  

2   Material 

During the period 1981-2007 ships  of  Sea Fisheries Institute in Gdynia (RV 
Profesor Siedlecki and RV BALTICA) carried out series of research cruises, 
collecting acoustic, biological and environmental data in the southern Baltic. Since 
1989 all cruises  have been carried out during the autumn (October 1989, 1990, 
1994-2007), being the part of international ICES programme of the Baltic pelagic 
fish stock assessment. Each cruise lasted approximately three weeks, and had a 
potential to collect data from 1-2 thousands nautical miles of acoustic transect. 
Samples were collected continuously, and integrated every one nautical mile, 24h 
a day. The time distribution of samples in relation to the whole period 1981-2007 
was quasi-homogeneous what  gave a good base  to estimate 4D  characteristics of 
clupeoids behaviour in the southern Baltic. 

The data applied in this paper were collected in a period 1994-2007 by EY500 
scientific system, working at the frequency 38 kHz and with hull-mounted 
transducer of  7.2˚x 8.0˚ beam. Calibration has been performed with a standard 
target in Swedish fjords in 1994 to 1997 and in Norway from 1998 to 2007. 
Cruises were carried out in October and lasted 2 to 3 weeks, giving the  possibility 
of collecting samples over 1 to 1.5 thousands of nmi (approximately 450 
transmissions per nmi).   Survey tracks of all cruises were on the same grid to 
obtain high comparability of measurements. 

Biological samples were collected over the period  from 1994 to 2007 by the 
same pelagic trawl, on average every 37 nmi. of the transect. Fish observed during 
all surveys were mostly pelagic, herring and sprat (Clupeidae). Hydrologic  
measurements (temperature-T, salinity-S, and oxygen level-O2) were made by a 
Neil-Brown CTD system. The CTD sensor overview is given in the Figure 1. 
Measurements were made mostly at sample haul positions, with a similar as 
biological sampling  space density. Each hydrological station was characterized  
by its geographical position and values of measured parameters at 2m depth 
intervals. 
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Fig. 1 CTD sensor of Neil-Brown hydrologic system  of RV BALTICA 

 

Fig. 2 Localization of case studies in southern Baltic area: L1 and F1 – acoustic transects, 
S1- methane ebullition recording 
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In the map in Fig. 2. it is given localization of two acoustic transects L1 (along 
the parallel  55º15’N) and F1 (along the meridian 16ºE). 

3   Methods and Results 

3.1   Dynamics of Fish Diel Migration in 4D 

The method of extracting inter-disciplinary data from acoustic, biological, and 
hydrological measurements was described in [15, 18, 19]. Distance of one nautical 
mile was considered as an elementary unit (record) of the data base. For each 
record values of remain factors characterizing the biological and hydrological 
parameters were estimated. Following parameters were measured or calculated for 
each EDSU: 

- date, time, day- night time, 
- geographic position, 
- bottom depth, 
- SA, Sv values in the layered standard structure, 
- depth of the upper (Du), centre of gravity (Df), and lower (Dl) limit of fish 

recordings, 
- temperature, salinity, and oxygen level for each 2m depth interval at each 

nearest CTD station, 
- biomass surface density and % of the herring, sprat, and cod. 

Dynamics of fish vertical migrations was described for two orthogonal acoustic 
transects, representing basic configurations of the environment in the southern 
Baltic (Figure 2). Acoustic, biological and hydrological data were averaged over 
the whole period of the autumn cruises between 1994 and 2007. 

The first transect L1 (along the parallel  55º15’N – Fig. 3) illustrates the 
environmental and bathymetric dynamics between the Bornholm and Gdansk 
Deeps, strongly dependent of inflows of the high salinity water from the North 
Sea. Both deeps are separated by the bottom shape, what provide a strong 
limitation of the dynamics of inflow waters. Narrow Slupsk Furrow in the middle 
produces significant delay in high salinity water expansion. 

The distribution of fish is characterized by average values of upper (Du) centre 
of gravity (Df), and lower (Dl) limit of fish recordings, calculated  for selected 1h 
time periods and for 0.5º units of  distance. Fish densities at the area of the  
transect  represents close to average values. Percent in weight of three main 
species are following:  57% herring, 40% sprat, 3% cod.  

Results of analysis of  fish distribution in different periods of the day can be 
expressed by following summary: 
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Fig. 4 Average (1994-2007) autumn distribution of fish,  expressed by upper (Du), centre of 
gravity (Df), and lower (Dl) limit of fish recordings,  along transect L1 over 24-h period  
estimated in selected 1h time periods for 0.5º units of distance along parallel. Lowest panel 
shows vertical distribution of temperature, salinity and oxygen at the same transect. 
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Fig. 4 Average (1994-2007) autumn distribution of fish,  expressed by upper (Du), centre of 
gravity (Df), and lower (Dl) limit of fish recordings,  along transect F1 over 24-h period  
estimated in selected 1h time periods for 0.25º units of distance along meridian. Lowest 
panel shows vertical distribution of temperature, salinity and oxygen at the same transect. 
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- configuration of fish vertical distribution  is closely correlated to the time 
of the day, 

- three basic configurations  (day, night, and transition period) are 
classified,  

- vertical limits of fish migrations are mostly joint with gradients of the 
environmental factors, 

- each factor has differentiated influence on distribution of fish due to the 
time of the day,  geographical localization and bathymetric conditions. 
 

Vertical migration pattern is different in the Bornholm Deep (15-16ºE), in the 
areas of depth gradients (16-16.5ºE, 18-18.5ºE), Slupsk Furrow (16.5-18 ºE), and 
Gdansk Deep (18.5-19.5º) The most stable phase is observed during the night 
time. The biggest instability of  the fish distribution appears during the sunrise and 
the sunset time periods. 

The second described  transect F1  (along the meridian 16ºE – Fig. 4) illustrates 
the environmental and bathymetric dynamics between the coast and the  middle of 
the  Bornholm Deep, crossing the area from the shallow (20m) to the deeper 
(>80m) water. The  bathymetric profile is  monotonic and the  depth gradient 
approximately constant. The halocline appears below  50m depth. The  oxygen 
level is very low in the same range of depth. 

The observations noted for  the transect L1 are fully valid for the F1 one, but  
interesting fish behaviour reaction  can be observed during the night time in 
deeper water (over 60m depth) between 55-55.5ºN.  Results of catches show 
higher (10%) percentage of cod in this zone. During the night time (02-04h) the 
fish recordings   appear in  demersal zone (60-80m),  not usually in comparison to 
the similar time periods. This phenomenon is quite clearly seen in the Fig. 5, 
which shows detail variability of  volume backscattering strength Sv (t, d) within 
the period analyzed. The migration of fish from near bottom zone (cod 
individuals) towards the subsurface layer constituted of pelagic fish is clearly seen 
(track approximated by line). The fish in pelagic layer responded with  escape  
migrating  towards the surface.  

Increase  of the  temperature of  sea  water joint with the global warming 
strongly influence the  probability of  gas ebullition from bottom sediments. There 
are two basic sources which can substantially  influence on methane production in 
sediments. One source directly is  correlated to the earth climate bias, the  other 
corresponds to the anthropogenic factors as: eutrophisation of the reservoirs by 
intensive agriculture production. In result of the second one increases the 
percentage of biomass of the underwater flora. This process is  negatively 
correlated with the biomass of the fauna, what in a consequence causes very 
significant  decomposition  of the lifeless material. Increase  of the temperature in 
the area of sea bottom accelerates decomposition and decreases  solubility of the 
gases in the same zone. 
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Fig. 5 Average (1994-2007) autumn variability of  volume backscattering strength Sv (t, d) 
distribution of fish,  along transect F1, indicating cod night feeding migration 

3.2   Dynamics of Gas Ebullition 

The most present gas in the bottom sediments is  methane, as the  product of the 
anaerobic degradation of organic matter [3, 20, 21]. Due  to quickly  multiplying  
favorable circumstances the probability of  methane ebullition strongly  increases, 
and the scale  of the  phenomenon can be incomparable to the level of last hundred 
years. Acoustics gives  us  the most effective ways to observe the whole process of 
production and the  ebullition of the methane from the seabed [20]. Due to high 
difference of the  acoustic  impedance of the gas and the water the gas  bubbles are 
easily detected by the echo-sounder. The whole process of expulsion of the gas  
from sediment to the water and rising the bubbles towards the surface can be  
observed  in detail by   sonar. 

The expulsion of the methane from bottom sediments into water, and rising the 
bubbles to the sea surface was observed by the author the first time in 1973 aboard 
RV HYDROMET in the area close to the head of the Hel  Peninsula. The echo-
recording is presented in Fig. 6. The average velocity of the raise of bubbles was 
estimated as 0.22ms-1. The process of bubbling was continuous and was  observed 
during few hours. 

During analyses of the  echograms produced during acoustic survey of pelagic 
fish resources detail observations of the bottom zone was made since 1981. In 
2002 very rare hydrological phenomenon appeared in the southern Baltic. The  
phenomenon was characterized by very high temperature close to the sea bottom 
in higher depth. In the Fig. 7 are shown patterns characterizing temperature in a  
function of depth for one selected station G2(902), being permanently monitored  
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Fig. 6 Ebullition of methane from seabed near  head of Hel Peninsula observed in 1973  by 
ELAC LAZ 17 echo-sounder aboard  RV HYDROMET 

 

Fig. 7 Temperature in a  function of water depth at station G2(902) for autumns 1994-2007 
(RV BALTICA) 

in all RV BALTICA cruises in the autumn. In 2002 the temperature at the bottom 
over 60m depth was 3ºC higher than during the other years. This fact increased the 
chemical processes of anaerobic degradation of the organic matter, giving higher 
probability of the methane ebullition, observed that year at  many echo-recordings 
(Fig. 8.). 

Detail analysis of echograms collected for the period 1994-2007 in relation to 
the possible gas ebullition  showed some  interesting conclusions. In some cases in 
the moment of impact of CTD sensor (Fig. 1) at the bottom strong gas ebullitions 
were appearing  (Fig. 9.B, C, D) – in the other cases no evidence of this fact was 
recorded (Fig. 9.A). It can be considered, that the impact of the CTD sensor 
generates the cloud of the gas ebullition in the area where the sediment is strongly  
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Fig. 8 Significant methane ebullitions observed in autumn 2002 (RV BALTICA) 

 

Fig. 9 Different forms (A, B, C, D) of response in reaction of impact of CTD sampler to sea 
bottom sediment (RV BALTICA) 
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saturated with the gas hydrates. In other cases the impact of the sensor was not 
producing the ebullition. The  phenomenon can be examined in  detail by 
processing the whole package of echoes produced by gas  ebullition cause by the 
CDT sensor impact. Such a  model situation, showing this  phenomenon was 
selected  (Fig. 10) among  many others. The echogram was made in 2004  at the 
station S1 (Fig. 2), situated close to the station G2(902), described before (Fig.7).  

More detail characterization of this area is given in the Table 1, which gives  
average values of acoustic, biologic and hydrologic magnitudes, and their 
confidence intervals, maximum, and minimum values, estimated over the  period 
1994-2007.  

Acoustic data  from the station S1 represent: 

A. values of scattering of 3m layer over the bottom expressed by SA, 

B. average volume scattering within 3m over the bottom, 
C. seabed reflection coefficient calculated with application of multiple echoes 

measurements [14], 
D. value of theta, the parameter characterizing normalized  length of bottom echo 

[19]. 

Biologic data are calculated by conversion of  echoes energy (SA ) integrated over 
the whole water column into biomass surface density of main fish species, 
separated  by sample hauls  results. 

Hydrologic data express average values of temperature, salinity and oxygen 
lavel over a layer 90-100m. 

In Fig.10 the traditional echogram is shown in the  left side (A). Recording 
shows launching the CDT sensor (trace marked), which in the moment of touching 
 

 

Fig. 10 Ebullition of methane at station S1: A – echogram, B – transformed echogram. 
Water density in  function of depth at S1 station area (RV BALTICA, autumn 2004) 
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Fig. 11 Selected series of frames(108)  modeling ebullition of methane at station S1 (RV 
BALTICA, autumn 2004) 

the seabed generated a huge cloud of the  methane. The visualization of the 
methane ebullition constitutes the  main subject of the research. In the first stage 
an acoustic information on ebullition is   filtered according  to the depth and time 
factors. The transformed by this way pattern is  shown at the right  (B) of  Fig. 10. 
The time is counted from the moment of impact of the sensor on the bottom 
(T=0s). The whole period of the ebullition lasted approximately 200s. It must be  
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Table 1 Characteristics of  acoustic, biologic and hydrologic  measurements at station S1 
and comparison to whole southern Baltic area.. 

 
Magnitude, unit 

Average value Conf. int. Minimum Maximum 
 

S1 
South. 
Baltic 

 
S1 

South. 
Baltic 

 
S1 

South. 
Baltic 

 
S1 

South. 
Baltic 

 
Acoustic measurements 

 
SA over 3m 
demersal layer  
in m2 n.mi -2 

3.54 26.94 1.36 1.15 0.62 0.005 9.54 4889 

Sv in 3m demersal 
layer 
in dB re m-1 

-75.6 -66.84 79.7 -80.54 83.1 104.14 71.3 
 

-44.24 

VD – seabed 
reflection coeff.  in 
dB  [14] 

-28.3 -21.25 0.23 1.13 28.8 -28.58 27.4 -11.37 

Θ’/2 –seabed 
parameter  in º [19] 

30.6 23.51 0.80 0.15 29.8 6.93 31.3 46.08 

 
Biologic measurements 

 
Herring biomass 
density in t  n.mi -2 

10.59 21.31 8.07 0.65 0 0 69 1962 

Sprat biomass 
density in  
 t.  n.mi -2 

13.53 19.74 13.1 0.56 0 0 113 766 

Cod biomass 
density in 
 t. n.mi -2 

0.42 1.26 0.28 0.06 0 0 1.72 89 
 

 
Hydrologic measurements 

 
Temperature in 90-
100m layer   in º C 

6.03 5.93 0.24 0.12 3.45 3.44 9.20 10.8 

Salinity in 90-
100m layer  in psu 

11.51 11.59 0.17 0.15 8.47 8.47 12.8 18.56 

Oxygen in 90-
100m layer in ml l-1 

1.39 1.31 0.25 0.12 0 0 3.77 3.81 

 
taken into account, that this  time period corresponds to acoustic observation of 
the  phenomenon at the frequency 38 kHz. Due to Rayleigh  theory the scattering 
of the gas bubbles is strongly correlated with   their diameter and the   frequency  
of the echo-sounder. It means that variation of the bubble diameter during vertical 
migration can strongly modulate its echo at fixed frequencies. This element has to 
be more clearly seen when full animation of the phenomenon is made. 

The series of the ebullition echoes (Fig.10.B) is completed with the vertical 
structure of the water density, calculated on the basis of hydrologic data, measured 
at the same station.  
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This diagram allows to find correlation between the ebullition process and the 
gradients of the environment. Approximation  of boarders of the acoustic field in a  
function of time allowed to extrapolate the gas rising speed. In this case the 
average speed was estimated as 0.24 ms-1, when the lowest was 0.14 ms-1 and the 
highest  - 0.4 ms-1. 

The final product, the visualization, is based on generating series of single 
frames from the file corresponding to the recording in Fig. 10.B, and by enhancing 
the animation with extra frames, interpolated between  the original ones. By this 
method we are able to observe the entire  process of ebullition in  time and space, 
comparing all phases with the environmental structure of the media and analyzing 
the whole process. 

4   Discussion and Conclussios 

The paper presents results of  2 different case studies in which acoustic methods 
enabled to observe dynamics of the phenomena typical for the marine ecosystem. 
The first case was treating on 4D characteristics of fish diel migrations, while the 
second one was concentrated on detail description of the gas ebullition from the 
seabed.  

Application of  acoustic method for evaluation of  4D dynamics of  the fish 
distribution enabled to formulate many new notices, characterizing fish behaviour 
in relation to the basic abiotic  factors  of the ecosystem. The method described 
can significantly enhance previous type of  observations [1, 4, 6, 7, 9, 10, 11, 12, 
13, 19, 22, 23, 24]. The following conclusions has to be made: 

- vertical configuration of the fish is characterized by high diel dynamics, 
- diel dynamics of fish configuration is strongly dependent on such 

environmental factors as: bathymetry, geographical position, vertical and 
horizontal structure of the main hydrologic factors, 

- dynamics is influenced by  factors independently but combination of few 
factors can produce stronger reaction of fish. 

Different formulas of filtering and visualization of acoustic data allow to interpret 
dynamics of fish 4D distribution, producing the information being not possible to 
obtain by other methods. Animations of time-dependent processes, modeled on the 
basis of collected data, can significantly enhance biological observations, giving 
new tool for description of  the marine ecosystem. 

In the second case acoustic information was transformed to find detail 
description of the methane ebullition and to   correlate it with the environment: the 
horizontal and vertical structure of hydrology, biology and geology of the area. 
The  phenomenon of generation of the greenhouse gases is directly connected with 
the climate warming and can accelerate the same process. Evidence and  
recognition of this phenomena becomes more important year by year. Application 
of acoustic tracking the phenomenon and modeling its dynamics was fully 
effective and allowed to formulate the following conclusion: 
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- in the  southern Baltic the probability of methane ebullition is increasing 
mostly in the areas of Gdansk and Bornholm Deeps, where the bottom 
sediments are very muddy and contains more organic material, 

- those zone are characterized by low level of the oxygen and minimal 
water currents, 

- process of ebullition can be  in detail observed by acoustic instruments, 
but the frequency range of transmitters applied has to be well matched to 
the bubbles diameters, 

- the diameter of the methane bubbles decrease during the raising process 
(disappearance at 38 kHz in  determined period after ebullition), 

- diameter of the bubbles is  strongly influenced by environmental 
gradients (maximum was observed at the strongest gradient of the water 
density). 

Taking into consideration the features of the southern Baltic bottom it is  
possible to estimate the area   of potential methane ebullition. In the  Polish EEZ 
such  conditions are satisfied by 17% of the total superficies, what corresponds to 
4.5 thous km2. 

Basic features of the methane ebullition in the Baltic was closely comparable 
with the results obtained in the Lake  Kinneret [20, 21]. 

References 

1. Aoki, I., Inagaki, T.: Acoustic observations of fish schools and scattering layers in a 
Kuroshio warm-core ring and its environs. Fish. Oceanogr. 1(1), 137–142 (1992) 

2. Barnes, R.S.K., Mann, K.H.: Fundamentals of aquatic ecology, pp. 1–270. Blackwell, 
Cambridge (1991) 

3. Boudreau, B.P., et al.: Bubble growth and rise in soft sediments. Geology 33, 517–520 
(2005) 

4. Cardinale, M., Casini, M., Arrhenius, F., Hakansson, N.: Diel spatial distribution and 
feeding activity of herring (Clupea harengus) and sprat (Sprattus sprattus) in the Baltic 
Sea. Aquatic Living Resources 16(3), 283–292 (2003) 

5. Clay, C.S., Medwin, H.: Acoustical Oceanography: Principles and applications, pp. 
122–150. John Wiley & Sons, New York (1977) 

6. Freon, P., Gerlotto, F., Soria, M.: Diel variability of school structure with special 
reference to transition periods. ICES J. Mar. Sci. 53(2), 459–464 (1996) 

7. Gauthier, S., Rose, G.A.: Acoustic observation of diel vertical migration and shoaling 
behaviour in Atlantic redfishes. J. Fish. Biol. 61(5), 1135–1153 (2002) 

8. Helfman, G.S., Colette, B.B., Facey, D.E.: Diversity of fishes, pp. 1–528. Blackwell, 
Oxford (1997) 

9. Holliday, D.V.: Application of advanced acoustic technology in large marine 
ecosystem studies. In: Sherman, K., Alexander, L.M., Gold, B.D. (eds.) Large Marine 
Ecosystems, pp. 301–319. AAAS Press, Washington (1993) 

10. Holliday, D.V., Pieper, R.E.: Bioacoustical oceanography at high frequencies. ICES J. 
Mar. Sci. 52(2), 279–296 (1995) 

11. Kemp, Z., Meaden, G.: Visualization for fisheries management from spatiotemporal 
perspective. ICES J. Mar. Sci. 59(1), 190–202 (2002) 



284 A. Orlowski
 

12. Massé, J., Gerlotto, F.: Introducing nature in fisheries research: the use of underwater 
acoustics for an ecosystem approach of fish population. Aquat. Living Res. 16, 107–
112 (2003) 

13. Nilsson, L.A., Thygessen, U.H., Lundgren, B., Nielsen, B.F., Beyer, J.E.: Vertical 
migration and dispertion of sprat (Sprattus sprattus) and herring (Clupea harengus) 
schools at dusk in the Baltic Sea. Aquatic Living Resources 16(3), 317–324 (2003) 

14. Orlowski, A.: Application of multiple echoes energy measurements for evaluation of 
sea bottom type. Oceanologia 19, 61–78 (1984) 

15. Orlowski, A.: Acoustic methods applied to fish environmental studies in the Baltic 
Sea. Fish. Res. 34(3), 227–237 (1998) 

16. Orlowski, A.: Acoustic studies of spatial gradients in the Baltic: Implication for fish 
distribution. ICES J. Mar. Sci. 56(4), 561–570 (1998) 

17. Orlowski, A.: Diel dynamic of acoustic measurements of Baltic fish. ICES J. Mar. 
Sci. 57(4), 1196–1203 (2000) 

18. Orlowski, A.: Acoustic semi-tomography in studies of the structure and the function of 
the marine ecosystem. ICES J. Mar. Sci. 60(6), 1392–1397 (2003) 

19. Orlowski, A.: Acoustic information applied to 4D environmental studies in the Baltic. 
Oceanologia 48(4), 500–524 (2006) 

20. Ostrovsky, I., McGinnis, D.F., Lapidus, L., Eckert, W.: Quantyifying gas ebbulitio 
with echosounder: the role of methane transport by bublbles an a medium-sized lake. 
Limnology and Oceanography:Methods 6, 105–118 (2008) 

21. Ostrovsky, I.: Methane bubbles in Lake Kinneret: Quantification and spatial 
heterogeneity. Limnol. Oceanogr. 48, 1030–1036 (2003) 

22. Socha, D.G., Watkins, J.L., Brierley, A.S.: A visualization-based postprocessing 
system for analysis of acoustic data. ICES J. Mar. Sci. 53(2), 335–338 (1996) 

23. Szczucka, J.: Acoustically measured diurnal vertical migration of fish and zooplankton 
in the Baltic Sea seasonal variations. Oceanologia 42(1), 5–17 (2000) 

24. Tameshi, H., Shinomiya, H., Aoki, I., Sugimoto, T.: Understanding Japanese sardine 
migrations using acoustic and other aids. ICES J. Mar. Sci. 53(2), 167–171 (1996) 



A Real-Time Monitoring Framework
for Landslide and Rock-Collapse Forecasting

Cesare Alippi, Romolo Camplani, Antonio Marullo, and Manuel Roveri

Politecnico di Milano, Italy
{alippi,camplani,marullo,roveri}@elet.polimi.it

Abstract. Rock collapse an landslides represent harmful natural hazards threatening
human settlements, transport routes and critical infrastructures in mountain regions.
An effective and real-time monitoring action is thus crucial to save human lives by
anticipating events. Here, we suggest a real-time monitoring system characterized
by a system-of-systems approach in which different monitoring subsystems (each
one looking at a different view of the physical phenomenon) coexist within an ho-
mogenous framework providing remote data transmission, interpretation, storage
and analysis. The wireless segment of the suggested system, here proposed within
a rock collapse monitoring application, can be easily extended to address landslides
by simply considering additional ad-hoc sensors such as bore-hole inclinometers
and piezometers. The system has been succesfully deployed on the Italian section
of the Alps.

1 Introduction

Rocks collapse and landslides represent two critical natural hazards in mountain
regions and hills. While these harmful events share the same potentially dangerous
effects on human settlements, transport routes and critical infrastructures, they differ
on the triggering mechanism and the nature of the induced event manifestation.

Rock collapse is related to the presence of fractures within the rock face that,
mainly due to gravitation, the frost-defrost phenomenon and thermal stress, affect
the rock stability causing collapse of part of the structure. Differently, landslides
refer to soil, rock and debris sliding downhill, mainly induced by intense rainfalls
and snow melting which increase the presence of water in fresh lenses. An effective
forecasting action, which is a crucial activity to provide timely alarms, must be able
to deal with such physical phenomena characterized by a significant difference in
the dynamics, the evolution and the prediction performance [1] [2].

S.C. Mukhopadhyay (Ed.): Smart Sensing Technology for Agric. & Environ. Monit., LNEE 146, pp. 285–302.
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Monitoring systems based on traditional sensors (e.g., strain gauges, piezometric
sensors and inclinometers) are precious tools for evaluating the dangerousness of
mountain slopes or rock faces but cannot provide those forerunners requested for a
real time monitoring. Differently, the evaluation of subsurface microscopic activities
within the rock by using accelerometric measurements (with an information content
in band up to 1kHz) allow us for detecting microacoustic bursts emitted during the
enlargement of internal existing cracks. It is also thought, also based on geological
evidence, that such information can be used to built up forecasting mechanisms by
analyzing the frequency shift over time of the burst spectrum.

In previous decades, real time systems for environmental monitoring have been
traditionally designed with wired solutions [3] [4], while only in recent years the
availability of cheaper, low-power and high-bandwidth embedded systems allowed
researchers to consider wireless sensor networks (WSNs).

In this direction, [2] presents a WSN-based monitoring system for the prediction
of landslides. Each WSN unit, which is endowed with a 2-axes strain gauge con-
nected to a Mica2 wireless micro-controller, acquires strain data (sampled every 3
minutes) and forwards them towards the remote control room for subsequent pro-
cessing (a landslide prediction algorithm based on thresholding or statistical hypoth-
esis tests is there considered). The units are organized into a hierarchical network
to improve the robustness of the monitoring system w.r.t. unit faults or topological
changes. Unfortunately, the lack of energy harvesting mechanisms limits the life-
time, and hence, the credibility of the system in real-world deployments. Moreover,
the monitoring action is limited to strain gauges (e.g., neither inclinometers nor
piezometers are considered).

A monitoring system for forecasting volcanic eruptions is presented in [5]. The
sensing units acquire both seismic signals through single-axis and triaxial seis-
mometers and acoustic data through a microphone (sampled at 100Hz). Synchro-
nization is a main issue to localize the emission and, to this purpose, the Flooding
Time Synchronization Protocol has been considered as synchronization algorithm.
No energy harvesting mechanisms have been considered, hence limiting the lifetime
of the system to 19 days.

[6] describes a wireless system for monitoring the seismic activity. Each node
of the network is composed by a down-hole seismographic array and a local gate-
way. The down-hole seismographic array comprises a set of independent sensing
units connected through a RS-485 fieldbus. These sensing units are composed of
a 16bit microprocessor, a three-component MEMS accelerometer (sampling fre-
quency is 50 Hz), a tilt sensor, a magnetometer, and a pore pressure sensor. The
local gateway is a Linux-based PC104 board coordinating the units of the down-
hole seismographic array and providing the remote communication to the control
room by means of a dedicated radio link. The main drawback of this system is the
high power consumption of the sensing units (authors claim to be less then 400mW).
Moreover, the local gateway cannot implement duty-cycling (it must be always on)
since it provides the synchronization to all the units of the down-hole seismographic
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array. In addition, the system guarantees sampling rates up to 250Hz, which make
the system inadequate for rock collapses monitoring.

Here, we suggest a WSN-based monitoring system aiming at supporting the real-
time forecasting of rock collapses and landslides. As presented in Section 2, the
proposed system relies on a novel hybrid architecture able to fully integrate moni-
toring subsystems with different architectures, sensors and physical phenomena un-
der monitoring by providing an homogeneous framework for the local acquisition
and processing, remote transmission, interpretation and storage of data.

The system is composed by two subsystems aiming at monitoring two kinds
of forerunners for rock collapse, i.e., internal cracks inducing microseismic/
microacoustic activity and rock topple due to macroscopic changes of the rock mor-
phology. These two monitoring subsystems are significantly different requiring ad-
hoc sensors, system architecture and diversified technological challenges.

The subsystem for the monitoring of forerunners internal to the rock is endowed
with MEMS accelerometers (and inclinometers) to detect micro-acoustic bursts as-
sociated with the evolution of a fracture. This monitoring action is particularly chal-
lenging and requires high sampling rates (up to 2kHz) to detect microacoustic bursts,
strict synchronism among the acquisition units (at least 1ms) to localize the source
of the emission, ultra low power consumption and lighting protection mechanisms.
As presented in Section 3, these requirements led us to consider an hybrid wireless-
wired architecture in which low-power high-performance signal processing units are
connected to a local coordinator through a field bus. The local coordinator provides
communication, energy and synchronization by means of the fieldbus and remote
wireless communication ability towards the control station by means of a 3G/UMTS
mobile connection.

Differently, the subsystem for the monitoring of rock topples aims at evaluating
both the macroscopic enlargement of fractures and variations in the inclination of
the monitored area by means of high-resolution inclinometers and strain gauges
within a WSN framework. In addition, a pluviometer provides information about
the occurrence and the intensity of rainfalls. This subsystem can be easily extended
to deal with landslides by considering bore-hole inclinometers and piezometers (in
addition to inclinometers and strain gauges). The signals under monitoring exhibit
a low dynamic and, for this reason, a fully wireless architecture (as described in
Section 4) is considered where each sensorial and processing unit acquires, locally
processes and remotely transmits data to the gateway by means of a ZigBee radio.
The gateway then forwards data to the remote control room in an homogeneous
manner by relying on a 3G UMTS/GRPRS modality.

In addition to the data acquisition ability, the proposed system is also capable of
modifying the acquisition modality of sensorial and processing units during their
operational life by means of commands sent directly from the control room. This
challenging ability allows us for adapting the monitoring activity of the proposed
system to track the evolution of the physical phenomenon over time and deal with
changes in the application requirements.
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As testbed for the proposed system we considered the Towers of Rialba, a rock
formation divided by a system of fractures present in north Italy. This rock formation
is interesting since it generates, in its lower part, microacoustic emissions due to
mechanic stress and is subject to rock toppling in its upper part.

This paper is organized as follows. Section 2 describes the overall architecture of
the rock collapse forecasting system. Section 3 details the subsystem for monitoring
microacoustic emissions, while the subsystem for the rock topple is described in
Section 4. Data storage and visualization aspects are presented in Section 5. The
deployment of the proposed system at the Towers of Rialba is finally described in
Section 6.

2 System Overview

Collapses of rock faces are related to presence and propagation of fractures within
the rock which, in turn, affect the stability of the material and induce a subsequent
fall. As we said, two different views can be opened over the rock fall phenomenon
investigating it at microscopic and macroscopic level, respectively.

The microscopic one aims at observing the generation and propagation of pos-
sible microacoustic bursts associated with the enlargement of an existing internal
crack or the formation of a new one of millimetric size (sometimes they are also
called microseismic bursts for the evident affinity with earthquakes). The detection
(and the possible localization) of this micro acoustic/seismic activity requires a very
high sampling rate (up to 2 kHz) and strict synchronism between sensing units (low
as 1 ms). These strict requirements can be satisfied only with a hybrid wired-wireless
architecture.

Differently, the macroscopic one observes macroscopic changes in the morphol-
ogy of the rock shape, such as variations in inclinations, enlargement of fractures
at microscopic level, etc. This monitoring action relies on much slower sampling
rates and a coarse synchronization among the units compared to the microscopic
one, hence making feasible the use of a WSN technology. Both monitoring subsys-
tems are coordinated and managed at the gateway level by means of a system also
providing remote transmission abilities towards the control room.

The rock fall monitoring subsystem of Figure 1 relies on an hybrid architecture
characterized by a set of low-power high frequency sampling sensorial processing
units (SPUs) aiming at detecting and acquiring micro acoustic bursts. These units
are then connected to the gateway, whose duty is to coordinate the SPUs through
a CANBUS. In addition to the communication ability, the fieldbus provides also
power supply (i.e., the gateway is endowed with solar panels and rechargeable bat-
teries) and synchronization mechanisms to the SPUs. This architecture allows us
for satisfying the requirements for rock fall monitoring by centralizing the energy
harvesting mechanisms and relying on the wired transmission medium to guarantee
high transmission bandwidth and synchronism among the units (wired connections
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Fig. 1 The architecture of the proposed monitoring system: a) the subsystem for monitoring rock
topples; b) the subsystem for monitoring microacoustic events.

overcome wireless transmission in terms of both bandwidth and synchronization
ability; at the same time allow us to deploy the gateway in a good place also for
energy harvesting).

Observation of macroscopic forerunners does not require strict requirements
and, thus, a more traditional wireless sensor networks (WSNs)-based architecture
can be considered instead. Each SPU of the WSN acts as an independent acquisi-
tion, processing and transmission unit which communicates with a ZigBee proto-
col. To detect slope variations and fracture enlargements these units are endowed
with high-resolution inclinometers and strain gauges (in addition to more tradi-
tional sensors such as pluviometers and bore-hole and environmental temperature
sensor).

Both gateways of the microscopic and the macroscopic observation subsystems
exploit an UMTS/GPRS connectivity onto wich a TCP/IP protocol is mounted.

Commands can be sent back to the deployment which, once parsed, are dis-
tributed to the target units and change the parameterized behavior of SPUs and
gateways. This functionality represents a challenging and important feature since
it allows to modify and adapt the sensing ability of the system in real time during its
operational life without requiring an in-situ presence of technicians.
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3 Monitoring Microacoustic Events

Detecting micro-acoustic bursts within rock formation thought MEMS accelerom-
eters requires high sampling rates and s strict synchronism among the acquisition
units if event localization is requested. To achieve this goal the monitoring sub-
system relies on an hybrid wireless-wired architecture in which low-power high-
performance SPUs are connected to the gateway by means of a CANBUS field bus.
The SPUs must be always active to detect microacoustic bursts (and for this rea-
son they must be ultra-low power consuming units), while the gateway can undergo
duty-cycling. This architecture allows us for centralizing the communication, the
units synchronization and the energy supply at the gateway, hence simplifying the
design and reducing the complexity of SPUs.

The gateway

The gateway is composed by three main modules (see Figure 2): the main board,
the local radio module and the energy harvesting circuitry.

The main board is an industrial PC104 computer, equipped with an ARM9
microprocessor running at 200MHz with 64MB of DRAM memory. It exploits a
flash-based SD card to store the Linux operating system together with programs
and start-up scripts. Temporary data (i.e., those collected from SPUs) are instead
stored in an external USB flash stick. The main board is also endowed with an ex-
ternal battery-powered real time clock (RTC) that, together with the Network Time
Protocol (NTP) client, allows the synchronization of the gateway with the control
room. Moreover, the main board communicates through the CAN port with SPUs to
transmit and receive data, parameters and synchronization information.

Energy harvesting relies on solar panels with an ad-hoc circuitry optimized to ex-
tract the available energy by means of a maximum power point tracker (MPPT) so-
lution [7]. The total number of solar panels (and, thus, the number of MPPT boards)
depends on the energy requirements of the system (e.g., total number of SPUs, gate-
way duty-cycle, etc.). As described in Section 6, in the considered deployment the
gateway is endowed with two 20W solar panels and two MPPT boards.

The application software running on the gateway consists in a script which is
periodically executed. In each period, after an initial boot phase, the gateway gathers
the data from the SPUs and sends them to the control room. Then, it verifies whether
there are parameters to be updated on either the gateway or the SPUs coming from
the control room or not. Afterwards, it goes into a deep-sleep mode (to save energy)
waiting to be waked up when the due time comes.

The sensorial and Processing Unit

SPUs must always be kept active to check for the asynchronous manifestation of
events and are composed by three main modules: an ultra-low power digital signal
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Fig. 2 A particular of the gateway: a) the CAN port; b) the shut-down/wake-up board; c) the main
board.

processor (DSP), the analog signal conditioning board and the CAN transceiver. The
sensorial platform is composed by a tri-axial MEMS accelerometer and inclinometer
to detect micro-acoustic emissions and changes in the rock inclination, respectively.
All these sensors are sampled at 2kHz by means of the integrated 12bit analog to
digital converter (ADC) of the DSP.

Since a direct transmission of the measurements to the remote control room is
unfeasible due to the high sampling rate, the aim of the DSP (which is here used
also as micro-controller) is to process in a real-time sensor data to detect and ex-
tract micro-acoustic bursts. To keep under control the power consumption, an ultra-
low power high performance DSP, the Microchip DSPic33F (running at 30MHz),
has been considered. The DSP carries out the digital filtering operations needed to
identify the presence of events based on the energy of the incoming accelerometric



292 C. Alippi et al.

signal: when an event is detected it is isolated and locally stored in a suitable event
buffer.

The analog signal conditioning board provides the signal conditioning circuits
for the envisaged sensors. The amplification gains of these circuits can be modified
during the operational life of the system (hence modifying the sensing behavior of
the SPUs) through commands sent from the control room.

The SPUs rely on a CAN transceiver to communicate data and get new parame-
ters to/from the gateway. Though several transport layers for the CANbus have been
presented in the literature (e.g., CANOpen [8]), we considered the ad-hoc transport
layer presented in [1], since traditional approaches have been developed for indus-
trial scenarios where energy is not an issue and duty cycling not needed.

The application running on the SPUs relies on an initial filtering phase applied to
acquired data (to reduce noise) and the subsequent execution of the event detection
algorithm presented in [9], which compares the moving averages of the squared
signal computed on two different-sized sliding windows aiming at representing the
energy of the signal and that of the noise, respectively. The detected events are stored
in the memory of the SPU together with the data sampled from the inclinometer (3
values), the temperature sensor and their timestamps and are ready to be transmitted
to the gateway through the CANBUS.

As stated above, the synchronization among the SPUs is a strict requirement for
the localization of micro-acoustic bursts. To achieve this goal, we adopted two levels
of synchronization: global and local. The global synchronization allows all SPUs to
become synchronized with the gateway clock (absolute time), while local synchro-
nization relies on one SPU acting as master of the synchronization phase to keep all
the SPUs synchronized even if the gateway is switched off for duty-cycling (to re-
duce energy consumption). Both these levels exploit the synchronization algorithm
presented in [10] and we experimentally verified that the proposed method allowed
us to achieve synchronization among the units with a maximum discrepancy of 500
microseconds.

4 Monitoring Rock Topple

The subsystem designed to monitor macroscopic forerunners associated with a rock
topple (or rock collapse) mounts traditional sensors such those investigating the
possible enlargement of existing rock fractures and variation in the inclination with
high resolution strain gauges and inclinometers (24 bits), respectively. Differently
from the microacustic detection subsystem, the macroscopic one is characterized
by signals with a low bandwidth (sampling frequencies are below the Hertz), hence
making viable a fully wireless architecture based on the WSN technology. Here,
SPUs acquire measurements, locally process data and remotely transmit them to the
gateway by means of a ZigBee radio module.
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Fig. 3 The block diagram of the wireless SPU

Wireless SPU

A block diagram of the wireless SPU is shown in Figure 3. Each SPU is endowed
with a 32 micro-controller, a ZigBee radio module, a sensor board and an energy
harvesting board. The sensors platform of each SPU is endowed with the following
sensors:

• Inclinometer,
• Wired strain gauge,
• Thermometer (in hole),
• Thermometer bounded to the inclinometer,
• Piezometer (for landslides),
• Thermometer bounded to the piezometer (for landslides), and
• Pluviometer.

In particular, differently from the companion subsystem, each wireless SPU relies
here on the 32-bit STM32F103 processor featuring an ARM Cortex M3 core, 64Kb
of DRAM memory, 512 KB of flash memory and several integrated peripherals
(e.g., a CANBUS controller, two SPI interfaces and a 12 bits ADC).

The ZigBee radio module is a Jennic JN5148 module.
The sensor board comprises both the 24-bit analog-to-digital converters for the

envisaged sensors and the signal conditioning electronics.
The energy harvesting board is composed by a 12V battery pack, a 10W solar

power cell and a regulator circuit designed to guarantee an efficient charge of the
battery. The voltage status of the battery is acquired by the internal 12 bits ADC of
the micro-controller.

Both the ZigBee radio module and the sensor board are connected to the micro-
controller by means of an SPI bus. Through the GPIO lines the micro-controller
manages the mosfet power transistors that act as switches by supplying or disabling
the energy to the sensor board and the Zigbee radio module. In this way, the micro-
controller can power on or off, when necessary, the sensor board and the radio mod-
ule to reduce power consumption.
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An efficient duty-cycle mechanism has been considered for the micro-controller
to reduce the power consumption by entering into the deep sleep status whenever
possible. The application running on the wireless SPU can be summarized as fol-
lows. The micro-controller wakes up periodically and supplies energy to the sensor
board, waits for 500 ms to give time to the peripherals to warm up and acquires data
from the ADC of the sensor board. Afterwards, the micro-controller shuts-down the
sensor board, supplies energy to the radio module, waits for the connection with
the ZigBee network to be operative and transmits acquired data (together with their
timestamps) to the gateway. Then, it enters into the receiving modality for a certain
amount of time waiting for new parameters or synchronization information from the
gateway. Then, the micro-controller shuts down the radio module and enters into the
deep sleep status mode.

To reduce the time (and hence the power consumption) a wireless SPU must wait
to access a ZigBee network, the micro-controller stores the ZigBee radio stack in the
flash memory before entering the deep sleep mode (so as to avoid an unnecessary
registration of the SPU to the ZigBee network each time the ZigBee module is newly
switched on).

The gateway

The gateway, whose block diagram is shown in Figure 4, provides the connections
between the SPUs and the control room.

Similarly to the wireless SPUs (with which the gateway shares part of the archi-
tecture) the gateway comprises the Zigbee module (to communicate with the wire-
less SPUs), the 32-bit STM32F103 micro-controller (to coordinate the activities of
the gateway) and the sensors (to acquire measurements from the environment) but,
in addition, it is endowed with the industrial PC104 computer, equipped with an
ARM9 running at 200MHz with 64MB DRAM and a UMTS modem.

The micro-controller is connected to the PC104 through a CANbus (the transmis-
sion layer described in Section 3 is considered). The ZigBee radio module, acting
like a ZigBee coordinator node, is always powered on to satisfy the requirements
of the ZigBee standards. On the contrary, both the micro-controller and the PC104
enter into a deep-sleep mode whenever possible to save energy. When the ZigBee
radio module receives a message, it activates the micro-controller through interrupt
mechanisms and forwards the data. Periodically, the micro-controller switches the
PC104 board on and sends the received data. Afterwards, it activates the UMTS
modem to remotely transmit gathered data to the control room and verify whether
there are incoming messages or not. Finally, the UMTS modem is switched off by
the PC104 that, in turn, is switched off by the micro-controller to undergo duty
cycling.

The need to keep always active the ZigBee module and the periodical use of the
PC104 and the UMTS modem requires a significant energy. We dimensioned for the
gateway two 20W solar panels providing energy to two lead-acid 12V batteries.
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ZigBee routers

The deployment area (Figure 5) is limited in space by the distance between the SPUs
and the gateway with a star communication modality which can be estimated, due to
the strong presence of vegetation in 100m. Mesh solutions would solve the problem
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with the introduction of ZigBee Routers. These units can be simply deployed in the
subsystem by modifying the settings of the radio stack of the ZigBee radio module.

5 The Control Room

The control room, whose aim is to gather data from the gateways of the monitoring
subsystems, is composed by two software modules addressing the middleware and
the web application aspects. The middleware integrates and stores data coming from
both subsystems in a database (DB) and the web application allows remote clients
to access data through the Internet. The DB is a multi-thread, multi-user MySQL
Server 5.1 running on a Linux machine (Ubuntu 9.10 version).

We adopted PerLa [11], a Java-based, general purpose middleware for pervasive
system, which has been partially developed by our group. The received data streams
are de-serialized by PerLa (by relying on the specific data format of nodes), trans-
formed into data records and then stored into the DB. The distinctive feature of
PerLa w.r.t. other solutions (e.g., [12, 13]) is the support for heterogeneous devices
and sensors, which is a must for complex pervasive monitoring systems, by provid-
ing a software abstraction layer able to retrieve and manage data in a homogeneous
manner. Heterogeneity is a strict requirement also in our monitoring system since
it exploits heterogeneous devices equipped with different sensors and, in addition,
the network nodes rely on different communication technologies, data format and
parameters (which are customized for each device). Another challenging feature of
PerLa, which justifies its use in our monitoring system, is the supports for custom
commands sent from the control room to the nodes to remotely modify the func-
tional parameters (so as to change the application behavior of the units) at run-time.

Fig. 6 The SensorWeb application
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The web application developed by our research group for the remote visualization
of acquired data is called SensorWeb. It is based on Apache Tomcat, the standard
JSP-based web server, and allows the authorized users to access the data stored in
the DB through a standard web browser. SensorWeb allows users for visualizing
stored data in the form of graphs, time series and plots by selecting the desired set
of sensors and the timescale. In addition it is possible to download data in standard
format for further processing (e.g., with MATLAB). An example of SensorWeb
session is presented in Figure 6.

6 Deployment

As a relevant testbed for the proposed monitoring system we considered the rock
formation named Towers of Rialba (Lecco, northern Italy) which critically insists
on the main infrastructures (speedway, railway, gas and electric distribution infras-
tructures) connecting Lecco and Sondrio provinces in North Italy. The Towers of
Rialba rock formation, which is a rock tower-like limestone complex divided by a
system of fractures (composing a column like type of structure), represents a partic-
ularly interesting testbed for the proposed monitoring system since it suffers from

Fig. 7 The Towers of Rialba and the deployment areas of both subsystems: a) deployment area of
the rock topple monitoring subsystem; b) deployment area of the subsystem for the monitoring of
microacoustic events.
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the rock toppling risk. This means that a fracturing phenomenon at the basis of the
Towers of Rialba could cause a forward rotation of the tower, letting it fall on the un-
derneath critical area with disastrous consequences for the involved infrastructures
and causing causalities.

To anticipate such a risk, we designed a joint monitoring system at both the mi-
croscopic (internal cracks inducing micro-seismic activity) and at the macroscopic
level (rock toppling changing the rock morphology). The monitoring subsystem for
the detection of microacoustic events described in Section 3 has been deployed at
the basis of the Towers of Rialba, while the monitoring subsystem for rock topples
presented in Section 4 has been deployed in its upper part. A wide and detailed
phenomenological analysis of the rock formation, performed with the help of a geo-
logical team, has been a fundamental step to identify both the deployment areas and
the position of each unit so as to maximize the information content coming from
the monitored area. Figure 7 shows the Towers of Rialba and the deployment areas
of both subsystems. The control room is located at Campus Point, Politecnico di
Milano Laboratories, Lecco, Italy.

Fig. 8 The measurements of the inclinometers (axis X, Y and Z) at node 1 between August 2011
and September 2011 of the monitoring subsystem at the basis of the Towers of Rialba. Data are raw
(not thermically compensated): we can appreciate the night-day effect associated with the thermal
influence. However, a change in the inclination can be seen.
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The lower system, deployed in July 2010, is composed by a gateway and three
SPUs. All SPUs are endowed with MEMS accelerometers (sampled at 2kHz) and
inclinometers (sampled every 5 minutes). The gateway gathers the measurements
from the SPUs every 5 minutes, while the remote connection with the control room
to forward acquired data is established every hour. We want to emphasize the fact that
this subsystem was able to manage an hardware fault occurred in one MPPT board
of the gateway that made one solar panel unserviceable. In fact, Our conservative
design allowed the subsystem to work properly even with just a solar panel. Figure
8 shows the measurements of the inclinometers at node 1 between August 2011 and
September 2011, while Figure 9 presents a micro-acoustic burst detected by an unit.

The upper subsystem, deployed in July 2011, is composed by a gateway and
three wireless SPUs. All the wireless SPUs have been endowed with high preci-
sion inclinometers, strain gauge and temperature sensors. Differently, the gateway
has been equipped with a pluviometer. All the wireless SPUs acquire the measure-
ments every 20 minutes and transmits them to the gateway which forwards received
measurements (together with the data acquired from the pluviometer) to the con-
trol room. Of course, it is possible to increase the frequency of the transmission
by simply modifying the related parameter in the application software (running on
the gateway) by means of a command sent from the control room. Figure 10 shows
the measurements of the strain gauges of all the node of the subsystem, while the
external temperature measurements are presented in Figure 11.

Fig. 9 A detected event by the monitoring subsystem for the detection of microacoustic burst de-
ployed at the basis of the Towers of Rialba. The event here selected for an axis of the accelerometer,
resemble the signal of an earthquake, from which the microseismic emissions come.
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Fig. 10 The measurements of the strain gauges for the upper system between August 2011 and
September 2011.Data are raw and not compensated from the thermal point of view.
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Fig. 11 The external temperature measurements of the upper subsystem between August 2011
and September 2011. We can appreciate the variations in the measurements associated with the
night-day effect.
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7 Conclusions

The need to forecast rock collapses and landslides is a crucial activity to reduce
the effects of these natural hazards on human settlements, transport routes and crit-
ical infrastructures. Here, we suggest a WSN-based real-time monitoring system
for the forecasting of rock collapses (but the proposed system can be easily ex-
tended to monitor landslides by simply considering additional sensors as bore-hole
inclinometers and piezometers) . The proposed monitoring system relies on a novel
hybrid architecture in which monitoring subsystems with different sensors, archi-
tectures and physical phenomena under monitoring coexist and cooperate to provide
different views of the same physical phenomenon. Here we designed a subsystem
for the detection of microacoustic bursts at the microscopic level and subsystem for
the monitoring of rock topples at the macroscopic level. As a relevant testbed we
considered the monitoring of the Towers of Rialba (Lecco, north Italy), a tower-like
limestone rock complex that suffers from the rock toppling risk, threatening impor-
tant local infrastructures such as speedway, railways, gas and electric distribution
infrastructures.
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Abstract. This chapter focuses on how to monitor marine spills using powerful
tools such as remote sensing and Geographic Information Systems (GIS). On the
one hand, remote sensing has been widely used as one of the main ways to periodi-
cally monitor large areas, as it allows to obtain data under poor weather conditions
and in spite of darkness. We particularly center upon a sensor called “Advanced
Synthetic Aperture Radar” (ASAR), which is part of the Envisat payload. On the
other hand, GIS have emerged in recent years as a set of standards for data organi-
zation and representation that allow the management of geographic data. We provide
a detailed description of the design and implementation of a tool that provides an
integrated framework for the detection and localization of marine spills using re-
mote sensing, GIS, and cloud computing. Cloud computing is used because of the
enormous amount of data to be processed and the need of communication between
users.

1 Introduction and Overview

Along with deforestation and climate change, marine pollution is one of the ma-
jor environmental problems of our era. In most countries however, the population,
governments, and international organizations are simply ignoring the serious envi-
ronmental damage that oceans are suffering and the catastrophic consequences this
may entail in the future. Today we can observe ocean pollution in the shape of mas-
sive plastic stains (the Pacific stain, for instance, is currently twice the size of the
United States of America). It is also the result of accidents with oil tankers, such as
the 2002 sinking of the Prestige [1] along the Galician coast (Spain), which caused
tremendous environmental damage. Finally, many ships empty their tanks in the sea
to reduce costs and hereby cause even more pollution than through the occasional
accidents.

S.C. Mukhopadhyay (Ed.): Smart Sensing Technology for Agric. & Environ. Monit., LNEE 146, pp. 303–321.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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When faced with environmental problems, we can respond with two types of
action: prevention or cleanup. In the case of marine pollution, cleanup is quite dif-
ficult and expensive, and forces should be joined to prevent spills, from whichever
source they may emerge (ships, factories, etc.). To do this, we need international
collaboration in creating the correct legislation to punish deliberate discharges and
increase public awareness, but it is also necessary to overcome the technical obsta-
cles involved in marine monitoring. Among such obstacles are mainly the size of
the areas to be covered, the weather conditions, and the reduced visibility during
nighttime. The best devices that are currently available for marine monitoring are
radar sensors, which capture the scatter of microwaves of a determined surface and
are optimal for capturing the roughness of the sea surface regardless of the weather
and light conditions. This scatter can be used to distinguish the normal sea back-
ground, which will show high values of backscatter, from “anomalous” entities such
as ships, algae formations or pollutant discharges, which have lower backscatter val-
ues. Section 2 summarizes the different types of sensors used for marine sensing and
their configurations.

There are many applications of sensors in ocean monitoring, such as for instance
ice sheet monitoring or fishing, but this case study focuses on the monitoring of
oil spills by means of Remote Sensing. Since 1994, a Norwegian service called
KSAT [11] has been manually analysing satellite images in order to detect oil slicks
that consist of potentially illegal discharges from ships near the Norwegian coast.
These oil slicks appear in the radar images as dark spots and they can be identified
by visual inspection. As was demonstrated in [5], an automatic approach to radar
data analysis is preferable because of the tremendous volume of data to manage.
Researchers have therefore been developing several methods and algorithms for the
automatic analysis of large sea areas, with the aim of detecting the dark spots in
the images and classify them as oil spills or look-alikes. In section 3, various dark
spot detection algorithms are presented and some of the classification techniques
reviewed.

In her paper, Brekke [5] reported that it is quite difficult to compare the different
approaches towards oil spill detection because of the heterogeneity of the images
that are used for testing and the objectives they aim to achieve. The goal of this
chapter is to show how to create tools that provide an integrated environment for
the development and comparison of those algorithms. We will also show how such
tools can provide other features such as the following:

• Cloud perspective: all information will be stored in a single database, and it can
be easily accessed (for authorized users) on the Internet.

• User interaction: users can comment the radar images and share processing tech-
niques between them.

• High Performance Computation (HPC): behind the cloud, powerful machines
can perform the operations with lower cost and improved efficiency.

• Geolocation: the radar scenes will be located in accurate maps, as all interest-
ing objects in the scenes can be geo-referenced. Calculations of distances, areas,
perimeters etc. could be done.
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Section 4 illustrates the development of a cloud computing tool for marine monitor-
ing. It is a case study that exposes and analyses the oil spill detection problem.

The term Geo-referencing refers to the process of relating an object (an image or
an image portion) with its correspondent terrestrial coordinates (latitude,longitude)
so that the features of the radar images can be situated spatially in a map. This
implies that several geometric properties can be measured. In recent years, popu-
lar databases have incorporated spatial features in their functionalities and there-
fore geographical information can be stored and managed easier. A set of standards
emerged to manage this type of data, which specify a set of layers in the process
of spatial representation and map serving (see [16]). In section 5, the process of
linking features extracted from the oil spill detection problem with geographical
information will be explained and demonstrated.

2 Ocean Sensing Technologies

Ocean surveillance has traditionally been accomplished by aircraft and coastguard
forces. Their work however is limited by the monitoring costs of large areas, for
which spacecrafts provide a more cost-effective solution. Regarding the type of sen-
sors used in ocean monitoring, microwaves are preferred to optical sensors, as they
can provide data under all weather and brightness conditions. These type of sen-
sors are called Synthetic Aperture Radars (SAR) and can operate in several bands
of frequency. The scattering properties of the materials vary according to the radar
angle of incidence and the radar polarization, so they have to be tuned for each
application. The results from SAR sensing are distributed as a set of scenes of
X*Y pixels in grayscale, where the intensity of each pixel represents the averaged
coefficient of backscattering of the surface covered by the pixel. The amount of
oceanic surface covered by each pixel depends on the radar resolution, which is
different for each device. A device can have several configurations of resolution.
Normally, the higher the resolution of the radar, the smaller the area covered by the
scene.

There currently exist several SAR sensors equipped on a set of satellites in orbit:
we can cite the ESA’s ERS-1 and ERS-2, the CSA’s RADARSAT-1, and the modern
ASAR device equipped in the ESA’s Envisat. In table 1, the main properties of these
SAR sensors are shown. It is crucial to correctly choose the polarization mode,
resolution, coverage, and incidence angle for each application. For example, in oil
spill detection it is advisable to opt for a low incidence angle (as radar is more
sensible to sea waves), VV polarization (again the backscattering of the waves is
highlighted), and wide swath coverage (to cover extent areas, since oil spills do
not require high resolution). See [8] for further information about SAR sensors and
their different configurations. In section 3, the oil spill detection case study will be
described as one example of the use of ASAR images.
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Table 1 Main SAR remote sensors

Sensor Mode Resolution(m) Swath width(km) Incidence Angle Polarization

ERS-2 PRI 30*26,3 100 20-26 VV
RADARSAT SCN 30*30 300 20-46 HH
RADARSAT SCW 100*100 450-500 20-46 HH
ENVISAT Image Mode 30*30 100 15-45(7 swaths) HH,VV,VH,HV
ENVISAT Wide Swath 150*150 400 16-44 HH,VV,VH,HV

3 Case of Study: Oil Spill Detection

The oil spill detection problem is well-known as it was reported by several authors
like Brekke et al. [5] and Solberg et al. [3]. The aim is to isolate those dark spots
which are candidates to be oil slicks and after that analyse those slicks to determine
which of them are real spills and which are look-alikes.With the term look-alike we
refer to false positives produced by natural phenomena like algae, low-wind zones,
rain cells, etc.

SAR images are affected by an specific type of multiplicative noise called
Speckle noise. It is caused by coherent processing of backscattered signals from
multiple distributed targets. In oceanography, speckle noise is caused by signals
from elementary scatterers, the gravity-capillary ripples, and manifests as a pedestal
image, beneath the image of the sea waves. Several different methods are used to
eliminate speckle noise, using both mathematical models and filters. Among them
one of the most interesting is the Lee filter [17], which potentially convert the multi-
plicative noise into an additive one. Apart from filtering this noise, the preprocessing
phase implies other image correction processes such as calibrations or regions of in-
terest (ROI) selection.

After selecting a method, we apply segmentation to divide an image into the
parts or objects that shape it. Segmentation algorithms are usually based on two
properties of the grey levels of an image: discontinuity and similitude. The elements
to be detected are oil spills, and the algorithms that were developed to detected are
the subject of this section.

Even though we implemented several algorithms, we mainly focus on the three
algorithms that provided the best results. Two of them are based on clustering tech-
niques (FCM and SKFCM), FCM being combined with the wavelet transform, and
the third algorithm is based on the use of local thresholds [25].

3.1 FCM-Wavelets

This algorithm starts by applying a wavelet transform to the image, followed by a
clustering algorithm [21]: textures are detected by the wavelet transform and gath-
ered by the FCM clustering algorithm. The wavelet transform decomposes the orig-
inal image into four channels. The first channel is called approximation channel and
consists in a low frequency representation of the image. The other three channels are
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called detail channels and represent the information in the image in the horizontal,
vertical, and diagonal direction. During the obtention of the channels a subsampling
stage is applied (reduction of the sampling ratio) that reduces the number of channel
pixels and avoids redundant information.

The wavelet transform is typically used in a range of image processing tasks, such
as enhancement, compression, and segmentation. In this case, the mother wavelet
that provided the best results was that of the Daubechies wavelet family [7].

In the other hand, the Fuzzy C-Means algorithm is based on the well-known K-
Means [14] clustering method. It changes the restriction ui j ∈ {0,1} for ui j ∈ [0,1]
, where ui j represents the degree to which the data vector xi j belongs to cluster i
.When the data are ambiguous and the limits between clusters are not clearly de-
fined, the use of membership degrees is more realistic than the method used by the
K-Means algorithm.

One advantage of the Fuzzy C-Means algorithm is that when a pixel is affected
by noise, the segmentation is affected only in a fractional amount, whereas in
hard algorithms, such as the K-Means algorithm, the entire classification may be
affected.

We start by applying the wavelet transforms to the image and selecting, among
all the output images, the image with the largest variance. Then, for each pixel of
the original image a vector is generated whose components represent the average
energy in the pixel’s environment. This vector serves as an input for the FCM clus-
tering algorithm. This step provides us with a steady number of clusters, and each
vector is associated to a cluster. Since each cluster represents the texture of the en-
vironment of the cluster pixels, we can obtain the segmented image by associating
each pixel to the corresponding cluster. The basic idea consists in obtaining for each
pixel a vector that represents a texture of the environment of that pixel, taking into
account different scales and spatial orientations, and subsequently classifying these
vectors.

3.2 SKFCM

The Kernelized Fuzzy C-Means (KFCM) algorithm is based on the FCM algorithm,
but, in this case, a metric distance, based on a kernel is used [29].

Considering a Gaussian kernel: K(x,x) = 1 is executed, the objective function
can be expressed as follows:

Jm = 2
c

∑
i=1

N

∑
k=1

um
ik(1−K(xk,vi)) (1)

In [29], the KFCM algorithm with a Gaussian Radial Basis kernel is shown to be a
robust simulator.

The SKFCM algorithm is based on the addition of spatial restrictions to the ob-
jective function of KFCM algorithm. A penalization term includes spatial neighbor-
hood information that may be of interest in noise-affected images.
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The objective function of the SKFCM algorithm is as showed in Eq. 2 , where Nk

represents the set of neighbors that exist in a window around xk (without including
xk), and Nr is the cardinality of Nk.

Jm = 2
c

∑
i=1

N

∑
k=1

um
ik(1−K(xk,vi))+

α
NR ∑c

i=1 ∑N
k=1 um

ik ∑r∈Nk
(1− uir)m

(2)

Parameter α controls the effect of the penalization term,and must comply with the
following: 0 ≤ α ≤ 1.

The relative importance of the penalization term is inversely proportional to the
signal-noise relationship of the data. A low value of the signal-noise relationship
requires a large value of α , and vice versa.

The penalization term is minimized when the pixels with a large membership
degree for a given cluster have neighboring pixels that also have high values for that
cluster.

The steps of the SKFCM algorithm are the same as those of the KFCM algorithm,
except for the calculation of the memberships, which is described in Eq. 3

uik =
(1−K(xk,vi)+

α
NR

∑r∈Nk
(1− uir)

m)
−1

m−1

∑c
j=1(1−K(xk,vi)+

α
NR

∑r∈Nk
(1− u jr)m)

−1
m−1

(3)

3.3 Local Threshold

Like any image segmentation technique based on thresholds, this algorithm uses
the intensity values of the image pixels, but unlike the basic techniques, the local
threshold partly uses information from the pixel environment, i.e. it segments while
taking into account a small amount of spatial information.

The algorithm consists in applying a steady threshold to each pixel so as to de-
termine to which class it belongs. However, this threshold is not considered individ-
ually but in relation to the average value of the neighboring pixels, as is shown as
follows. A pixel is considered to belong to class c under the following condition:

Xk < μk −Tc, (4)

where Tc is the threshold associated to class c, and μk represents the average value
of the pixels that exist in given window around Xk (including Xk itself).

The image can be divided into these windows with a fixed size, so that their av-
erage value can be calculated once without having to calculate it for each window
pixel, reducing hereby the computational cost of the algorithm. This algorithm al-
lows us to divide the images into more than two classes by simply defining a superior
or inferior threshold for each class.

Clustering algorithms provide good results in detecting large oil spills but fail in
detecting the smaller ones. Also, and in spite of this, the local threshold algorithm
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was proven to be very efficient in detecting small fuel spots commonly known as
bilge spills, but not so efficient for larger spots, because it considers a limited neigh-
borhood. Finally, in order to improve the results obtained until now, and considering
the fact that the SKFCM algorithm yields the best results for large spills detection
and the local threshold algorithm is best for detecting bilge spills, we propose the
application of both algorithms to one and the same image. The combination of SK-
FCM + Local Threshold actually results in the best segmentations, as can be seen in
the following section.

3.4 Comparing Results

The results that are exposed here are based on the use of a series of masks associ-
ated to test images that identified confirmed oil spills and expert opinions on SAR
images. Each mask has the same size as the original image it refers to, but its pixel
intensity values lie between 0 and 255 (gray scale) and it contains the following
three classes:

• Low fuel probability: marine areas without oil spills (value: 0).
• Average fuel probability: areas where oil spills may exist, where the edges of the

spot are blurry (value: 128).
• High fuel probability: areas that are clearly identified as hydrocarburates

(value:255).

We opted for a classification with three probability levels in order to treat this sub-
jectivity; more classes would reduce the precision of the tests.

The evaluation is carried out with a confusion matrix of size 2 x 2. In these
matrices, the rows indicate the label of the algorithm and the columns indicate the
labels of the masks. This result evaluation method is based on empirical discrepancy
and was already applied by [30]; it uses masks or reference images to indicate an
ideal result and determines how closely the algorithms approach this ideal during
segmentation.

We can observe, in table 2 and in figures 1, 2, that all the algorithms are very
likely to correctly label the pixels that are not fuel. For the fuel class, the results are
not so uniform:

Table 2 Confusion matrices of segmentation methods. A: FCM-Wavelets, B: Local Threshold, C:
SKFCM, D: SKFCM+Local threshold

No Oil Oil No Oil Oil No Oil Oil No Oil Oil
No Oil 0.934 0.258 0.983 0.378 0.992 0.239 0.984 0.140

Oil 0.065 0.741 0.017 0.621 0.008 0.761 0.016 0.860
A B C D
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Fig. 1 True positives versus false positives chart of the segmentation algorithms

Fig. 2 True negatives versus false negatives chart of the segmentation algorithms

• In the case of the Local Threshold we find a probability of 0.621, which can be
considered low. This is due to the fact that this algorithm performs good segmen-
tation for small spots, but produces false negatives in the case of large spots.

• The other algorithms generally show high detection probability in the case of
real fuel: between 0.741 (FCM-Wavelets) and 0.860 (combined algorithm SK-
FCM+Local Threshold). The combined algorithm provides the best results be-
cause the Local Threshold algorithm is very good at detecting smaller spots, and
the combination with SKFCM makes it possible to detect large spots that other-
wise would have been seen as homogeneous.

4 Cloud Computing Tools for Ocean Monitoring

The previous sections have explained ocean sensing by means of SAR and its appli-
cations. This section elaborates on the design and development of tools to manage
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SAR information in several ways. Even though we focus on the Envisat ASAR sen-
sor and the already mentioned spill detection case study, the concepts explained here
and in section 5 are applicable to most sensors and sensor applications.

4.1 Tools for ASAR Data Management

Apart from commercial and propietary tools, ESA provides a set of free tools that
are useful to visualize, manage, and analyse ASAR data:

• EnviView: EnviView is a simple tool that offers a first look at ASAR data files,
performs basic image visualization and geographic representation, and exports
image data to HDF, ASCII, or binary files. It runs on Unix,Windows, and MacOS.

• Basic Envisat SAR Toolbox (BEST): BEST is a collection of executable soft-
ware tools designed to facilitate the use of ESA SAR data. These tools provide
functions such as data export to TIFF and GEOTIFF formats, calibration, statis-
tical calculations, etc.

• Next ESA SAR Toolbox (NEST): NEST is a Java multiplatform application
that covers all the functionalities of BEST but it includes an integrated viewer,
orthorectification, and mosaicking of SAR images. Besides it allows tiling of
images and batch processing for facilitate computation. It is still in development
under GNU GPL License and is incorporating more and more functionalities
each release. Users can use it both as standalone application and as an API to be
integrated in other Software packages.

These powerful software tools help to analyse ASAR data, but they nevertheless
remain desktop applications with limited features. ASAR images in Wide Swath
Mode are very large 6000*6000 pixels images that one single computer may have
problems processing. The Cloud can help researchers make their operation quick

Fig. 3 SAR original image and result of processing it with the SKFCM+Local Threshold algo-
rithm.
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and reliable and share information across the Internet. The next section explains
how a cloud tool for oil spill detection with ASAR data was built.

4.2 Cloud Tool for Oil Spill Detection

Galicia is a region of northwestern Spain with heavy maritime traffic. Over the
course of history, this region was repeatedly hit by serious oil spills, such as the
sinking of the “Aegean Ship” in 1992 and the sinking of the “Prestige” in 2002. In
response to this continuous threat, our research team constructed a tool to monitor
coastlines by searching for spills. The tool received the name “Sentinazos” (bilge
spills) and is illustrated in this section.

“Sentinazos” was designed with several features:

• It runs in the Cloud, so that the application is accessible from any web browser.
Besides it is possible to run the algorithms in a bunch of computers.

• It uses a spatial database to store and retrieve the information. This provides
quick querying and facilitates publishing and sharing data.

• Algorithms and methods can be dynamically upgraded by the community, with-
out the intervention of the tool developers.

• The tool provides a framework for algorithm developing and validation, as it has
several functionalities in that sense.

• All images and objects featured are geographically referenced, which allow the
analysis of spatial relations.

These features will be described in detail in the following sections.

4.2.1 System Architecture

A tool that processes SAR data should allow for high performance computing and
management of spatial information. Figure 4 shows an architecture that provides
such functionalities. It involves three main components: a web server, a PostGIS
database, and a set of computers coordinated by a scheduler. .

A web server is a system designed to respond browser requests from the Web.
Normally such responses have html format, so that the user can visualize the results.
We can classify the web servers in static web servers and dynamic web servers. The
static ones store the html pages as are served to final users. However, the dynamic
web servers render the responses from source code which typically retrieves infor-
mation stored in a database in some way. There are several systems to serve Java
web dynamic applications which can be downloaded free of charges. Among them,
probably the most-known are Apache Tomcat [6] and Glassfish [9].

Relational databases have demonstrated to be very useful to handle big quantities
of information, as they ensure data integrity, access security, transactional environ-
ments, etc. In last years, there has been a lot of interest in handle spatial/geographic
information which led to the emergence of outstanding applications like Google
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Fig. 4 System architecture of a Cloud tool for ocean monitoring

maps. Therefore, databases have been extended to allow the managing of spatial
data, like maps, topography, etc. This extensions allow operations like coordinate
transforms, distance calculations, areas, perimeters and much more. Examples of
this extensions are ESRI’s SDE [24], Oracle’s Spatial extension [15] and PosGIS
[22]. PostGIS is free, and features all operations specified by the standard “Simple
Features Specification for SQL” of the OpenGIS consortium [10].

The need of scalable systems has appeared since the volume of digital data grew
exponentially due to the apparition of the Web2.0 (among other reasons). Scien-
tific studies have undergone a similar, but their systems are far from achieving the
scalability of enterprise systems such as those implemented by Google, Yahoo or
Facebook. Solutions like Globus Toolkit [27] or OurGrid [26] have the intend of
help researchers to share computing resources, but nowadays the ongoing paradigm
to make scalable systems is the named “MapReduce” [18]. “MapReduce” has been
implemented in Java open source code by the project Apache Hadoop [28]. Hadoop
was intensively used by Yahoo and others and allows to process huge amounts of
data (up to petabyte files).

As example of application of this type of architecture, the “Sentinazos” applica-
tion is running in an Apache Tomcat web server, using PostGIS as a database and
Hadoop as scheduler to perform high performance computations.

4.2.2 Knowledge Base

The information with which remote sensing applications are developed requires a
modeling phase that structures the knowledge logically. Figure 5 shows the model
that was designed for the “Sentinazos” app., a model that can also be applied in other
systems. Additional information can also be taken into account, such as weather
information and ship locations.

This model provides a framework where many functionalities can be integrated.
For the “Sentinazos” application, we would like to highlight the following:
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Fig. 5 Conceptual model of the knowledge base for an ASAR application

Fig. 6 Screeshot of a image query result in “Sentinazos”.

• User scheduling: Authentication and authorization policies can be applied in
order to shield the information protected from unauthorized accesses.

• Image scheduling: Envisat ASAR images can be uploaded into the application
and then searched for. Search can be done using different criteria as dates, titles
... (Look at figure 6 for a screenshot of a query result).
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• Preprocessing: ASAR images can be calibrated, noise-filtered with Lee mean
filters. After that the image is projected into a map and the coastal zones are
dropped (see section 5.1 for further details).

• Processing: Several methods for dark spot detection have been included in the
tool, concretely those presented in section 3.1. These can be launched using pre-
processed images, and features can be extracted from the spots detected. Users
can select the appropriate arguments and the desired area in the image (See
figure 7)

• Algorithm development and validation: Users can upload their own algorithms
to the platform. To do that, they have to upload a JAR file with a program which
has to implement a Java Interface. Once the algorithm is uploaded, it can be val-
idated using a set of ASAR images and their corresponding “masks”. A “mask”
is a humanly modified image which represents the desired result of the algorithm
processing. This way, empirical discrepancy methods, as confusion matrices, can
be used to perform the algorithm validation. In figure 8 we show an example of
validation using the tool, where we validate the results of dark spot detection
using the “local threshold” algorithm.

Fig. 7 Screenshot of the “Sentinazos” algorithm execution point
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Fig. 8 Analysis of the Local Threshold algorithm using the “Sentinazos” tool

5 Linking Radar Imaging with Geographic Information
Systems

The real application of remote sensing requires the location of sensed features in the
real world. Nowadays, spatial agencies provide their products with a georeference
that allows users to locate the features on a map. For radar images, that reference is
very simple, as it consists only in the coordinates (latitude,longitude) of the upper-
left corner in the image. The coordinates of the remaining pixels can therefore be
easily calculated. Thus a spatial relation between features become available for deep
analysis of the images. As mentioned in Section 4.2.1, spatial databases allow for
the storing and managing of geographical information. A set of standards, led by the
OGC consortium, shape the interfaces or encodings that software developers follow
to create their services and products.

The OGC standards cover not only the specification of spatial databases, but also
the map representation and serving. They define a layer architecture that starts with
the spatial database in the bottom and ends with the map serving in the top. The
main GIS standards are as follows:

• Catalogue Services Specification [20]: This standard specifies the interfaces,
bindings, and a framework for defining application profiles required to publish
and access digital catalogues of metadata for geospatial data (spatial databases),
services, and related resource information.

• Web Coverage Service (WCS) [4]: WCS supports electronic retrieval of
geospatial data as “coverages” that is, digital geospatial information representing
space/time-varying phenomena.

• Web Feature Service(WFS) [23]: The Web Feature Service represents a change
in the way geographic information is created, modified and exchanged on the
Internet. Rather than sharing geographic information using plain files, WFS
offers direct fine-grained access to geographic information at the feature and
feature property level. Web feature services allow clients to only retrieve or
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modify the data they are seeking. Also includes elements of a feature type
service, a coordinate conversion/transformation service and geographic format
conversion service. It uses a language based on XML called Geograhic Markup
Language(GML) to perform its operations.

• Web Map Service(WMS) [12]: A Web Map Service (WMS) produces maps of
spatially referenced data dynamically. Maps are generally rendered in image for-
mats as PNG, GIF or JPEG, or occasionally as vector-based graphical elements
in Scalable Vector Graphics (SVG) format. WMS operations can be invoked us-
ing a standard web browser by submitting requests. A map request indicates what
information is to be shown on the map, what portion of the Earth is to be mapped,
the desired coordinate reference system, and the output image width and height.
WMS classifies its geographic information holdings into Layers and offers a fi-
nite number of predefined Styles in which to display those layers, thus enables
the creation of a network of distributed map servers from which clients can build
customized maps.

GeoServer is the reference implementation of the WFS and WCS standards, as well
as a high performance certified compliant Web Map Service (WMS). It can be down-
loaded freely as a Web application (packaged in WAR format) that run on Java dy-
namic servers as Apache Tomcat. In the “Sentinazos” application, Geoserver is used
to locate features in the world map such as image boundaries or detected oil spills.
It is used also for coast dropping in the preprocessing stage.

5.1 Coast Dropping Using Spatial Information

To perform feature detection in ocean monitoring is convenient to drop the coastal
zones for two main reasons:

1. Image segmentation: The detection of features of interest in the images can be
damaged by the existence of areas with distinct backscattering properties (e.g
false positives)

2. Computational cost: Sometimes coastal areas occupy a large area of the image.
Therefore, the algorithms are more expensive to launch.

Coastal zones in SAR images can be dropped using pixel intensities, but it is not
secure because ocean zones can be accidentally removed. Other approach is to re-
move no wished zones using the image georeference. Thus, spatial operations like
“INTERSECTION” can be used to get the desired area. To obtain these results it
is necessary to have highly accurate surveying of the boundaries between areas. In
figure 9 the result of drop the coastal zones in an ASAR is showed. Figure 9 also
shows the removal of oceanic areas, which is analogous to the removal of coastal
ones. Previous to perform spatial operations directly with ASAR images, they have
to be projected into a coordinate reference system to correct the error due to earth’s
curvature. There are several map projection systems as the Universal Transverse
Mercator (UTM) and the Azimuthal projection [13]. The selection of one projection
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Fig. 9 Original ASAR image and result of both coastal dropping and oceanic dropping

system depends on the zone to be monitored as each projection distorts certain geo-
graphical areas. For the galician zone, UTM is a good map projection as it does not
distort widely the images.

5.2 Serving Ocean Features in a Map with GIS

Location is a strategic factor in ocean monitoring, as spills has to be confirmed by
humans. In addition, the location of the ships must be crossed with the location of
the spots to find and punish those responsible for discharges. Serving maps where
the experts can see together the location of radar images, detected features and car-
tographic references can be very useful. This section talks about the construction of
featured maps across the Web using the GIS standards.

To serve maps, PostGIS can be used as spatial database and Geoserver as WFS-
WMS implementation. For ocean monitoring, we don’t need high resolution maps,
but good performance in the search, so a low-resolution cartography of the country’s
boundaries can be loaded into Geoserver forming the base layer of the maps. The
upper layers should contain several features like radar images, detected spills, ship
locations, weather features ... Custom styles, specified as Style Layer Descriptor
(SLD) files [19], allow to determine the visualization of layers.

Users want to view exactly what they want, normally a subset of the features
listed in the map layers. Common Query Language (CQL) [2] specify a standard
syntax which can be used to filter the objects showed is each layer. This way,
complex search can be accomplished by users. In figure 10 we show the result of
an ASAR image search using the “Sentinazos” application.The same filters as in
thumbnail search are available in the geographic image search.

Sometimes is interesting to know which features are within a range of distance.
This way, the evolution of spots and other objects can be monitored in a certain
region. WFS includes the specification of distance search, so for example we can
look for radar images which cover areas closer than a number of kilometers from a
specified point. Figure 11 illustrates how this search works in the “Sentinazos” app.
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Fig. 10 Screenshot of ASAR image search in the World Map using the “Sentinazos” app.

Fig. 11 Screenshot of ASAR distance search using the “Sentinazos” app.
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Autonomous and Interoperable Smart Sensors  
for Environmental Monitoring Applications 

J. Higuera and J. Polo 

Technical University of Catalonia UPC-BarcelonaTech, 
Castelldefels, Barcelona, Spain 

Abstract. The aim of this chapter is to demonstrate the feasibility of autonomous 
and interoperable smart sensors that employ the IEEE1451 standardization in 
pervasive environments. These devices contain a power management submodule 
based on energy harvesting techniques in order to enlarge their useful lifetime. 
Low power wireless technologies, such as IEEE 802.15.4, ZigBee and 
6LoWPAN have been used to determine the interoperability of smart sensors 
through experimental tests by using Commercial off-the-shelf (COTS) 
architectures. This work establishes a new Finite State Machine (FSM), a 
compressed transducer electronic data sheets model and a reduced set of 
IEEE1451 standard commands due to the limits of the present IEEE1451 
standard. For tests, the base station is modeled such as gateway, to design the 
Network Capable Application Processor (NCAP), and the Wireless Transducer 
Interface Module (WTIM) is an environmental sensor node. The conclusions 
drawn from this work will be used as guidelines for the implementation of 
interoperable wireless sensors networks based on autonomous smart sensors for 
environmental monitoring tasks. 

1   Introduction 

Advances in sensor manufacture, low power wireless technologies, emerging 
energy harvesting techniques and Micro-Electro-Mechanical Systems (MEMS) 
constitute key technologies to design innovative autonomous smart sensor systems 
to be deployed in Wireless Sensor Network (WSN). In many cases, environmental 
applications based on autonomous smart sensors involve heterogeneous devices to 
monitor in real time resources such as air, water and soil [1], [2], [3], in other 
cases are used for event detection [4], [5], object tracking [6], and data fusion 
from several sources [7]. However, the extraction of useful information based on 
different sensors can be complex and difficult to share, due the lack of 
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standardization of syntactic metadata structures to process the node information 
[8]. In our days, pervasive smart sensor trends tend toward the global and open 
interconnection. However, the main challenge to design interoperable smart 
sensors is the transparent cooperation to achieve syntactic interoperability, by 
using standardized metadata in a high level. Syntactic interoperability involves the 
use of a common syntax in messages of smart sensors manufactured by different 
manufacturers. This chapter is related to design autonomous and interoperable 
nodes for micrometeorology tasks. The inclusion of the IEEE 1451 standard [9], 
based on an improved Finite State Machine (FSM), allows to design ultra low 
power devices for environmental tasks. Additionally, a reduced set of IEEE 1451 
commands and Transducer electronic data sheets TEDS with header compression 
structures are employed to reduce non volatile memory requirements in the node. 
This method is oriented for different devices that operate in Personal Area 
Networks such as IEEE 802.15.4 [10], ZigBee and 6lowPAN. Experimental tests 
are based on the IEEE 1451 commands and TEDS formats [11] in a high level. 
Others tests show the node autonomy for a smart sonic anemometer. Finally, the 
payload available in a message is evaluated according to different standards such 
as IEEE 802.15.4, ZigBee, IEEE 802.15.4 plus the IEEE1451 standard, and 
another option based on IEEE 802.15.4 plus the IEEE 1451 standard with header 
compression. 

2   IEEE 1451 Standard for Smart Sensors 

The IEEE 1451 standard enables a new generation of smart sensors that expands 
the syntactic interoperability over wired and wireless smart sensors, based on 
global and open standardization. For a wide range of possibilities, the IEEE 1451 
includes a family of standards comprising different wired physical interfaces, such 
as point to point links [12], multipoint distributed sensor network [13], or analog-
mixed mode [14]. Wireless interfaces suggested for IEEE 1451 smart sensors in 
the context of environmental monitoring applications are WiFi, Bluetooth and the 
IEEE 802.15.4 standard (ZigBee and 6loWPAN). Another emergent wireless 
interface is Radio Frequency Identification (RFID) by using active and passive 
RFID tags.  

The IEEE 1451 standard defines the Network Capable Application Processor 
NCAP as coordinator node and the Wireless Transducer Interface Module WTIM 
as the end device, see Figure 1. The WSN architecture uses the NCAP such as 
gateway to any external (E) LAN network. Web clients are used to monitor the 
NCAP (N) that uses the Internet Protocol in a wired network.  

Each WTIM node includes some Transducer Electronic Data Sheets formats 
(TEDS). TEDS formats are structured metadata stored in nodes. These formats 
contain the internal node configuration, such as auto-configuration and calibration 
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Fig. 1 WSN based on smart sensors according to the IEEE 1451 standard 

information to the adequate operation of any physical sensing channel embedded 
in the WTIM node. Both, NCAP and WTIM nodes use only IEEE 1451.0 
commands to increase the syntactic interoperability and harmonization of smart 
sensors designed by different manufactures, [15]. The family of IEEE 1451 
standards is defined at physical layer to define the FSM and TEDS in a non 
volatile memory and at high level in application level to define standard IEEE 
1451 common commands to increase the interoperability of smart sensors and 
actuators. In this context, a device that meets the IEEE 1451 standard and is 
designed as smart sensor, due its technological construction, is a candidate to be 
interoperable with another device that uses the same syntactical message structure, 
based on the IEEE 1451 standard. Additionally, these devices can be designed 
such as intelligent sensors with high level capabilities by including an additional 
semantic level that allow interact with heterogeneous autonomic sensor systems. 
Each interoperable smart sensor can be designed as a plug and play device for 
their use in wired or wireless sensor networks, [16].  

An IEEE1451 smart sensor contains a standard digital communication interface 
named Transducer Independent Interface (TII). In wired point-to-point 
communications, there are different TII physical interfaces, such as RS232 serial 
port, the parallel port, USB, I2C or SPI (IEEE 1451.2). For multi-drop devices in 
distributed bus communication architectures can be applied physical interfaces 
such as RS485 or RS422 according to the IEEE 1451.3 standard. Another TII 
includes mixed digital and analog interface such as current excited sensors based 
in a current loop according to the IEEE 1451.4. Finally, Wireless communication 
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technologies, suitable for autonomous IEEE 1451 smart sensors, are Wi-Fi, 
Bluetooth, ZigBee or 6loWPAN, [17].  

For NCAP and WTIM nodes are suitable innovative power management 
options to increase the node autonomy based on methods to capture energy from 
the environment, such as energy harvesting techniques based on solar cells, 
vibrations, Radio Frequency radiation, temperature variations, wind energy, 
kinetic energy [18]. These options are suitable for low duty cycles and devices 
with ultra low power consumption and perpetual operation, such as autonomous 
smart sensors located in remote sites. 

3   IEEE 1451 Smart Sensor Model 

Figure 2 shows the IEEE 1451 smart sensor model for wired and wireless sensor 
networks. The smart sensor model uses the Network Capable Application 
Processor (NCAP) that is the coordinator node and the Transducer Interface 
Module (TIM) contains the physical channels related to sensing physical 
variables. Each TIM device contains a Transducer Independent Interface (TII). 
This interface allows connectivity between different devices as NCAP or TIM 
nodes. In the case of WSN, any NCAP and Wireless Transducer Interface Module 
(WTIM) contain one wireless TII such as WiFi, Bluetooth, IEEE 802.15.4 
(ZigBee or 6loWPAN). 

WTIM nodes contain in their hardware architecture channels to sense the 
physical parameters. They, also include a signal conditioning sub-module and an 
Analog to Digital Converter (ADC). In many cases, the ADC converter is 
embedded in the Microcontroller Unit (MCU) and it includes some ADC channels 
for their operation. Further elements of the WTIM node are the Transducer 
Electronic Data Sheet (TEDS) formats to store metadata configuration in an 
embedded non volatile memory. Furthermore, in a WSN the NCAP is the bridge 
between a external wired network and the WSN. The NCAP includes the IEEE 
1451.0 standard commands to communicate with WTIM devices in the coverage 
range or with other devices in the wired network. For interoperable sensor 
network deployments, the NCAP uses a standard Application Programming 
Interface (API) [19] to increase the level of syntactic and semantic interoperability 
and to communicate with external devices, such as smart phones, web servers and 
Internet of Things (IoT) devices. 

The NCAP offers additional options as run static and dynamic Web services 
based on HTTP transactions. Some examples of the IEEE 1451 smart sensor 
model are shown in [20] for point-to-point communications based on the IEEE 
1451.2 standard, distributed multi-drop transducer busses over IEEE 1451.3 (IEEE 
std 1451.3-2003), mixed-mode interface for smart sensors with analog and digital 
operating modes over IEEE 1451.4 and wireless sensor Networks based on the 
IEEE 1451.5 standard, [17], [21]. 
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Fig. 2 IEEE 1451 smart sensor model 

4   NCAP and WTIM Design 

NCAP and WTIM devices are prone to failures due to hard conditions of the 
remote and outdoor environments. The resilience capability is mandatory in these 
nodes to maintain stable their operational parameters and node energy through the 
time. In this context, smart sensors employ low power operation modes to restrict 
the energy consumption in each data transmission and save energy, [22]. In some 
cases, due to node failure, the network could change their topology and update 
their routing tables to reach the coordinator node. In these cases it is necessary to 
establish performance metrics based on rules to sense and monitor physical 
parameters in these environments. These rules belong to two categories: low level, 
such as the hardware architecture that corresponds with technological and power 
managements aspects, and high level, such as intelligence capabilities for the 
WSN. Usually, each autonomous smart sensor includes rechargeable batteries and 
other options, such as energy harvesting methods for power management in a 
sensor node, [23].   

To meet the basic requirements related to syntactic interoperability and ultra 
low power consumption, this work provides a model of smart sensor based on the 
IEEE1451 standard, as shown in Figure 3. In this case the NCAP node has the 
following parts:  

• A communication sub-module that contains a wireless transceiver covering 
the Industrial Scientific and Medical (ISM) frequencies for IEEE 802.15.4, 
Bluetooth or WiFi, to communicate with WTIM nodes in the WSN. 
Additionally, it contains a network processor to control communications in a 
network.   
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• The NCAP contains a MCU or Digital Signal Processing unit (DSP) as the 
brain of the system. The NCAP uses standard IEEE 1451.0 commands at 
higher level in each message. It exposes the access to the Application 
Programming Interface (API) or an optional Web service based on HTTP 
messages, to interact with the WSN or another data network based on the 
Internet Protocol (IP).  

• A non volatile memory organized such as a repository to store the NCAP 
configuration and TEDS. In many cases this information is wrapped-up in the 
message payload.  

• The NCAP employs primary or secondary batteries, in most cases, the NCAP 
is directly plugged in another device such as a PC by an USB hub to obtain 
the node energy and recharge the batteries. The NCAP could be directly 
connected into a PCI card slot of the PC that operates in a wired network. 
Additionally, the NCAP could be designed as a virtual instrument in a PC or 
to be embedded in networks devices such as gateways among others. 

For WSN based on the IPv6 protocol, the NCAP is an edge router and it routes the 
messages from external wired and wireless IP networks toward each WTIM node 
operating in 6lowPAN deployments. The NCAP contains one wired physical 
interface for the external network and one wireless TII for the WSN. For ZigBee 
networks, the NCAP is the coordinator node of the WSN and the ZigBee gateway 
is the bridge between the both networks, wired and wireless. The NCAP 
coordinator support network topologies, such as peer to peer, tree and mesh [24].  

 

 

Fig. 3 IEEE 1451.5 NCAP 

The main activities for the NCAP include network creation, discovery, and 
association of WTIM nodes in the WSN. The NCAP uses TEDS metadata formats 
stored in WTIM nodes for management tasks. TEDS information is a detailed 
description related to any specific TII configuration and physical sensing channel 
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configuration mapped in a WTIM node. Web users are able to monitor the NCAP 
operation by employing the IEEE 1451 HTTP API that contains metadata related 
to TEDS and also, the IEEE 1451.0 commands that are wrapped in the messages. 

Figure 4 presents the general structure of an autonomous WTIM node that 
includes a power management sub-module that contains rechargeable batteries and 
an energy harvester to capture energy from the sun, wind, vibrations, gradient 
temperature variations, among others. Also, an ac-dc or dc-dc converter circuit in 
the front-end supplies the current to recharge the batteries, and finally in the 
second stage, an integrated switching dc/dc voltage regulator provides the energy 
to the sensor node. 

Furthermore, the electric signal obtained by the sensing element must be 
conditioned before the analog to digital conversion. The signal conditioning 
process includes a phase of amplification, no more large than the dynamic range 
of the sensor system, to be filtered before the analog to digital conversion (ADC) 
process. 

At the higher level, the intelligence requirements in a sensor node are related to 
autonomic capabilities, [25] building upon standards or, in other cases, behind 
proprietary methodologies. The diverse intelligence functions such as self-test, 
self-calibration, self-configuration and adaptation to environmental changes, 
improve the node reliability and reduce the maintenance costs.  

 

 

Fig. 4 General structure of a WTIM node with an energy harvester 

Additionally, several tasks of signal processing include digital filtering, 
statistical signal processing to forward this information in a metadata format to the 
fusion centre, instead of sending raw data.  

A WTIM node contains a group of mandatory Transducer Electronic Data 
Sheet (TEDS) formats that can be stored in internal or external non volatile flash 
memories to store metadata. Mandatory TEDS formats includes Meta-TEDS that 
store information related to global node configuration and store the total number 
of physical channels. The User-Transducer name TEDS format contains the name 
of each channel in a WTIM node. Also, each WTIM node contains the Physical 
TEDS (PHY-TEDS) format to store metadata related to the TII. Another important 
additional TEDS format is Calibration-TEDS that contains the calibration 
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information concerning to the physical channels and their data units. Furthermore, 
metadata stored in TEDS formats can be employed for several intelligent tasks 
such as self-diagnosis, self-calibration and self-configuration tasks to increase 
node autonomy and network interoperability in pervasive environments. 

The radio module for a WTIM node is based on a wireless transceiver that 
operates in any standard ISM frequency band with some type of antenna, such as 
PCB, coaxial or integrated, omni-directional dipole to use at indoor or outdoor 
locations. The wireless transceiver is outside of the MCU in many cases. Also, the 
MCU and the wireless transceiver use physical digital interfaces, such as I2C, SPI 
or UART, and several I/O pins for sensing and control. In other cases, the 
transceiver and the MCU are combined in the same package reducing the 
hardware architecture and turning it in a highly integrated System on Chip (SoC). 
Furthermore, each WTIM node could be programmed at lower level with 
assembler language or with C language at higher level. For WSN, Real Time 
Operative Systems (RTOS) such as TinyOS enables a schedule of modules and 
configurations at a higher level programmed in NesC language to compile sensor 
networks applications [26]. Other popular RTOS for WSN applications are 
FreeRTOS, Mantis, nano-RK, and Contiki, shown in [27]. 

5   Transducer Electronic Data Sheets Formats 

Smart sensors such as NCAP and WTIM nodes contain metadata stored in a group 
of Transducer Electronic Data Sheet (TEDS) formats. For each TEDS, an amount 
of EEPROM memory is written and reprogrammed depending on the node 
attributes and the physical node configuration related to the physical transducer 
channels. Each TEDS format employs an ordered list of elements called tuple to 
describe the type, length and information stored in registers organized in a specific 
metadata format. The unified format of TEDS allows a common syntax for 
metadata. TEDS structure contains a field type header, total metadata length in 
bytes, and payload.   

The IEEE 1451.0 standard includes four mandatory TEDS formats and other 
optional TEDS formats as shown in Figure 5.  

The mandatory and optional TEDS formats are modeled based on two different 
approaches: 

• TEDS based on the tuple format: model defined in the IEEE 1451.0 standard. 
This structure is employed in wired and wireless smart sensors. 

• TEDS primary: metadata model for RFID tags with a small non volatile 
internal memory. This structure allows storing compressed metadata 
information. 
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Fig. 5 IEEE 1451.0 mandatory and optional TEDS formats 

The general structure for each TEDS format involves three main parts: TEDS 
length, tuple data block and checksum. 

The mandatory Meta-TEDS format contains a first block, (IB), that describes 
the TEDS length in bytes. The first tuple data block contains headers to define 
TEDS family, TEDS class and version, tuple length and the global unique node 
identifier. 

The second tuple data block, (TI) stores information related to timing, including 
the maximum operational timeout to respond to each standard command and the 
self test time register to check the WTIM node configuration. 

The third tuple data block, (CN), includes information related to the maximum 
number of the physical sensing channels and information related to the channel 
group depending on the physical channel type.  

Finally, the block (DI) contains a checksum for overall MetaTEDS information. 
Equation (3-1) defines the Meta-TEDS structure as the sum of the different blocks 
in bytes to be stored in a non-volatile memory. 

IB TI CN  

 

(1) 

In equation (1), the terms (i) correspond to the (i-th) term in the data block and 
the (n-th) term is the total number of octets in each Meta-TEDS block.  

The second mandatory TEDS format is Transducer Channel TEDS. This format 
contains a tuple structure to store the information related to each physical sensing 
channel coupled in the WTIM node. Each metadata block was modeled using 
equations (2) to (8).  
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The first block, (IB), stores (TEDSL) and (TEDSID) terms. These registers are 
related to TEDS type, TEDS family, TEDS class, TEDS version and tuple TEDS 
length, as shown in equation (3). 

IB TCH DM TI A DI (2) 

 (3) 

 (4) 

Equation (4) models the block (TCH) which stores the transducer channel 
information. It includes the following registers: Calibration enumeration register, 
(CalK), related to the calibration capabilities. The second register is Transducer 
Channel type key, (ChT), which defines the type of channel sensor as an event 
channel sensor, or channel operated by poll. The following register is the Physical 
channel unit, (PhyU), to store the units to be measured, taking into account SI units 
in the transducer channel. Also, two registers to define the low and high values in 
the transducer channel are (LowL) and (HighL).The Operational channel 
uncertainty, (OE), related to operational node conditions. Also, the Self Test Key 
register, (ST), defines self test transducer channel capabilities oriented to 
intelligent sensors. 

Equation (5) is related to the Data model information, (DM), which contains 
three registers. The first register is data type, (DMo). It is associated with metadata 
data types. The second register is length, (ML), which stores the data type length. 
The third register is related to the significant bits in the data model (Sb). It depends 
on the ADC converter resolution.  

          (5) 

                    (6)

                     (7)

0  
                      (8)

Equation (6), models the block related to timing information, (TI) and contains 
five registers, such as time for updating channel information (UT) and the time to 
read the physical channel (RT); The time related to the channel sampling period 
(Sper) and the warm-up time for channel stabilization (WT); The maximum delay to 
read the physical channel (RdelT) and the time related to self test capability (TT).  
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The block (A) stores attributes, such as sampling mode capability (Sm) and 
default sampling mode (SD), as shown in equation (7). Finally the block (DI) is 
used to store the CRC checksum in two bytes as shown in equation (8). 

The user’s transducer name TEDS is another mandatory TEDS. It stores the 
channel identification based on channel name. This format is oriented towards 
WTIM nodes with many different physical sensing channels. Equation (9) defines 
overall blocks for the user’s transducer name TEDS.  

 IB TIMI  (9)

 
The block (IB), stores the total TEDS length, TEDS type, TEDS family, TEDS 
class, TEDS version and tuple length as shown in equation (3). 

The block (TIMI) saves the transducer name channel in hexadecimal format or 
in ASCII format for channel user identification. Finally, the block (DI) is a 
checksum, to detect errors.  

Physical physical TEDS format (PHYTEDS) is shown in equation (10) and 
includes the configuration of the Transducer Independent Interface (TII). In sensor 
networks based on the IEEE 1451.5 standard, four TII have been defined to 
operate with devices based on WiFi, Bluetooth, ZigBee or 6loWPAN. 
 PHYC PHYS  (10) 

 

PHYTEDS includes one common block (PHYC) and another specific block (PHYS) 
that depends on the TII and the wireless transceiver of the WTIM node. The first 
block of equation (10) is (PHYC), to store field type registers that are independent 
of the wireless TII physical interface according to the IEEE 1451.5 standard. The 
(PHYS) TEDS block stores the radio options of the wireless TII interface. Finally 
(DI) store the CRC checksum. 

6   IEEE1451 Standard Command Classes 

In this section, standard commands are modeled at lower level based on the IEEE 
1451.0 standard (IEEE1451.0 std, 2007), which are used in forward and incoming 
messages. An interoperable IEEE1451 device uses standard commands for 
transactions with another smart sensor to increase the syntactic interoperability, 
based on the node capabilities. The IEEE 1451 standard commands are composed 
of nine classes that include functions related to the node operational states such as 
active, sleep, hibernate, idle, and transducer channel in active or inactive states.  

IEEE 1451 command classes include the types showed in Figure 6: IEEE 1451 
common commands for TEDS, WTIM commands for the sleep state, WTIM 
commands for the active state and WTIM commands to use in sleep or active 
states.  
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Fig. 6 IEEE 1451 command classes 

IEEE 1451 command classes for physical Transducer channels are: common 
commands, transducer channel idle state, transducer channel operational state, 
transducer channel idle and operational state. Finally, the last two command 
classes are open to manufacturers or reserved features for future changes. 

WTIM command classes are oriented for smart sensors as whole and the 
transducer channel commands are oriented toward any specific Transducer 
channel of the WTIM node.  

A typical command structure for IEEE 1451 smart sensors is shown in Table 
1.The message structure based on the IEEE 1451.0 standard includes two phases. 
The first phase is request mode and the second phase is response mode. The 
request mode is used for any request from NCAP toward the WTIM node. The 
response mode is the WTIM answer to any NCAP inquiry. 

The IEEE 1451 request mode contains four headers and one payload. 
Headers in request mode are related to any specific transducer channel, the 
IEEE 1451 command class, the command function and offset length. The 
payload in request mode stores the information to send in each message and it 
depends on the command type. For IEEE 1451.0 commands related to the node 
as a whole, the first header is discarded by the receiver. For instance, in sleep 
commands. 

 

IEEE 1451

Command

classes

WTIM

Any State

Sleep

Active

Commom

Commands

Transducer

Channel

Commom

Commands

Idle

Operational

(only)

Idle or operational

Open to

Manufacturers

Reserved
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Table 1 IEEE 1451.0 command structure 

Request mode 

IEEE 1451 header 
IEEE 1451 

payload 
Destination 
Transducer 

channel 

Command 
class 

Command 
function 

Offset 
length 

Command 
dependent 

Number of 
Transducer  

physical channel  
[2 Bytes] 

Code class 
[1 Byte] 

Code function 
[1 Byte] 

Offset 
[2 

Bytes] 

Variable  read or 
write 

[ < 110 bytes]  
(IEEE 802.15.4) 

Response mode  

IEEE 1451 header 

 
IEEE 1451 payload 

 
Success flag 

 
Length offset                                      Reply dependent 

Success /fail  
[1 Byte] 

Offset 
2 Bytes 

Variable read or write [ < 110 bytes] (IEEE 
802.15.4) 

 

 
On the other hand, the WTIM node sends the response message which contains 

two headers and one payload. The first header is related to successful or failed 
reception of the IEEE 1451 command embedded in the request message. The 
second header contains the length offset of the payload. Also, the payload, in a 
response message, corresponds with metadata information stored in any transducer 
channel or TEDS sub-module. 

Maximal length for the message in any request or response transaction is 
around 110 bytes for any WTIM node working in a PAN based on the IEEE 
802.15.4 standard. The effective payload can be reduced due to additional layers 
of ZigBee or 6loWPAN specifications. 

The IEEE1451 command structure can be adapted to send and receive 
messages in the context of ZigBee. Figure 7 shows the message structure 
according to the IEEE 1451 standard in a ZigBee message. The node activity  
can be performed using IEEE 1451.0 commands embedded in the ZigBee  
payload where the NCAP sends a request command by employing the IEEE 
802.15.4 physical and MAC sub-layers as Wireless Transducer Interface 
Independent. 

Similarly, the ZigBee application support layer defines a destination endpoint 
that specifies the final recipient of each frame (1 byte). It also includes the 
network group address (2 bytes), cluster identifier that is a descriptor that specifies 
an application profile (2 bytes), ZigBee profile identifier related to the application 
(2 bytes), source endpoint as the initial originator of the frame (1 byte), frame APS  
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Fig. 7 IEEE1451.0 general message structure for ZigBee 

counter to prevent the duplication of frames (1 byte) and the message payload, of 
variable length. The ZigBee payload contains the IEEE 1451.0 commands. 
Finally, the cyclic redundancy checksum CRC of 16 bits is used to detect possible 
errors in message transmission.  

The IEEE 1451.0 request command message for ZigBee is shown in Figure 7. 
This structure includes the following headers: destination transducer channel (2 
bytes), command class          (1 byte), command function (1 byte), offset length (2 
bytes) and payload message that depend on the IEEE 1451 command class. In the 
same way, WTIM node returns an IEEE1451.0 response command embedded in 
the ZigBee message containing a success flag (1 byte), offset length (2 bytes) and 
payload variable dependent of the IEEE 1451 command class and command 
function. 

WTIM nodes can be discovered by using two complementary methods. The 
first method is based on WTIM auto-discovering when the WTIM node sends 
broadcast messages toward any NCAP base station. This method is intended for 
autonomous plug and play mobile devices that are deployed in pervasive 
environments. In this case, WTIM operates in an opportunistic manner and it uses 
a very short low duty cycle, below 1%. The second method to discover the WTIM 
node directly depends on the NCAP coordinator. In this case, the NCAP detects 
any WTIM device in the network coverage range by sending broadcast messages. 
When the WTIM node is discovered, the NCAP sends unicast messages towards  
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that WTIM node.  Figure 8 shows a sequence diagram that explains the flow to 
discover a static WTIM node using a NCAP coordinator. This scheme includes 
three phases: discovering, association and WTIM data flow based on standard 
commands.  

• Discover phase: the NCAP coordinator in this stage starts searching any static 
WTIM device around the WSN coverage range searching in different 
channels. As shown in Figure 8, the NCAP in step 1 sends broadcast 
messages. The WTIM node in step 2 responds the request. 

• Association phase: the NCAP node in step 3 sends the command to read 
TEDS configuration of any WTIM node. The WTIM node in step 4 responds 
with TEDS metadata information towards the NCAP.  The NCAP employs 
TEDS information to know the WTIM node capabilities. 

• IEEE1451.0 Read / write metadata: the NCAP in step 5 sends a command 
request based on the IEEE 1451 commands. The WTIM node responses with 
TEDS configuration or the data flow required by the transaction. 

 

 

Fig. 8 IEEE 1451 discover and association sequence 

7   Finite State Machine for IEEE 1451 Smart Sensors 

Often, smart sensors for environmental applications are located in remote sites 
where they must operate without any human supervision as usual operational 
condition. Therefore, it is highly desirable to reduce their overall energy 
consumption, to operate in harsh environments for long time, such as months or 
years. At present, the IEEE 1451 nodes uses initialization, active and sleep states 
as shown in Figure 9.  
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In this approach, a Finite State Machine (FSM) is used to model the WTIM 
operational states and transitions among them. Events that change the state of 
WTIM nodes are power on, complete initialization, timers, and a reception of 
command related to sleep or wake-up. 

The first state is WTIM node initialization that occurs when an event related to 
power on or reset ends. The second state is the active mode. It is an operational 
state that collects metadata from each physical transducer channel and TEDS 
configuration; it also includes message reception and transmission using the radio 
communication sub-module. 

 

 

Fig. 9 IEEE 1451.0 WTIM global operational states 

Another transition action in this state is the command to reach the sleep state. 
The third estate is used for sleep mode and maintains the inactivity of the node. 
The WTIM node waits for a command to wake up in sleep state. This command 
can come from the NCAP or from the expiration of an internal timer to return to 
the active state, or any customized command from the manufacturer. 

Figure 9 shows the present FSM for WTIM nodes. This model does not contain 
additional sleep states to increase the node lifetime and could adversely affect the 
node energy requirements for long-term operation for smart sensors in harsh 
environments. Figure 10 shows the states for each internal transducer physical 
channel included in the WTIM node based on the IEEE 1451.0 standard.  A series 
of three main states are employed in each WTIM transducer channel. The first one 
setup for node initialization is triggered by reset or any power-on action. The 
event of complete initialization puts the channel in the idle state, with the physical 
channel in the useless mode. In addition, the command to enable the channel puts 
the physical channel in normal operation. Also, in case of halt, or sleep, the 
physical channel must be set on idle state. Additionally, a reset returns the channel 
toward initialization. 
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Fig. 10 IEEE 1451.0 WTIM channel and operational states 

An improvement of the IEEE 1451 FSM allows to model additional states. This 
optimization can be an advantage for small smart sensor nodes containing an ultra-
low power computing unit and energy harvesting techniques, to improve the 
operation of the power management sub-module. This new model includes a 
dynamic WTIM turn-off state depending on the command that increases the 
remaining node energy in the long-term. To address these changes, Figure 11 
illustrates the proposed new IEEE 1451 finite state machine.  

 

 

Fig. 11 Proposal IEEE 1451finite state machine 
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Equation (11) shows description of WTIM states among different transitions. 
We analyze each condition that could occur in the node based in the sequence of 
different input events. The new finite state machine consists of five WTIM states: 
initialize S1, active S2, doze S3, hibernate S4, and deep sleep state S5. 

  1, 2, 3, 4, 5  
 

(11) 

We define events that produce state transitions, mostly, based on asynchronous 
IEEE 1451 standard commands or programming timers, in order to change the 
state of the WTIM node from one condition to another.  

An input event due any synchronous trigger is an action that affects the state of 
the node. Some proposed events allow changes in operational status of node. 
Equation (12) and Figure 11 show the list of events for the new FSM. 

 1, 2, 3, 4, 5, 6, 7, 8   
 

(12)

-Init state S1: this is the first state by default. In this situation, the WTIM node 
executes the transducer channel configuration, through the reading of the Meta-
TEDS information. It is triggered by the event E0. 

-Active State S2: triggered by event E1. In this mode the WTIM node reads all 
transducer channels and TEDS and it forwards messages toward the NCAP. 
Additionally, the WTIM node is able to receive write commands for TEDS 
reconfiguration or the physical channel calibration. In many cases an active state 
is based on the transition of events E7, E5, E3 and E8.  

-Doze state S3: triggered by event E2. The node configures the reception of 
interruptions from internal peripherals that use the main clock of MCU or any 
interruption based on timers. Doze state puts the MCU in standby with a low 
current consumption. In this mode the MCU is power-disabled but the main clock 
system is active with RAM memory data retention and timers on. A typical 
recovery time to return to active state, T1, is about a few microseconds, based on 
the event E3 or the event E8 for initialization. 

-Hibernate state S4:  triggered by event E4. In this state the main clock and 
internal peripherals are disabled, but the external crystal clock oscillator is 
enabled. Typical MCU current consumption in this mode is less than 50 µA. 
Recovery time toward active state is about a few milliseconds, T2, is based on 
timer expiration of event E5. Usually, T2 > T1. 

-Deep sleep S5:  includes the total shutdown of the MCU. Internal and external 
clock sources are disabled, except the mode of interruption for external events that 
does not use any clock sources for event E6. In this state, the MCU current 
consumption is less than 10 µA and the recovery times to return towards active 
state is near milliseconds, T3. Usually, T3 > T2. This mode is indicated to trigger 
exceptional events based on any external condition of the WTIM node such as an 
Event E7.  

Furthermore, overall FSM events are eight different ones:  
Event E0 is triggered when the node is powered-on and is moved to S1 state. 

E0 could be also triggered by any reset operation when the WTIM node is in any 
of the states active, doze, hibernate, or deep sleep. Transitional Event E1 is related 
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to the complete WTIM node initialization. This event involves the transition 
towards active state S2.  

In active state S2, an event E2 contains the IEEE 1451 command to move from 
the active state S2 by the doze state S3. Also, in doze state, the timer interruption, 
internal peripherals interruption and the MCU watchdog timer can be triggered.  

The transitional event E3 allows the change from state S3 to state S2 based on 
the timer interruption, watchdog timer or peripheral interruption. 

Event E4 occurs when the WTIM node receives the hibernate command that 
disables the external clock and internal MCU peripherals. In this event, the node 
executes a transition towards the hibernate state S4 and enables only the timer 
interruption based on the internal clock in order to reduce the overall current 
consumption.  

Table 2 WTIM proposal events and functions 

Event Present State 
(S) 

Function  
(i) 

Future state  
σ (S , i) 

Event E0

S1 Reset E0 S1 

S2 Reset E0 S1 

S3 Reset E0 S1 

S4 Reset E0 S1 

S5 Reset E0 S1 

Event E1 S1 Initialize E1 S2 

Event E2 S2 Command Doze E2 S3 

Event E3 S3 Timer interruption E3 S2 

Event E4 S2 Command Hibernate E4 S4 

Event E5 S4 Timer interruption E5 S2 

Event E6 S2 Command  Deep sleep E6 S5 

Event E7 S5 External interruption E7 S2 

Event E8 S2 Common commands E8 S2 

 
Event E5 is a transitional event that puts the WTIM node in active mode S2 and 

it is based in the timer interruption. Event E6 puts the WTIM node in shutdown 
deep sleep state S5 due any deep sleep command. The event E6 also disables 
interruptions related to internal and external timing peripherals of the WTIM node. 

Event E7 wakes up the WTIM node towards active state E2 based on an 
asynchronous external interruption. Finally, the event E0, is triggered by any timer 
expiration related with operational errors and puts the WTIM node in reset. In this 
case, the node returns to the S1 state. The first column in Table 2 corresponds to 
events, the second column corresponds to the current state, the third column 
corresponds to functions and the fourth column corresponds to the future state. 
After initialization, the WTIM node is maintained in active state by default. A 
continuation, the WTIM node can migrate towards low power states. Additional  
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Table 3 Additional proposed IEEE 1451.0 commands 

Command 
Function Command WTIM Reply 

expected Required /optional 

0 Reserved - - - 

1 Wake up Yes No Required 

2 WTIM Doze Yes No Required 

3 WTIM Hibernate Yes No Required 

4 WTIM deep sleep Yes No Required 

5-127 reserved - - - 

128-255 
Open to 
manufacturers 

- - - 

 
commands can be defined to implement the new FSM. Table 3 shows the new 
IEEE 1451 commands according to the new FSM.  

These new commands can be received in active state to move toward other 
states, such as doze, hibernate or deep sleep operation. Then, an interruption or 
external event is configured to return to the operational mode. 

8   Header Compression for Teds and Commands 

TEDS metadata structure in some cases is quite rigid, and also, it uses redundant 
metadata which brings confusions to end users in a practical implementation. A 
new compact TEDS structure is shown in this section to be used in small smart 
nodes to increasing the syntactic interoperability and decrease the requirements of 
non volatile memory, such as small WTIM nodes that use energy harvesting 
techniques and RFID tags, that have limited memory. Data types are re-defined in 
this TEDS model and decreases the information to be stored in nodes. Table 4 
shows a MetaTEDS fragment that contains six headers with a length of six bytes. 
This structure uses a Field Type (1 byte), Data Length (1 byte), IEEE 1451 Family 
(1 byte), TEDS Class (1byte), TEDS version (1 byte), Tuple Length (1 byte). 
Also, data registers such as Hold Off and Test Time use Float32 data type, which 
contain six octets. The fragment of the proposed TEDS format is shown in  
Table 5. In this case, Meta-TEDS is reduced from 18 bytes, in Table 4, to 11 
bytes, in Table 5, without using the tuple header format because this model uses 
header compression, which saves seven bytes. 
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Table 4 Present Meta-TEDS fragment based on IEEE 1451.0 

Octets: 1 B 1 B 1 B 1 B 1 B 1 B 

Name Description Data 
type 

Field 
Type 

Data 

Length 

IEEE 1451 

Family 

TEDS 

Class 

TEDS 

Version 

Tuple 

Length 

TEDSID TEDS 
Identifier 

Uint8 0x03 0x01 0x00 0x01 0x00 0x01 

Hold Off 
Operational 
time out 

Float
32 

0x0A 0x04 40 A0 00 00 

Test 
Time 

Self Test 
Time 

Float
32 

0x0C 0x04 0A 20 00 00 

 
Hold Off and Test Time registers in Meta-TEDS has changed, see Table 5, to 

Uint8 data types instead of Float32, and introducing the scale factor base and scale 
factor exponent to reduce the complexity in the temporal calculations. Also, Tuple 
Length is not used in the proposed compressed TEDS structure to reduce metadata. 

Table 5 Proposed Meta-TEDS using data type redefinition and compression 

Octets: 1 B 1 B 1 B 1 B 
Name Description Data 

type 
Field 
Type 

Data 
Length 

Family 
bits: 0-2 

Class 
bits:3-6 

Version 
bit:7 

 

TEDSID TEDS 
Identifier 

Uint8 0x03 0x01 000 0001 0 

Hold Off 
Operational 
time out 
(5 s) 

 
Uint8 
 

0x0A 0x02 
Scale Factor 

Scale 
factor 
exponent  

0x05 0x01 

Test 
Time 

Self-Test 
Time (20 s) 

Uint8 0x0C 0x02 0x02 0x02 

 
Furthermore, the IEEE 1451 Family register in TEDS is compressed to only 

three bits to contain eight types of IEEE 1451 families, and also, sixteen classes of 
TEDS that are sufficient for a future WTIM implementation [29]. 

9   Case Study: IEEE 1451 Smart Sonic Anemometer 

Wind speed (WS) and wind direction (WD) are key information sources in many 
situations and activities related to applied micrometeorology. These parameters 
concern meteorological processes in the lower atmospheric layers, close to the 
earth surface. 
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The atmospheric phenomenon depends on the altitude, its lifetime and the 
atmospheric layers. Large-scale models are assigned to the macro or big range 
phenomena in the atmosphere at altitudes upper 2000 km. Weather forecast 
phenomena are related to the meso or middle range phenomena in the Orlansky 
scale [30]. These processes reach altitudes of (2 km – 2000 km) and lifetimes of 
hours and days. Micrometeorology processes are related to micro-scales at 
altitudes between (0.002 km – 2 km), and also partly include the meso-δ scale. 
The World Meteorological Organization (WMO) defines standards to measure 
wind speed and wind direction using different methods and devices that depend on 
the application. In this case study, we analyze the feasibility to gather 
environmental information at micro-scale from different sources such as WS and 
WD, using a tiny smart sonic anemometer. This smart sensor is based on the IEEE 
1451 standard with different levels of interoperability.  

Some early studies of micrometeorology have used, wireless anemometers 
based on traditional cup devices and vanes to design a multi-tiered wireless system 
for monitoring weather conditions in an eventual wildfire [31]. Others recent 
initiatives include the measurement of WS and WD to monitor sites, such as rock 
glacier and high-mountain [32]. For transport safety related to Intelligent 
Transport Systems (ITS), WS and WD are a key source of information, to monitor 
the environmental conditions in highways and railway networks, as shown in [33] 
and the predictive diagnosis of large infrastructures, such as bridges or buildings, 
[34]. Many of these applications may need additional instrumentation and sensors 
such as WS, WD, among others, that depend on the measurement method in each 
case.  

In this study case, was designed an IEEE 1451 smart sonic anemometer to be 
deployed in an urban or remote area. The hardware prototype is based on Telosb 
platform, [35] and includes a channel to measure wind speed in two axes. The 
front-end is an external module without no moving parts that contains four small 
ultrasonic transducers (UT). Additionally, was employed an energy harvesting 
module based on a small solar panel, super-capacitors and a power management 
circuit to recharge the batteries. A group of mandatory Transducer Electronic Data 
Sheets (TEDS) formats was incorporated in the internal non-volatile memory to 
use them in self-calibration and self-configuration tasks. This node uses the 
IEEE1451 standard at application layer to improve the syntactic interoperability. 
The sink node was designed as NCAP to gather the messages wrapped in standard 
commands. The WTIM duty cycle was chosen between 1 % and 6 % to monitor 
WS and WD, and release this information towards the sink node. The messages 
involve just 46 bytes. Some tradeoffs such as environments without network 
infrastructure to monitor natural resources, volcano monitoring and precision 
agriculture, [36] affects the performance and node  lifetime. 

9.1   Methods for Wind Speed and Wind Direction Estimation 

Table 6 summarizes different types of anemometers commonly used to measure 
WS and WD in micro-scale and others instruments used in atmospheric research 
to achieve meso and macro atmospheric layers.   
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Measurements of wind speed and wind direction based on ultrasonic 
anemometers use the time of flight of ultrasonic pulses that propagate in an air 
mass at low layers of atmosphere. A sonic anemometer uses a pair of Ultrasonic 
Transducers (UT) in one, two or three axis, hence avoiding the traditional 
problems of mechanical anemometers such as friction, acceleration and 
deceleration of moving parts or delays when air gusts occur. Our sonic 
anemometer does not have any mobile parts. In addition, it offers a high resolution 
(0.01 m/s) with low wind speed profiles in active mode less than (0.1 m/s). 

It also includes a robust mechanical construction for the front-end. Sound speed 
in the atmosphere is affected by air temperature and humidity [37], but in our 
design, we only employ the Time-of-Flight (TOF) when an ultrasonic pulse travels 
from the transmitter to the receiver. For this reason, errors due to the temperature 
and humidity fluctuations related to WS estimation are eliminated as shown in 
equation (15). Table 6 shows the calibration values of the front-end module was 
used in the experiments, [38]. 
 

Table 6 Methods commonly used to measure WS and WD 

Sensor 
Starting 
Threshol
d [m/s] 

1Constant 
(m) 

2Ratio Accuracy 
Resolu

tion Range 
Temp 
[ºC] 

Output 
type 

010C Cup 
WD Met One 

0.22 1.524 -- 
±1% or 

0.0671m/s 
0.1m/s 60m/s -50 to 65 pulse 

020C Vane WS 
Met One 

0.22 0.91 0.6 ±3 º 1 º 357° -50 to 65 
DC 

voltage 

Wind Sonic 
Gill 

0.0 -- -- 
V: ±2% 
Ө: ±2 º 

 

0.01m/
s  

1 º 
60m/s -35 to 70 

Analog 
Digital 

Propeller 
05103-L 
Campbell 

1.0 2.7 0.3 
V: 0.3m/s  
Ө: ±3 º 

-- 
100m/s 

355° 
-50 to 50 

AC 
voltage 

Flat Array 
Sodar Scintec 

< 1 -- -- 
0.03- 0.1m/s 
Ө: 2 - 3° 

-- 
50m/s 
360° 

-35 to 50 Digital 

1. The distance travelled by the air after a sharp edged gust impact in the anemometer to 
reach the 63 % of the new speed. 

2. Ratio measures the damping of wind vanes. It represents the ratio between the 
consecutive damped deflection amplitudes (for example 3rd amplitude to 1st amplitude) in 
one direction. 

9.2   Wind Speed and Wind Direction Estimation in Two-Axis 

Wind speed (WS) and wind direction (WD) estimation in the sonic anemometer 
are based on transit time measurement (TOF) of ultrasonic pulses between two 
paths. In this technique four Ultrasonic Transducers (UTs) oriented in an 
orthogonal position in the horizontal plane are used. The first pair of UT is located 
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in the North-South (N-S) pole position and the second one is located in the East-
West (E-W) pole orientation. In this configuration, the horizontal component of 
the wind is measured using a TOF North-South (TN-S), using an ultrasonic pulse 
originated by the ultrasonic transducer located in the North point and received by 
the ultrasonic transducer located at South point. Table 7 summarizes the 
parameters employed in WS and WD estimation. 

Equation (13) is used to measure the TOF time in North – South direction. In 
the second step, an inverse TOF South-North (TS-N) time is obtained. In this case, 
the direction of sound velocity vector is opposite. TOF in South-North direction 
was obtained as shown in equation (14). The microcontroller Unit (MCU) of the 
sonic anemometer uses the values of equations (13) and (14) to obtain the WS 
vector based on equation (15) to estimate the WS in one direction (Ws1).   

In equation (15) we assume that an ultrasonic pulse follows a straight path and 
that the measured times are not affected by lateral velocity components if the 
match number (M=Ur) is much smaller than 1 (Ur<< 1), as in the case of subsonic 
airflow.  

Equation (15) is valid for a steady uniform flow field; for a non-steady flow 
field, the correction term (∆Up/Up ≈ ε2 *Mr) introduced in [39], can be considered. 
The same method is used to estimate WS in the other component (Ws2) using a 
TOF time in (E-W) and (W-E) directions. The WS magnitude is calculated using 
equation (16). Equation (17) is used to estimate WD taking into account the ratio 
between wind components WS1 and WS2 respectively. 

Table 7 Parameters to estimate WS and WD 

Parameter [units] Notation 
Time of flight for a sound wave  [s] TOF 

TOF in North-South direction [s] TN-S 

Sound velocity [m/s] SS 

Wind speed  [m/s] WS 

Distance between the pair of ultrasonic transducers [ m] L 
TOF in South- North direction [s] TS-N 

Reference velocity vector (as modulus) [m/s] Ur 
Parallel velocity to the path [m/s] Up 
Perpendicular velocity to the path [m/s] Un 
Scaling factor as velocity perturbation component for non steady
uniform wind vector ε 

Mach number based on reference velocity vector. 
If Match number M=Ur << 1 in case of a subsonic air flow. 
1 Match = 343 m/s @ at room temperature (20 ºC) 

Mr 

 

SS
SN WS

L
T

+
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The effectiveness of this method lies in that it does not evaluate the sound speed; 
instead it uses the TOF time to calculate the round-trip time between the fixed 
UTs. Other UT configuration is possible, that use only three UTs oriented each 
120º in the horizontal plane to estimate the WS and WD in two-axis or in three-
axis. 

9.3   Application Scenario 

The WSN contains an IEEE 1451 NCAP coordinator node (N) and WTIM nodes 
that work in a hierarchical topology. The NCAP and WTIM nodes execute 
standard commands. Each WTIM node responds to the IEEE 1451 standard 
command toward the NCAP base station. Besides, the NCAP answers to the 
messages toward web clients in the LAN network. Each NCAP and WTIM runs 
an application in the TinyOS Real Time Operative System RTOS. Software 
components are programmed in NesC language. The NCAP is attached to a PC 
running Linux Ubuntu. The PC stores a relational MySQL database to save 
metadata measurements. Additionally, a web service, based on Poster tool [40], is 
employed to interact with the web clients that subscribe the web service. The 
network, in the first instance, uses a single-hop to collect messages from WTIM 
nodes. In this approach, a sampling MAC protocol, Berkeley Media Access 
Control (BMAC) is incorporated with the Low Power Listen (LPL) option to 
check the radio activity [41]. BMAC is a flexible sampling protocol oriented for 
WSN that uses Carrier Sense Multiple Access with Clear Channel Assessment 
(CSMA/CCA) for collision avoidance, detecting the channel activity and 
employing the back-off mechanism for channel arbitration. The node duty cycle in 
test was fixed at 1 % to increase the WTIM node lifetime and to reduce energy 
consumption.  

In the second instance, a multi-hop approach was studied based on a look-up 
table to route all messages, based on the WTIM node position towards the NCAP 
node. Each WTIM Node (W) can act as a repeater to route the messages.  

The sonic anemometer developed is a tiny and autonomous smart sensor 
modeled according to the IEEE 1451 standard. It includes two physical sensor 
channels. The first channel measures wind speed and the second one calculates 
wind direction with ultrasonic transducers located in two axes. 

Additional nodes were used to monitor air temperature (T) in Celsius degrees, 
relative humidity (RH), Total Solar Radiation (TSR) and Photo-synthetically 
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Active Radiation (PAR) in lux. The syntactic interoperability was studied at 
application layer and at physical layer were investigated new methods to increase 
the node autonomy based on energy harvesting techniques. 

9.4   Smart Sonic Anemometer: Hardware Architecture 

The sonic anemometer calculates wind speed and wind direction around the node 
position based on TOF time using four ultrasonic transducers between two paths. 
Figure 12 shows the main parts of the sonic anemometer. It contains piezoelectric 
ceramic transducers (UT) of 40 kHz. The Front-end was a commercial probe 
assembly from Gill Instruments. The piezoelectric UTs are located each 90º in a 
horizontal plane to calculate TN-S and TS-N TOF times to determine each 
component of wind speed in two-axis. The Wind measurements are based on a 
duty cycles below 6 % that is sufficient for WS and WD predictions.  

 

Fig. 12 IEEE 1451 WTIM Smart Sonic anemometer 

The UT front-end employs the UART serial interface to receive and process 
TOF times.  

The computing unit is based on Telosb platform and includes a Microcontroller 
(MCU) TI 16-bit MSP430F1611, with an external serial flash EEPROM memory 
ST M25P80. The node has an IEEE 802.15.4 Texas Instruments Transceiver 
CC2420 operating in the ISM band of 2.4 GHz. The wireless transceiver provides a 
maximal transmission rate of 250 Kb/s at the physical layer. The CC2420 
transceiver was configured to transmit 1 mW (0 dBm) in order to achieve a coverage 
range of up to100 m at outdoor locations using only an internal PCB antenna.  

Figure 13 shows a block diagram of the external power sub-module, front end 
and computing unit. The external power sub-module unit contains a solar panel 
MSX-01 [42] to recharge a pack of four Ni-MH Ansmann batteries (AA 1.2 V / 
2700 mA-h), [43]. The solar cell current depends on the incident solar irradiance. 
For high solar irradiation near of 1 kW/m2, the solar panel provides up to 150 mA. 
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The incident sunlight in the solar panel allows charging two 22 F/2.5V super-
capacitors connected in series to achieve 5 V and reduced internal leakage 
currents. The super-capacitors also become energy reservoirs to maintain the 
voltage constant during battery recharge. 

 

Fig. 13 Block diagram of the smart sonic anemometer 

The comparator with hysteresis in the power sub-module controls the critical 
levels to recharge the Ni-MH batteries, and the dc-dc regulator changes the 
voltage level according to the voltage requirements of the node. 

9.5   Application Layer 

The sonic anemometer incorporates a group of IEEE 1451 common commands 
and mandatory TEDS with the header compression model at application layer. The 
code is based on reusable sets of pieces, such as modules and configurations that 
were designed for the RTOS TinyOS to program code routines, which use open 
source tools for WSN applications.  

The node application that runs in TinyOS uses an execution model based on 
tasks and events. The components are modeled as objects that are connected 
together for the WSN application. Furthermore, different low-level components 
are encapsulated in small single modules to create more complex blocks of 
configurations. In this application, the wiring of the different modules and 
configurations allows to design different device profiles, such as WTIM or NCAP. 
Different modules and configurations in TinyOS were wired using different 
interfaces to use or provide functions. The wiring of the different TinyOS 
components depends on the hardware resources and the application requirements. 
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9.6   Experimental Results 

The goal has been to maintain the sensor node operating continuously between 
different states, such as active, idle and sleep mode, in order to save energy and 
extend the node lifetime. For this reason, the sampling protocol BMAC with low 
power listen to check the network activity before message transmission was 
employed in tests. The WTIM node expects to receive commands and return the 
response. Also, the node employs a variable duty cycle between 1 % and 6 %. 
Experimental tests were carried out with a Tektronix TCPA300 probe and an 
Agilent DSO6032A oscilloscope to measure the current during different node 
operational states. Figure 14 shows the node current consumption in sleep and 
active modes when the duty cycle was 1 %. The total energy consumed in the 
WTIM node is calculated using an experimental model based on equation (18). 
The model uses the following terms:   

- Energy to receive any IEEE1451 command (ERx) 
- Energy expended in transmission (ETx) 
- Energy to listen the radio channel (E_listen) 
- Energy to sense the physical channels WS and WD (Edata) 
- Energy used in sleep state (Esleep).  

The overall energy consumed in the node is ET and it can be calculated as: 
 

ET = ERx + E_Tx + Elisten + E_data + E_sleep                                       (18) 
 

 

Fig. 14 Node current consumption in different states with duty cycle of 1 % 

The average current in the WTIM node for sleep and listen states has been 
measured about 5 mA and the current for sensing the physical channel about  

E



Autonomous and Interoperable Smart Sensors 351
 

10 mA. Finally the current consumption in transmission and reception has been  
35 mA.   

The impact of the IEEE 1451 standard in the payload was studied based on 
messages from the WTIM node and the NCAP: 

• A message structure of 46 bytes that contains a header and payload was 
studied according to the IEEE 802.15.4 standard in the first case.   

• In the second case a ZigBee message of 46 bytes was used on top of the 
IEEE 802.15.4 standard. 

• Third case uses a message of 46 bytes with a header and payload that 
include the IEEE 802.15.4 standard plus the IEEE 1451 standard in 
application layer to send and receive IEEE 1451 commands.  

• Fourth case uses a message structure of 46 bytes with a header and 
payload that include the IEEE 802.15.4 standard plus the IEEE 1451 
standard with header compression to reduce metadata in TEDS and IEEE 
1451 commands.  

Figure 15 shows the number of messages transmitted for the different message 
structures, such as the raw IEEE 802.15.4, ZigBee, IEEE 802.15.4 plus the IEEE 
1451 standard and IEEE 802.15.4 plus the IEEE 1451 based on header 
compression. The raw IEEE 802.15.4 payload is the best case to send metadata, 
saving 11.4% respect to the messages structure which involves IEEE802.15.4 
structure plus the IEEE1451 standard with header compression. 

 

Fig. 15 Comparison of different message structures 

Experimental tests showed that a ZigBee node spends more energy (74.19 %) 
that an IEEE 802.15.4 node plus the IEEE 1451 standard to send the same 
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payload. Also, the inclusion of the IEEE 1451 standard with header compression 
is a viable alternative to ZigBee.  Furthermore, messages based on the IEEE 
802.15.4 standard and the original version of the IEEE 1451 standard spends more 
energy (6.45 %) that messages containing the IEEE 802.15.4 standard plus IEEE 
1451 with header compression. Table 8 shows the node autonomy based on a 
message structure (IEEE 802.15.4 plus IEEE 1451 with header compression) and 
a duty cycle of 1 % and 6 % respectively.  

Table 8 Node autonomy with no sunlight 

Duty cycle 1% 6% 

Energy_by_day(mWh) 2592 4490 

Autonomy_days (days) 5 2.88 

Figure 16 shows the voltage fluctuations in an array of super-capacitors of the 
solar harvester due to sunlight fluctuations for three consecutive days. Two super-
capacitors of 22 F and 2.5 V were wired in series to reduce the current leakages, 
maintaining stable the voltage for several seconds to improve the recharging of the 
batteries. Solar radiation in winter is reduced at noon and the maximum voltage in 
the array of super-capacitors was close to 3.3 V, but at night, the minimum voltage 
was about 0.5 V. 

 

 

Fig. 16 Harvester ∆V variation in an array of super-capacitors 
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The theoretical total energy stored in two super-capacitors (Ecap) of 22 F  
and 2.5 V was calculated with two capacitances C1 and C2 in series based on 
equation (19): 
 

                                                                                                                   (19)  

 
With C1= C2 = 22 F 
VAB = 3.3V (at winter) 
Ecap = 59.8 J and their conversion in watts-hour (1 J = 0.00027778 W·h) 
Ecap= 16.3 mW·h     
Also, the energy stored in the batteries is related to the number of batteries (#bat), 
their capacity in milliampere hour, and battery voltage in volts. For four Ni-MH 
batteries the stored energy was:  #                                                                                                              (20) 4 2700 1.2 12960                                

Therefore, the node lifetime based on equation (21) and Table 5-5, for a duty cycle 
of 1 % was:  _      = 5 days                                                                                    (21) 

9.7   IEEE 1451 TEDS Design and Metrics 

According to the IEEE 1451 standard, our WTIM node offers features beyond 
those achieved by traditional sensors. These improvements are a set of 
standardized Transducer Electronic Data Sheet formats to enhance the syntactic 
interoperability. This information is used in self-diagnosis, calibration, control and 
operational node management. Each TEDS format and their memory size is shown 
in Figure 17. 

All TEDS formats are stored in the non-volatile memory of each WTIM node. 
In practice, the content of TEDS can be stored in the MCU Flash memory but in 
other cases this information can be retained in an external EEPROM serial 
memory to store the node configuration and calibration related to each physical 
sensing channel. 

Table 9 shows the performance metrics for messages based on the IEEE 1451 
standard. These metrics are related to the number of bytes in a message and the 
energy expended to send different payloads. The base of this study was the IEEE 
802.15.4 standard plus the IEEE 1451 standard in the message payload. The 
energy consumed by the node to transmit messages was calculated taking into 
account the nominal payload available in the node that operates in active state. In 
this case, with a duty cycle of 1 % in 24 hours are sent 1440 messages (header + 
payload) to read a physical channel which is 73.4 KB of metadata or 4.49×10-2 J 
(12.47×10-6 W·h). 
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MetaTEDS (12 B)

Transducer Channel 
TEDS (31 B)

User Transducer 
name TEDS (8B)

PHY-TEDS (30 B)

WS Calibration-TEDS 
(19 B)

MetaTEDS (12 B)

Transducer Channel TEDS (31 B)

User Transducer name TEDS (8B)

PHY-TEDS (30 B)

WS Calibration-TEDS (19 B)

 

Fig. 17 IEEE 1451 TEDS formats stored in the smart sonic anemometer 

 

Table 9 Metrics related to IEEE 1451 TEDS and commands 

Metric Definition Value 

# bytes in a message 
(header   + payload) 

Request: 
Read MetaTEDS (5 B) 
Response: 
Read MetaTEDS (16 B) 

Payload not used 
40 B – 5B = 35 B 
 
40 B – 16B = 24 B 

Energy expended to 
send a message 

Request: IEEE 802.15.4 
Header (11 B) + Payload (40 B) = 51 B 
 
Request: IEEE 802.15.4 + IEEE 1451 
Header (11 B) + Payload  Read MetaTEDS (5 B) = 16 B 
 
Response: IEEE 802.15.4 + IEEE 1451 
Header (11 B) + Payload  Read MetaTEDS (16 B) = 27 B 

1.96×10-4 J 
(54.4×10-9 W·h) 
 
1.75×10-4 J 
(48.6×10-9 W·h) 
 
 
1.75×10-4 J 
(50.27×10-9 W·h) 

Node duty cycle 
In active state 
In sleep state 

1 s 
59 s 

Metadata per day 
IEEE 802.15.4  = (11 + 40) × #messages Tx 
Request IEEE 1451 = (11 + 5) × #messages Tx 
Response IEEE 1451 = (11 + 16) × #messages Tx 

73.4 KB/day 
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Figure 18 shows the time to transfer TEDS metadata based on two different 
wireless physical interfaces. The first model uses IEEE 802.15.4 and IEEE 1451 
standards for Meta-TEDS and PHY TEDS in message structure.  

 

Fig. 18 Time to transfer metadata based in two models in IEEE 802.15.4 and ZigBee 

The second model studies the time to transfer the contents of Meta-TEDS and 
PHY-TEDS using ZigBee. In all cases, the ZigBee node plus the IEEE 1451 
standard take more time (near to 300 ms) to transfer the message payload that a 
similar message based on the IEEE 802.15.4 plus IEEE 1451 standard. The 
ZigBee code consumes up to 20 % more memory due to the additional overhead 
of ZigBee layers such as network and ZigBee application layers that increase the 
effective time to transfer a message.  Additionally, ZigBee consumes 8 % more 
energy in transmission than the IEEE 802.15.4 plus the inclusion of the IEEE 
1451 standard. 

Finally, Figure 19 shows a model of ontology based on the definitions of the 
IEEE1451 standard for smart sensors in an environmental WSN. In this ontology, 
devices can be sensors or actuators and each sensor node contains a group of 
TEDS. Furthermore, the information stored in TEDS contains a range of context 
metadata such as node properties and their location. Each sensor and TEDS 
formats were modeled at a higher level using a tool called Protégé [44] to 
represent smart sensors and TEDS formats to process the contextual information 
of semantic networks. Additional information in this ontology includes the 
remaining node energy and connectivity based on the WSN location to model 
context-aware applications.   
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Fig. 19 Ontology for IEEE1451 smart sensors 

This ontology for environmental WSN applications provides a more 
understandable and collaborative approach to discover new services, and to 
describe the node properties and modeling devices that employ the IEEE 1451 
standard with standard transactions based on the XML, RDF and OWL languages, 
and, finally, to share information in the autonomous contexts for the management 
of remote smart sensor systems.  

10   Conclusion 

The IEEE 1451 standard is a high level syntactic abstraction oriented toward 
standardization of smart sensors and actuators, that are expected to experience an 
exponential growth in the next years. In the near future, environmental 
applications, based on devices such as NCAP and WTIM nodes, will be deployed 
in diverse environmental monitoring applications. They will employ present and 
future wireless communication technologies for WSN to accelerate the design of 
intelligent devices deployed in remote locations. However, the complexity and the 
market fragmentation of pervasive computing applications is a threat to WSN 
interoperability based on autonomous smart sensors, especially at the physical 
layer. A critical barrier to the deployment of IEEE1451 smart sensors is the jungle 
of technical physical wireless interfaces that are not interoperable between them. 
Nevertheless, in a lot of cases, messages for IEEE 802.11 (Wi-Fi), IEEE 802.15.1 
(Bluetooth) or IEEE 802.15.4 (ZigBee and 6loWPAN) can be harmonized at 
MAC, network and application layers by implementing an efficient IEEE 1451 
message structure that can be independent of the physical layer implementation.  

In this work we have proposed the inclusion of the IEEE 1451 standard in 
WSNs based on the IEEE 802.15.4 standard and sensor nodes modeled like 
WTIM and NCAP devices. 
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The case study provides a convincing argument that the header compression 
structure in the message is the future for interoperable IEEE 1451 smart sensors, 
which operate in monitoring applications with autonomous devices. In any case, it 
must firstly be accepted and implemented by the WSN community and final users 
for the massive penetration in the industry.  

Besides, we have observed that in WTIM nodes that contain power 
management sub-modules based on energy harvesting techniques, solar panels and 
super-capacitors, the node lifetime increases. But, these circuits have some 
tradeoffs such as the outdoor operation, reduction of duty cycle and the increase of 
circuit size and complexity of the node. In our tests, the hardware was adapted to 
diverse scenarios for environmental monitoring applications. 
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Abstract. The fuel cell (FC) is a source of energy that help to avoid pollution and 
thus contribute to solutions for global warming. This kind of battery is well known 
since many decades but its research for improving their efficiency is still in 
progress. Such battery could also be used for specific applications for example in 
agriculture where many devices operate in a limited area such as tractors, pumps, 
transfer systems treadmills of agricultural products.  

One important parameter among others is the diagnostic of their membranes 
state using real time humidity measurements to improve their efficiency. In this 
chapter, the basics of FC are first described and their various parameters 
described. The importance of humidity and its consequences on the efficiency of 
the FC are also summarized. The different techniques used for measuring the 
moisture content of the FC with their advantages and disadvantages are also 
presented before giving the results of measurements performed by our research 
team at the Nancy University Henri Poincaré. 

1   Introduction 

Energy issues are critical for the global environment. Hydrogen is a realistic solution 
for the future in terms of alternative energy source, among others. For embedded 
systems or mobile, fuel cell (FC) is a source for direct conversion into electrical 
energy. Using fuel of hydrogen and oxygen, the fuel cell directly produces 
electricity and heat. The system is efficient and clean because it does not produce 
toxic gases. Interest in environmental terms of the FC as a source of alternative 
energy and clean has been discussed since many years [1, 2, 3]. 
                                                           
*
  Laboratory of Materials and Renewable Energies, University of Tunis, 92, Boulevard 9 
Avril 1938 -1007 Tunis – Tunisie. 
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Among the challenges in terms of environment, the FC do not produce 
pollution in the atmosphere. It could thus be one solution among others to the 
problematic of global warming [2]. This challenge can be met if the FC became a 
reliable and inexpensive source of energy. This requires the optimization of its 
performance and therefore performance. Another possible application, numerous 
vehicles or equipment used in agriculture or agriculture, such as tractors, pumps, 
transfer systems treadmills farmers or agricultural products can benefit from such 
a source of energy if it can meet aforementioned qualities: reliability, cost and 
duration of use. 

This challenge can be solved by the FC as a reliable and inexpensive energy 
source. This requires the optimization of its performances. One important criteria 
for diagnosis of the FC behaviour is the moisture content of its membranes. This 
parameter of the water management inside the FC is very relevant. 

Among the possible applications in agriculture, numerous vehicles or 
equipment used in the farms or in the companies such as tractors, pumps, transfer 
systems treadmills of agricultural products may take benefit from such a source of 
energy. However, the FC must meet aforementioned qualities: reliability, cost and 
duration of use.  

In this chapter we first describe the operation of an FC and its various 
parameters. In a second step, we indicate the importance of humidity and its 
consequences on the functioning of the FC. In a third step we present the different 
techniques used for measuring the moisture content of the FC with their 
advantages and disadvantages. Finally we present the results of measurements 
performed by our research team at the Nancy University Henri Poincaré.  

2   Basics of Operating a Fuel Cell 

In principle, a fuel cell differs from conventional batteries by way of storing fuel 
and oxidizer, (figure 1). They are no longer stored in the generator, but from 
outside of the stack. A battery of zinc, for example, should be discarded when the 
fuel is finish (primary battery) and a battery (secondary battery) must be charged 
before the reagents are regenerated. In a fuel cell, the tank is just filled with fuel 
and air supply to continue to get electricity. In the recent years, due to their energy 
and environmental performance, fuel cells are growing in all power ranges from 
tens of mW to few MW. Their technical characteristics are also more and more 
improved. However, some characteristics should be more optimized, like their life 
and their costs that remain today an obstacle to general use, particularly in the 
transport sector. 

The principle of the fuel cell is generally described as the reverse of 
electrolysis. Specifically, it is a controlled combustion and electrochemical 
hydrogen and oxygen, with simultaneous production of electricity, water and heat. 
As shown in Figure 1, an elementary cell consists of two electrodes in contact 
with an electrolyte. One of the electrodes is supplied with fuel (hydrogen, 
methanol, for example) and the other with oxidant (oxygen or air in most  
cases) [4]. 
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Fig. 1 Principle of operation of a fuel cell  

The oxidation of the fuel produces electrons that are collected at the anode:  

H2 → 2H+ + 2e                               Equation 1.1  

At the cathode, electrons are instead taken to reduce the oxidant:  

½ O2 + 2H+ + 2e → H2 O                                           Equation 1.2  

These opposing electrochemical processes, providing electrons to the anode and 
the cathode consuming generate the potential difference that appears between the 
two electrodes of a battery as soon as they are supplied with gas.  

A modern fuel cell consists of a stack of elementary cells. Each cell consists of 
two porous electrodes (usually graphite and in which the catalysts are dispersed) 
separated by an electrolyte, electric insulator and ionic conductor. This is a key 
part of the performance of a fuel cell. 

3   Benefits and Limits of Fuel Cells 

Fuel cells are often presented as the solution of the future in the fields of power 
generation, automotive. This attraction is justified by the following advantages. 

Energy Efficiency  

The net electrical efficiency depends on fuel cell type, it varies between 40 and 
70%. However, one should consider the overall system with its auxiliaries (pumps, 
heat exchanger, reformer operating pressure ...), or stoichiometric fuel excess and 
air that lower the efficiency. Specificity of the batteries is that the electrical 
efficiency does not decrease and could moreover increases under partial loading. 
Thus, there is no decrease in the case of small installations, unlike for 
conventional systems (gas turbines), where small units of a few kilowatts have 
low yields. The yield drops to very low load mainly because of the accessories.  
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With regard to motor vehicles, one cannot consider only performance of the 
system stack. It is necessary to compare vehicles with the balance sheets of the 
"well to wheel" by counting the fuel processing (extraction, transport, refining, 
transport and distribution). The results are oftently compared by simulations on a 
typical course.  

For stationary applications, one must consider the overall energy efficiency, 
which is much higher. The energy that does not transform on electricity can be 
recovered as heat. The value of this heat depends on the temperature level of the 
battery, but a total returns of 85 to 90% could be achieved. For a Phosphoric Acid 
Fuel Cell (PAFC), the literature gives values of 40% electrical efficiency and 35 to 
40% thermal efficiency depending on the temperature level.  

Noise Pollution  

During operation, the batteries are silent. In FC, only certain organs such as 
compressors, pumps, ventilation system, produce a slight noise. Noise emissions 
from the FC ONSI PC25 are 58dB at 10 m. Those who have already driven an 
electric vehicle know that it is very silent, so that one does not hear it approaching. 
It is the same for all vehicles using FC or for stationary applications giving an 
advantage for their integration in urban areas. There is no rotating part in a fuel 
cell, no movement, so there is no mechanical wear to the heart of the stack.  

Gaseous Pollution  

Fuel cells are presented as an asset in the fight against pollution, particularly in the 
frame of the Kyoto Conference regulation. Emissions from a cell system depend 
heavily on the fuel used and its origin. Emissions to be considered are greenhouse 
gases, especially CO2, CH4, CO, NOx (nitrogen oxides), particles of carbon, SO2..  

In terms of automotive propulsion, a classification was made according to their 
emissions : ZEV (Zero Emission Vehicle), SULEV (Super Ultra Low Emission 
Vehicles), ULEV (Ultra Low Emission Vehicles). Vehicles using hydrogen are 
classified ZEV. If we consider only the vehicle, it does not pollute if it runs with 
hydrogen, only a low amount of CO 2, CH 4, or CO if it runs with methanol or 
ethanol, and CO2, CH4, CO, SO2 when using gas.  

But if one considers the whole chain of "well to wheel", the gains appear 
mainly at the level of CO, NOx, and dust particles. These calculations depend on 
assumptions about the source of fuel and the method of obtaining hydrogen.  

A very broad spectrum of results could be obtained depending on how to 
produce H2. The lowest emissions are obtained when for a FC vehicle running on 
hydrogen, the latter being produced by electrolysis with renewable electricity.  

Modularity  

The batteries are made up of individual cells connected in parallel or in series to 
obtain the desired power. It is therefore possible by adjusting the number of cells 
and the surface of each to get all possible powers from 1 kW to several MW. For 
cells with very low power, techniques of miniaturization are used.  .  
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Operating Temperature  

For batteries operating at low temperature, there is advantage for two aspects: 

• the electrical efficiency is better at low temperatures;  
• this temperature is more suitable for mobile or portable applications that do 
not need the heat from the stack.  

However, for stacks with high operating temperature, the heat can be used for 
domestic and industrial applications or coupling with a turbine.  

According to these main advantages, the fuel cell batteries seem very 
interesting. Thus, why not find them currently on sale? In fact, there are still many 
shortcomings that remain so far to solve. These disadvantages are partly listed 
below.  

Cost  

It's the biggest problem right now, in automotive applications. The price of FC 
batteries is 100 times higher than the one ensuring the competitiveness and from 
20 to 50% too high for stationary applications. This cost is divided between the 
following components (given that it depends strongly on the type of battery and 
power and this will vary in the future with technological advances): the stack, the 
reformer and the AC / DC converter. For the PEMFC stack, the cost is divided 
between the membrane electrodes, the catalyst, the bipolar electrodes:  

• the price of platinum electrodes covering  is around € 17/g (a price expected 
to go up depending on the application), knowing that for a stack of 70 kilowatts, 
you need around 400g,  
• membranes that cost around 400  € / m 2  

• interconnection plates and cooling that are machined graphite and whose 
production is costly.  

There are also some auxiliary components and assembly. Much progress has been 
made in terms of platinum content, but for membranes and plates their production 
process and the impact of mass production costs must be improved.  

Dimensions and Weight  

These two aspects are not a constraint for stationary applications but they are for 
portable applications, and especially automobiles. On the one hand, the battery 
and the fuel storage module must be integrated into the vehicle without affecting 
habitability (as it was the case for the NECAR 1 [4]). This is even more delicate 
with the reformer which is a gas producing system to incorporate in addition to the 
stack. Further, the system battery should not be too heavy to avoid the decrease of 
vehicle performances.  
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Lifetime  

Most recent fuel cell batteries are still prototypes. There is little information on 
their life. Constraints differ depending on the application:  

Automotive: a few thousand hours,  
Stationary: at least 40,000 hours.  

To this end, one must take into account maintenance costs (unknown at this time) 
and the possibility of changing one or more parts in the system. For now, the only 
data on stationary batteries that are available come from the PAFC ONSI 25 [5]. 
The problem of degradation of membranes due to poor water management in fuel 
cells is also another aim. Indeed, for the fuel cell to function optimally, the 
membrane must be correctly humidified (neither too dry nor too wet). 
Mismanagement of water content in the FC membranes, may cause premature 
degradation of the stack and can decrease the battery performances.  

Thermal Management Module  

The fuel cell module has yet to be integrated with the rest of the system. For 
automotive applications, the heat generated by the battery must be evacuated or 
eventually reused. This imposes an efficient cooling system. For stationary 
applications, it is to optimize the use of the heat, depending on battery and the 
application. An excessive rise in temperature in the stack can lead to drying of 
membranes.  

Fuel 

For existing fuel cells, it is the hydrogen that is mainly used as fuel. Other 
possibilities are investigated for automotive applications. Methanol has often been 
advanced, but it requires to implement the whole system of production, 
transmission and distribution for a fuel that will maybe disappear in 10 years. This 
is possible by using gasoline  but it must be used with low sulfur and have an 
adequate reformer. Ethanol is another possibility since it is not toxic and is 
biodegradable. In all cases, other fuel than hydrogen requires the use of a specific 
reformer which is a constraint in terms of space, weight and boot duration. In 
stationary applications, the use of natural gas appears to be a consensus, because it 
is simpler to implement and one of the few for which the infrastructures exist. But 
one must pay attention to the different qualities of impurities such as sulfur.  

The use of hydrogen implies that the problem of onboard storage is solved : 
pressurized gaseous, liquid at very low temperatures, stored in metal hydrides. The 
other problem is the preconceptions against hydrogen explosion, flammability. In 
fact, hydrogen has no greater risk than other fuel, the precautions to take for 
security being similar.    
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4   Humidity Measurement  

The water management is necessary so that the fuel cell type proton exchange 
membrane (PEM) provides a reliable and efficient operation of the stack.  

This water management is critical in terms of performance of the FC and very 
crucial in the PEM systems. Too much water drowned the membrane, too little 
dries it. In both cases, performance decreases.   

According to Marchand Marielle [6], there are two aspects of this problem: 

• The drying of the membranes,  
• congestion distribution channels or electrodes. 

The first problem is mainly encountered at the entrance of the stack, where water 
quantity is low. When the dry gas enter the stack, they absorb water at their 
contact. One can note the case of a perfluorinated membrane Nafion ® type that 
dries quickly because the desorption of water is facilitated.  

The water excess at the electrodes or channels is generally observed at the 
output of the stack. In the cathode side, the water produced by the cell in the active 
area must be quickly drained outside the stack. Otherwise if it accumulates around 
the electrode, it can stop the diffusion of gases into the catalytic sites and limits 
the reduction reaction of oxygen in water. In addition, if the gases are humidified 
at the top of stack, part of the amount of water introduced as steam will condense 
in the stack, due to the consumption of oxygen. Gradually, as the oxygen is 
consumed in the stack, the maximum amount of water that can be transformed in 
vapordecreases. Part of the water introduced at the top of stack condenses, 
increasing from the problems of accumulation of liquid water in the active zone. 
On the evacuation side, where liquid water accumulates preferentially in a 
channel, it may obstruct it and make it inoperable. The active electrode surface 
decreases surely creating dead zones not producing electricity and areas at higher 
current densities, when working at constant voltage.  

The current average to avoid excess water in the supply channels is to 
dynamically remove the water outside the stack using large amount of carrier gas.  

Necessity for Measuring the Membranes Humidity  

The proton exchange membrane including the Electrode Membrane Electrode 
Assembly (EME) conducts protons only if it is properly hydrated. To avoid the 
problem of membrane drying, the gases are pre-moistened before entering the 
stack. If there is an excess, it brings down the yields of the stack because it hinders 
the diffusion of gases in the electrodes by its accumulation around the electrode or 
in the distribution channels gas. If declines in performance related to a drop in 
conductivity of the membrane are relatively well known now, it is not the case for 
the problems of water excess electrodes and gas distribution channels. This point 
needs measurements of humidity in fuel cells to understand the mechanisms 
related to water that may affect the battery performance.  
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Reasons of Membranes Drying 

The drying in a fuel cell can affect all areas containing an electrolyte, namely:  

• the membrane  
• active areas of electrolytes, cathodic as well as anode side.  

The ionic conductivity of a membrane loaded with H+ is multiplied by a factor of 
10 between dry and moist state. In dry state, clusters containing ions are isolated 
from each other and the membrane is a very poor ionic conductor. The absorption 
of the solvent (water) causes the linkage of these ionic clusters, ensuring 
continuity of an ion across the membrane. According to Xie et al. [7], the protons 
transport in the membrane is mainly driven by a jump from a water molecule to 
another, rather than by the sulfonic sites. For these authors, the hydrophilic ions 
such as protons behave in the Nafion membrane as if they were in aqueous 
solution. This is why they move preferentially through the hydrophilic domains of 
the membrane. Thus, several authors (8-15) agree to emphasize the importance of 
hydration on the ionic conductivity of the membrane.  

Okada et al. [16] were interested in modeling a concentration profile of a 
membrane fuel cell, taking into account the transport of linear equations based on 
the laws of diffusion and electro-osmosis. They were able to demonstrate a very 
fast drying (a few hundred seconds) of the membrane when the gas enters the cell 
dry. For relatively thick membrane (Nafion 117), against, the flow of low-
diffusion and electroosmosis dominates, resulting in a preferential drying of the 
anode, although the saturation of the entering gas. 

Poor hydration of the membrane causes a decrease in ionic conductivity and 
direct effects on the performance of the battery. A bad state of hydration of gas 
plays on the anode and cathode overvoltage. Indeed, a lack of humidification in 
the catalytic zone increases the resistance of the ionomer compound and the 
problems associated with the kinetics of oxygen reduction and hydrogen 
oxidation. Indeed, to participate in their respective reaction, hydrogen and oxygen 
must be dissolved in the electrolyte of the catalytic zone.  

The permeabilities of oxygen and hydrogen increase with the hydration of this 
compound ionomer. Analysis by impedance spectroscopy, a technique to decouple 
the potential losses, [Springer et al. 17] have shown the negative effects of poor 
hydration of gas on the kinetics of oxygen reduction and the proton conductivity 
of the catalyst layer.  

Causes Related to Flooding of Membranes  

The problems of excess water can be located on two sites :  

• in the electrodes,  
• in the distribution channels.  

At the electrode, on the cathode side, the water produced by the cell in the active 
area must be quickly drained to supply channels. Otherwise if it accumulates 
around the electrode, it can prevent the diffusion of gases into the catalytic sites 



Performance Optimization of a Fuel Cell by Measuring the Moisture Content 369
 

and limits the reduction reaction of oxygen in water. In addition, if the gases are 
humidified at the top of stack, part of the amount of water introduced as steam will 
condense in the stack, due to the consumption of oxygen. Indeed, the mole 
fraction of water in vapor depends on the pressure and temperature. Gradually, as 
the oxygen is consumed in the stack, the maximum amount of water that can be in 
vapor form decreases. Part of the water introduced at the top of stack condenses, 
increasing from the problems of accumulation of liquid water in the active zone. 
Finally, for a thick membrane, in which the flow of electro-osmosis may outweigh 
the flux of the reverse diffusion, the problems of flooding of the electrodes are 
also emphasized. Currently, to avoid this problem, liquid water formed at the 
cathode side active area is sent to the gas distribution channels for both cathodic 
and anodic sides. For transfer to the cathode channel, the diffusional zones contain 
hydrophobic agents that increase the capillary pressure and evacuate the water 
produced as a result of a pressure gradient.  

In terms of distribution channels, the fluid pressure is close to that of gas. To 
reject one part of liquid water on the anode side, it is necessary to increase the 
flow of cathode-anode diffusion through the membrane. The result is a net flow of 
water through the membrane whose meaning depends on the relative importance 
of each of these flows. To reject a portion of produced water to the anode side, this 
flow must be directed from the cathode to the anode. If liquid water accumulates 
preferentially in a channel, it may obstruct and make it inoperable. The active 
electrode surface decreases surely creating dead zones not producing electricity 
and areas at higher current densities, when working at constant voltage. As 
explained before, to avoid waterlogging in the supply channels, the water is 
dynamically removed outside the stack using large gas stoichiometries in order to 
create an automatic purge of excess water.  

Humidity Measurement Techniques for Fuel Cell 

The drying of a membrane fuel cell is now well known and identified 
experimentally by measuring the resistance of membrane.  

The waterlogging of the electrodes is very difficult to achieve, but the 
identification of this problem with the distribution channels of the gas is easily 
fitted in the cells of visualization windows or other methods for measuring 
humidity by appropriate sensors.  

Techniques and measurement solutions that exist are partly listed below. They 
may help to establish correlation between the impedance of a fuel cell with its 
membrane humidification.   

Nishikawa’s Method 

A study was made by Nishikawa et al [18] to establish a method for measuring 
relative humidity and current distribution inside the PEMFC cells to identify 
factors affecting the weakening of the FC electric potential. This study was done 
on a PEMFC of 17cm x 17cm size. The moisture distribution is measured by 
means of sensors that directly monitor the relative humidity of the reaction gases 
through the channel of air flow at the cathode. The evacuation of excess water 
being made at the cathode. The current distribution is directly measured by a 
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current sensor attached to the rib of the cathode. The deterioration of the cell 
voltage is due to flooding of the cell under conditions of excessive moisture. 
Degradation of the membrane is due to a low moisture content. The increase in 
cell resistance is due to ionic contamination and repeated changes of load.  

The humidity sensor is installed as follows (Figure 2) : a 1 mm diameter hole is 
drilled in the channel of air flow through the plate. A stainless steel pipe is 
attached and fixed to the circumference of the hole. The sensor used is of 
VAISALA HMI41 HMP42 type with a probe diameter of 4 mm long and 23.5cm 
eligible for the stainless steel pipe. The humidity measurement is made at six 
different locations. The measurement method is as follow: a method for external 
humidification is used to regulate and control the humidification of the gases 
entering the stack. The cell temperature is adjusted using a heater attached to the 
mounting plate. The humidity inside the stack is a function of temperature, these 
two quantities are measured simultaneously. 
 

 

Fig. 2 Installation of the current sensors and humidity in the cell for the Nishikawa’s method [18] 
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The humidity measurement is a relative measure that could be corrected by the 
following equation :  

H = Relative Humidity x P1/ P2   Equation 1.3  

where H is the corrected measure of relative humidity (%)  

P1 : Pressure of saturated steam at a temperature measurement (Pa)  
P2 : pressure saturated steam at the temperature of the fuel cell (Pa)  

The results show that for the cell at 80 °C the humidity at the inlet gases is 
extremely low (30%). Near the drain water, relative humidity is 70% showing a 
big change and a difference between relative humidity inputs and outputs. The 
measurements of humidity obtained by this team are comparative measurements 
between the humidity at the inlet (gas humidification) and the humidity output 
(with the sensor measures humidity). Inconvenients that may result from this 
method are:  

• the holes in the bracket that could affect the proper functioning of the cell, 
including generating a breath of fresh air if they are not waterproof,  
• the failure to raise the humidity at the entrance of the battery with the same 
type of sensors, the rate is calculated according to the conditions imposed,  
• the template of the sensors used is not compatible with the main objective that 
is to create a self-regulating and embedded system within particular vehicle. 
Indeed, the sensors used are on one side very expensive ($ 1.803 for the sensor 
only) and on the other hand very bulky (23.5 cm long).  

VIASPACE® Technic 
VIASPACE [19] developed a laser measuring instrument in real time to assess the 
moisture content of the fuel cell membranes. The laser measurement is very 
convenient compared to other measurement methods, it requires no intervention 
on the stack, which is a great advantage. The disadvantage is that this method 
could potentially be influenced by the humidity of the surrounding air. The device 
may in addition to measuring the moisture content of the membranes of the stack, 
adding that of the ambient air if it is not directly "stuck" to the FC. Another 
remark about the method of laser measurement is that the humidity measurement 
is made on a specific area of the membrane (which is not very interesting) or the 
entire membrane (which is more interesting). Measurement over the entire surface 
of the membrane could give us the mapping of the moisture that would know the 
distribution of concentration of moisture.  

Chi-Yuan Lee’s Method  
These authors [20] present a method for measuring temperature and humidity in a 
fuel cell. The method uses a resistive temperature sensor. With increasing ambient 
temperature, the sensor resistance increases, given its positive temperature 
coefficient. For the humidity sensor, the authors chose a polymer capacitive 
humidity sensor with interdigitated electrode structures, and the dielectric constant 
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increases with the humidity because the polymer absorbs water. The structure of 
the capacitive humidity sensor is shown in Figure 3. 

 

 
Fig. 3 Structure of the humidity sensor (Courtesy of Dr Chi-Yuan Lee [20]) 

When a proton passes through the MEA from the anode to the cathode, the 
temperature of MEA is increased by the chemical reaction and water is produced 
at the cathode. The temperature sensors and humidity are placed in the MEA at 
different positions for better measurement accuracy for temperature and humidity 
of the MEA.  

Figure 4 shows the diagram system and location of the sensor.  
 

 

Fig. 4 Diagram of the system and the placement of the sensor (Courtesy of Dr Chi-Yuan 
Lee [20])  
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Figure 5 shows the comparison of results of measuring the temperature between 
the thermocouple method and the micro temperature sensor method.  
 

 

Fig. 5 Measurement results thermocouple / micro temperature sensor (Courtesy of  
Dr Chi-Yuan Lee [20])  

Hinds’s Method 
In 2009, Hinds et al. [21] proposed a new method to measure temperature and 
humidity in real time using a series of miniature sensors embedded on the plate of 
the anode and cathode. Tests were done on a cell PEMFC with an area of 7cm x 
7cm. The sensors chosen for this test are Sensirion SHT75 monos chips for sensor 
temperature / humidity. The device includes a temperature sensor and a capacitive 
polymer sensing element for relative humidity.  

The sensors are embedded in the recess of the plate at the edge of graphite 
channel coil, which can measure temperature and humidity of gases without 
impeding the flow of gas. Two sensors are inserted in the recess of both sides, for 
better security, the recesses are then filled with silicone to minimize the volume. 
As shown in Figure 6, 16 SHT75 sensors are placed in the measuring position. 
The conversion of the relative humidity dew point Td is calculated using an 
expression based on the Sonntag's approximation for saturation vapor pressure. 
This was the first experiment that measures the temperature and humidity of the 
PEMFC in the gas channels of the anode and cathode in real time.  
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Fig. 6 Location of Sensors for the Hind’s method (after [21]) 

The striking feature of this measure is the increase of relative humidity on the 
gas channel of the anode because of back diffusion from the cathode. The 
measurement of the total additional moisture generated in the reaction of the 
battery is approaching many of the theoretical value of a humidifier at a 
temperature of 50 ° C. However, at a higher temperature, the performances are not 
very good, since the condensed water is not detected by the sensors. 

5   Method Used at Nancy University 

As it was shown above, the measurement of moisture is essential for water 
management in fuel cells. Combined and correlated with the resistance 
measurement, it can provide information on hydration status of individual cells 
and battery overall. An original system was developed at the Electronic 
Instrumentation Laboratory of Nancy at Nancy University by the authors [22]. 

Humidity Sensor 

The installation and location of the humidity sensor were chosen to be a quantity 
that represents the moisture out of the fuel cell. Thus a sensor was placed at the 
output at the disposal of excess water. This sensor measures the humidity of exited 
gas. The correlation that is addressed is that of the moisture outside the cell 
compared to the impedance of cells and battery. The installation of the sensor is 
given in figure 7. 

The sensor developed was chosen according to several specifications for a 
position in an area of high pressure with real-time acquisition of sensor data, 
figures (7, 8). The sensor is the Vaisala HMT310 HMT318 with a probe that can 
withstand a pressure of 40bars and having a valve for quick installation.  
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Fig. 7 Diagram of the installation of the humidity sensor [22] 

 

Fig. 8 Installation of the sensor at the output of the fuel cell 

The sensor has a transmitter that is set to send data to the PC via serial link 
every one second, the date and time steps can be programmed. The concerned 
quantities are the relative humidity RH (% RH), absolute humidity (g / m3) and 
temperature T (°C).  
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Water Production at Different Levels of Current 

These measures allow us to evaluate the production of water based on the required 
power to the fuel cell. The higher the current demand, the higher the water 
production. The measurements were made over a period of one hour, start-up and 
shutdown imposing currents of 1A, 5A and 10A. 

The different curves in Figure 9 show the evolution of the drain through the 
evolution of cell voltage and current required over time. The alternate curve represents 
the purging cycles, one can see that the higher the current applied, the stronger the 
purging cycles are close to the discharge of excess water accumulated in the stack. 
 

 
a Evolution of voltage versus time for a current of 1A 

 
b Evolution of voltage versus time for a current of 5A 

Fig. 9 Production of water to a stream of a) 1A, b) 5A and c) 10A. 
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c Evolution of voltage versus time for a current of 10A 

Fig. 9 (continued) 

The linear curve is the requested current level. Water production obtained was 
an accumulation of condensation at the outlet and water production of the battery 
during operation. These measures demonstrate the interest to better manage the 
moisture in the FC. A dye has been added to the water produced by the fuel cell 
for the needs of the photography.  

Humidity Variations According to the Delivered Current  

The moisture in the stack and for different steps of current was measured. The 
load was varied in order to sweep a current range from 1A to 10A with steps of 
1A. The moisture was then measured out to see the influence of the current 
demand of moisture. The results are summarized in Figure 10. 

 
Fig. 10 Evolution of moisture versus time (FC loaded) 
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One can notice that the higher the current applied to the stack increases, the 
humidity output increases. This makes sense because the battery drain more often 
when it provides more power. The peak at the current step change from 8A to 9A 
is due to the accumulation of water production that saturates the air leaving the 
battery not having enough water product for all levels from 1A up to 8A to 
humidify the air output.  

Measurements on Individual Cells 

Voltages and Resistances of Individual Cells 
The voltage measurements of individual cells were made after stabilizing the 
temperature of the battery. This avoids distortion measurements with unstable and 
variable temperature readings. This curve represents the tension of the 47 cells at 
different levels of current. One can notice that for high current, cell voltage is 
lower than that for lower currents. This is due to the current-voltage curve of the 
Nexa stack. The voltage drop of the last two cells is visible to all 10 current values 
of measurement.  
 

 

Fig. 11 Voltages of individual cells at different levels of current 

The resistance of individual cells is the ratio between the voltage measured 
across individual cell and the current supplied by the battery. Individual resistance 
can inform about the cell status. This leads to a diagnosis and a possible failure of 
a given cell. The measurements correspond to resistance measurements of 
individual cells as a function of relative humidity at the exit of the stack. The 
measurements are made when the module reaches a stable temperature and that for 
all levels of current.  
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The electronic card developed measures throughout the stack and the resistance 
is calculated by a specific measurement software. The electronic load requires a 
current level by absorbing it. From the results one can notice a drop in the 
resistance for currents increasing. This is quite normal since the power is directly 
related to the resistance of cells. The more power increases, the more voltage drop. 
As the current is fixed, the resistance drops. What one can observe is the 
magnitude of these resistances. They are between 50 mΩ and 800 mΩ, which 
overlaps with the values of most results given in other scientific papers [23]. 

The behavior of the last two cells (near the exit) 46 and 47 is quite similar to 
the behavior of their voltage, but more pronounced. The more the current 
increases, the resistance decreases, and this for different measuring currents. The 
resistances of cells are found highest for the lowest current (1A). 
 

 

Fig. 12 Resistance of individual cells at different levels of current.  

The limitation of current measures, limited to 10A because of the 
characteristics of the electronic charge, does not allow to see the behavior of the 
cell currents stronger. But according to the shape of this curve, one can deduce 
that it follows much the appearance of a classic curve of voltage-current 
characteristic.  

Influence of Humidity on the Individual Resistances  
The moisture is measured by the humidity outside the stack. It is measured by the 
Vaisala sensor described above. The feedback (Figure 13) at the entrance of 
oxygen prevent from measuring moisture at the entry. Indeed, the filtered air to 
the Nexa module input is re-moistened from the exhaust air through a heat 
exchanger membrane.  

Average resistance of cells for different measuring currents 
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Fig. 13 Diagram of the Nexa  

 

Fig. 14 Resistance to individual cell depending on humidity and different levels of current 

This interchange introduces a feedback loop in the system. The inability to 
obtain technical information on this interchange, and the impossibility of physical 
access to the output of the humidifier to place a measuring sensor, led us to not 
take into account the humidity output. The moisture produced by the battery 
(output) varies between 50% and 90%. The curve above shows the influence of 
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moisture on the resistance of cells. One can notice that the higher the humidity 
increases, the resistance decreases.  

This is due to the power required to Nexa module. Indeed, the power is directly 
related to the production of water in the stack and thus the moisture and has a 
direct influence on the resistance of cells. When the battery produces more energy 
than it consumes more hydrogen and oxygen, which when burned produce water. 
Voltage decreases and the resistance is proportional to the voltage decreases.  

The flood of uncontrolled cell has an impact on the voltage and resistance of 
the latter and causes a drop in power and can irreversibly degrade the battery.  

Influence of Moisture on the Complex Impedance of the Stack 
Moisture measurements were carried out in parallel with impedance for a 
correlation between these two quantities.  

Table 1 Impedance measurement versus humidity 

Current Average 
moisture 

content (%) 

Ohmic 
resistance 

RΩ (Ω) 

Polarization 
resistance  

R p (Ω) 

Mass transfer 
resistance  
R m (Ω) 

1A 79.42 0.064 1.7 1.288 
2A 78.6 0.064 0.912 1.11 
3A 82.66 0.064 0.884 3.1 
4A 84.14 0.064 0.83 0.93 
5A 86.72 0.064 0.686 0.80 
6A 88.39 0.064 0.525 0.688 
7A 89.59 0.064 0.429 0.642 
8A 90.79 0.064 0.385 0.586 
9A 91.35 0.064 0.37 0.561 
10A 91.68 0.064 0.346 0.533 

 
One can notice from these results that the average humidity output of the 

battery increases with the current. The more the fuel cell deliver the current, the 
more the water is produced and thus making the moisture increasing in the stack.  

Ohmic resistance does not vary. The influence of moisture on the resistance is 
visible. More current increases, the humidity increases and the polarization 
resistance and charge transfer decreases.  

The average humidity produced by the battery is between 79% and 92% at 
constant temperatures. The higher the humidity increases, the resistance increases.  

At dry state, the left intersection of the curve moves to the right indicating an 
increase in membrane resistance (figure 15). The width of the lobe increases, 
which means that the charge transfer resistance also increases. At a greater 
moisture content, the width of the lobe decreases implying that the charge transfer 
resistance decreases. This can be noticed on the values in Table 1, when the output 
current increases, there is more substantial water production, which has the effect 
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of over moisten the gases leaving the stack. The gas humidification involves 
reducing the load resistance which passes from 1.288Ω to 533mΩ.  

 

 

Fig. 15 The different resistances on graphs Nyquist  

6   Conclusion 

Impedance measurements and humidity have enabled us to make a correlation 
between these two variables, we found that at dry state, there is an increase in 
membrane resistance and the resistance of charge transfer. At a great moisture 
content, the two resistances are reduced. One can show that there is a drop in 
resistance and thus the overall voltage during an over-humidification.  

The steps made on the Nexa module give us as much information at the cell 
level (operating status of each individual cell) for the entire stack. A flood too 
pronounced in the cell directly affected its conditions and also its performance. 
Resistance measurement allowed to target these cells in terms of performance 
deficit. The influence of moisture remaining inside the battery on the cell 
resistance is proven and verifiable. An ideal humidity will stabilize at an ideal 
level and that by a perfect instrument for wet or dry gas according to the state and 
performance of the module. Impedance measurements and individual resistances 
of each cell show that the moisture produced by the battery (output) varies 
between 50% and 90%. The different results show that the more the moisture 
increases, the more the individual resistance of the cell decreases. This is due to 
the power applied to the Nexa module. These various findings and correlations 
impedance moisture and humidity resistance have shown that at large humidity, 
which is similar to a flood, the resistance (charge transfer membrane) decreases, 
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which has a direct impact on the overall voltage of the battery and its 
performance. At a too low humidity, the membrane dries, the resistances are very 
high, which implies a lower output current.  
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