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Abstract

The main objective of this study was to evaluate the localisation and iden-
ti®cation performances of a Real-Time Location System (RTLS) based on
Ultra Wide Band (UWB) technology within a free-stall barn which repre-
sents a particularly harsh environment for the functioning of this kind of
system. Each dairy cow was equipped with an active tag applied to one ear.
A video-recording system was installed in the barn to perform the assessment
of the RTLS. Top-view camera images of the area of the barn under study
were recti®ed and synchronised with the RTLS. Each position of the cow
computed by the RTLS was validated by performing cow visual recognition
on the camera images.

To perform this validation a software speci®cally designed for the purpose
was utilized. It is a quick, accurate, automatic and interactive tool which
includes selection and control tabs for data management, visualization and
labelling of the images with the aim of the computation of the tag true
positions.

Localisation and identi®cation performances of the RTLS were assessed
by applying an outlier data cleaning technique to tag localisation errors and
using precision and sensitivity indices. Trade-o! between these performances
was found through the computation of three performance metrics.

The results showed that, in the environmental conditions of the barn, the
RTLS produced errors which were comparable to the errors declared by the
RTLS producer for the ®xed reference tag whereas localisation errors related
to the tags in movement were higher and, in detail, a mean error of 0.56 m
and an error at the 90th percentile of 1.03 m were obtained.

Outlier data cleaning produced signi®cant improvements of the results by
reducing the average localisation error of about 0.046 m for the cows' tags and
made data distribution more homogeneous. Trade-o! of RTLS performances
yielded an average localisation error equal to about 0.52 m with a position
accuracy of 98% for cows' tag and an error of about 0.11 m with a nearly
100% accuracy for the reference tag.

RTLS performances in the considered environment proved to be generally
not dependent on cow behaviour, as it is observed for other systems, and that
RTLS is suitable to determine the occupancy level of the dilerent functional
areas of the barn, compute cow behavioural indices, and track each animal
of the herd.

An automatic and real-time software tool for the visual analysis of the
cows' location data in free-stall barns acquired by the RTLS was designed and



XVi LIST OF TABLES

developed. A visual representation used for visualizing two dimensional data
of each cow using colours was implemented as a functionality of this tool.
The dilerent colour and colour intensity denoted the dilerence in sample
density at a location. Measurement of the instant speed of each cow over the
time, represented through an interactive graph, was another functionality
implemented in this software.

The results obtained by a use case of this software tool, which was carried
out in order to acquire useful informations related to the occurrence of estrus,
showed that a pattern, related to the behaviour of the cow analyzed, can be
identi®ed when the state of estrus occurs. Moreover, since it was designed
to monitor cow behavior in real time, it o'ers the ability, by adding new
control modules, to notify any inconvenience through alert messages as a
result of changes in dairy cow behaviour and, therefore, it is possible to alert
the farmer in real time.

Keywords: UWB tag; RTLS; Animal behaviour; Behavioural indices;
Cow localisation; Cow speed analysis.
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Chapter 1
PREFACE

The increasing demand for livestock products such as meat, eggs, milk and
derivatives, represents an important issue in today's society and has signif-
icant implications on agricultural production methods. Industrialisation of
agricultural production, in fact, represents a direct consequence of this con-
cept by assuming an ever-increasing scale directly linked to globalisation.

Intensive livestock farming involves thousands of animals, such as cows,
pigs, laying hens and broilers, in highly controlled conditions. However, nu-
tritional systems based on products of industrial nature are often adopted
and housing systems are organised in functional areas which are not properly
managed or provide insu“cient space to the animals. These conditions are
able to increase the risk of causing health problems. Therefore, the population
growth of animals raised in such circumstances, leads to a higher probability
of creating zoonotic pandemics, i.e. animal infectious diseases that can be
transmitted to humans, such as avian u or swine u. The monitoring of
animal behaviour should involve the control of growth and production of the
herd but also include control of these forms of disease, transmitted through
direct contact with the skin, hair, eggs, blood or secretions or, indirectly,
through ingestion of contaminated food.

Another problem which is strictly correlated to the prevention of diseases
and the treatment of infections is the use of antibiotics. Antibiotics, however,
are used at the same time as a tool to enhance and accelerate growth of the
animals. This management practice often causes excessive use of these sub-
stances. The direct consequence of this phenomenon is that certain bacteria
become resistant to these antibiotics, surviving at the exposure to these sub-
stances. Therefore, the animals alected by certain diseases could not pro®t
from the therapies adopted and tend to increase, in general, the rate of un-
productive animals or even mortality rate of the herd.

New methods that aim at eliminating the use of such substances have
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4 CHAPTER 1. PREFACE

been recently introduced in order to reduce costs related to the treatment
of animal diseases and adoption of antibiotics to accelerate their growth.
The development of new approaches based on the use of automated moni-
toring systems has featured a highly technological breakthrough capable of
ensuring a growing condition of animal welfare and, therefore, food safety for
consumers (ullo et al., 2013.

Within these new approaches, Precision Livestock Farming (PLF) is a
technology that includes and promotes techniques (based on sensors, con-
tactless sensing with image analysis or sound analysis, wireless data trans-
mission, traceability techniques, etc.) to make smart farming a reality and
create added value for many stakeholders: animals, farmers, veterinarians,
feed and product suppliers, health services, policy makers, the media and of
course the consumerKerckmans 2013.

According to Wathes (2010, PLF relies on four essential elements:

1) the continuous sensing of the process responses at an appropriate fre-
guency and scale with a continuous exchange of information with the
process controller;

2) a compact mathematical model, which predicts the dynamic responses
of each process output to variation of the inputs and can be and is
best estimated online in real time;

3) a target value and/or trajectory for each process output, e.g. a be-
havioural pattern, pollutant emission or growth rate;

4) actuators and a model-based predictive controller for the process in-
puts.

In general, the reliability of the PLF is determined mainly by the ani-
mals and from all the relevant physiological variables that can be measured
continuously, as the weight, the respiratory rate or heart rate, body temper-
ature, motor activity, behavior, the produced noise, food intake, etc. Possible
approaches to automatic monitoring systems can be based on sound, images,
location and environmental data collection.

Information Technology (IT) is continuously doing signi®cant progress in
terms of technical e"ciency. In particular, the new techniques of electronic
design, reduction of size and power consumption of the devices, and the grow-
ing dilusion of open source software have made the technology alordable and
accessible. When IT and the sensors are combined with the use of internet,
it's possible to implement new technologies able to support the farmer by
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providing him with early warning systems for the automatic detection of
potential production, health and welfare problemsTullo et al., 2013.

Today, internet is used as a global platform for machines and human
communication (web, chats, emails, etc.) and for the interconnection of smart
objects. As a result, it is expected that in the near future, there will be a
large class of objects natively interconnected which will allow for new uses,
including new ways of working, new ways of entertainment and animation,
new ways of living, and, last but not least important, new ways of farming. A
recently emerging computing concept, namely Internet of Things (loT), could
be included as part of this scenario, bypassing the interoperability problems
often typical of highly specialized proprietary devices, which are generally
designed to be integrated into systems that are extremely 'closed' themselves.
This new approach considers all sources of information (RFID tags, Real-
Time Location Systems, sensors, actuators, mobile phones, etc.), such as
assets, which are uniquely indexed by an address assigned by a centralized
system that can interact and cooperate with each of them to achieve common
goals Scalera et al, 2013.
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Chapter 2
OBJECTIVE OF THE STUDY

In the research described in this thesis work, a Real-Time Location System
(RTLS) based on the UWB technology was utilised for the identi®cation and
localisation of a group of dairy cows housed in a free-stall barn. The RTLS
used in this work (Ubisense, UK), is currently recognised to provide one of the
highest accuracies of all the RTLSsL{nde, 2006 Weichert et al., 2010. The
achievable accuracy, which Ubisense declares for the localisation of moving
objects in real time, is 15 cm in the three dimensions (X, y, z), i.e., about
12.25 cm in two dimensions. However, in ®eld tests accuracy of the Ubisense
system was found to vary between 30 cm and 100 cm in the two dimensions
x and y in dependence on the applications, e.g. agriculture, transit yard
management, and personnel safetyok et al., 201Q Ward, 2010.

In this context, the main purpose of this thesis was to evaluate the RTLS
performances in the identi®cation and localisation of cows during feeding and
lying behaviours in the breeding environment considered, which included the
resting area and the feeding area of the barn. To this aim, RTLS performances
need to be analysed for ®xed tags applied to the building structure and for
tags in movement applied to the cows.

A further aim of this research was the reduction of localisation errors
through the application of data cleaning techniques and trade-o! of RTLS
identi®cation and localisation performances.

Then, this research study considered the analysis of possible applications
of the RTLS to the study of dairy cow behaviour.

On the basis of these considerations, another objective of this study was
the development of an automatic and real-time software tool for the visual
analysis of the cows' location data in free-stall barns acquired by the RTLS,
designed in order to have the features needed to be integrated into the world
of loT.

The developed of a use case of this software tool, applied to data acquired

7
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by the RTLS in the same free-stall barn where RTLS performances were
evaluated, was the ultimate goal of this thesis. The purpose of this test was
to assess the performances of the implemented features and to verify the
electiveness of the results obtained from the use of the tool in order to ®nd
useful informations related to the occurrence of the physiological state of
estrus.



Chapter 3
WORK ORGANIZATION

Part || of this thesis work shows a review of studies carried out in the ®eld of
precision livestock farming. In particular, ICT applications for indoor animal
identi®cation and localisation are listed in order to illustrate the state of
the art in the introduction of new approaches based on the use of high-tech
automated monitoring systems in the study of animal behaviour.

Part |ll contains the materials and methods of the research. In detail,
chapter 5 describes the properties of an Ultra Wideband Real-Time Loca-
tion System. In the last section {.3) attention was focused, in the description
of the system adopted in this research. Furthermore, this part gives a detailed
description of the case study (chaptef) carried out within of a dairy house
located in the province of Ragusa (Sicily, Italy). In particular, after a de-
scription of the area of the barn under study (sectior®.1), the analysis and
installation of the Ubisense UWB RTLS (sections.2) are outlined in detail.
Subsequently, the multi-camera video-recording system (sectiér), adopted
to assess the accuracy of the localisation and identi®cation achieved through
the use of the RTLS, is described. Finally, sectiof.4 shows the materials
and methods relative to the computation of localisation and identi®cation
performances of Ubisense UWB RTLS, while, sectioh5 describes the au-
tomatic and real-time software tool developed for the visual analysis of the
cows' location data in free-stall barns acquired by the RTLS.

Part IV describes the results achieved in this research study. In particular,
chapter 7 shows results relative to the study of localisation and identi®cation
performances of the RTLS (sectiory.1) and those relative to the software
tool for the visual analysis (section’.?). Finally, chapter 8 reports in detail
the comments on obtained results by making comparisons with other similar
works and the possible further improvements of the research in this ®eld.

Finally, part V, is dedicated to the outcomes achieved in the research
work described in this thesis.
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Chapter 4

ICT APPLICATIONS FOR
ANIMAL IDENTIFICATION
AND LOCALISATION INDOOR

The automatic detection of changes in dairy cows behaviour, combined with
the concept of 10T introduced in chapterl, can be used as input to non-
invasive warning systems which alert the farmer when some health problems
(e.g., lameness) or a particular physiological status (e.g., estrus) occur. In
this context, the real-time identi®cation and localisation of each dairy cows
of the herd play an important role and several studies in the ®eld of precision
livestock farming have been carried out.

4.1 Animal identi cation

With regard to cow identi®cation,Rorie et al. (2002 studied the application

of commercially available electronic estrus detection technologies to repro-
ductive management of cattle and demonstrated that pedometers are the
most applicable devices to lactating dairy cattle and have a higher accu-
racy and e"ciency when combined with visual observation. Alsdroelofs et
al. (2009 adopted a pedometer for oestrous detection as predictor for time
ovulation in dairy cattle and demonstrated that pedometers can accurately
detect estrus, though not in real time.

The collection of estrus data in real time is of considerable importance
to avoid delayed inseminations of cows which could reduce cow fertilization
rate and, as a consequence, have negative economic impacts on farm budget
and costs. To this aim, recent researchBfehme et al, 2008 J#nsson et al.
2017 achieved excellent results by adopting real-time pedometers for estrus

13
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detection in dairy cows. However, pedometers do not allow cow localisation
and cannot be used to distinguish some behavioural patterns (e.g., standing
vs. feeding/perching) that are crucial data as it has been proved that the
daily incidence of standing behaviour is of considerable importance in estrus
detection (Firk et al., 2002 and early diagnosis of lamenes$éstell et al,
2009.

Cow identi®cation has also been frequently obtained by means of Radio
Frequency Identi®cation (RFID) technology which makes use of two main
electronic components, tags and readers, that exchange information through
radio waves.Schwartzkopf-Genswein et al(1999 adopted a RFID system
(GrowSafe Systenw ) for monitoring the feeding patterns of feedlot cattle
and demonstrated that RFID technology provides the ability to better under-
stand feeding patterns, thereby aiding in the selection of those management
practices that improve animal performance. The same system was adopted
by Sowell et al. (1999 who demonstrated that RFID technology has the
potential to identify sick animals and improve feedlot health management
practices. In another study,Voulodimos et al. (2010 utilised RFID tags for
the storage of information suitable to identify the animal (sheep, cattle, pigs,
etc.) in case it gets lost, or even collect some basic data (e.g. behaviour
against other animals). In the same yearSamad et al.(201Q demonstrated
that the use of RFID-based identi®cation and data retrieval olers the value-
added bene®t of data security and would prevent insurance-related frauds.
llie-Zudor et al. (201]) carried out a survey of applications and requirements
of identi®cation systems and RFID techniques. They reported that a new
cattle tracking system, which was introduced by the Spanish cattle farmers'
association FEVEX, utilized RFID tags injected into the cows' hooves to
allow a quick and accurate animal data retrieval. Furthermore, the Canadian
Cattle Identi®cation Agency replaced barcode tags with RFID tags to iden-
tify a bovine's herd of origin and this was used for the traceability of packing
plant meat. Finally, RFID tags were used byFeng et al. (2013 to perform
tracking and storing of dairy cattle breeding data in order to implement a
real-time traceability management system along cattle production ow.

4.2 Animal localisation

With regard to cow localisation, some research studies investigated the possi-
bility of using dilerent indoor positioning systems for cow tracking.Huhtala

et al. (2007 demonstrated that a system which uses Wireless Local Area
Network technology and Time Dilerence of Arrival (TDoA) algorithms pro-
vided a localisation error of about 1 m (with a position accuracy of 70%)
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in undisturbed conditions (no moving cows, clear sights between antennae
and tags, etc.).Tugersen et al.(2010 used the Bluetooth wireless technol-
ogy to monitor dairy cows in a barn and demonstrated that is possible to
locate a cow with a precision of approximately 0.6 m in stationary conditions.
Ipema et al. (2013 obtained an average accuracy of 0.30 m with a standard
deviation of 0.25 m, in a static accuracy test carried out in a cattle barn
by applying an indoor localisation system based on Ultra-High Frequency
(UHF) technology.

Another group of studies Barbari et al., 2008 Porto et al., 2012 Reiners
et al.,, 2009 has been carried out with the aim of demonstrating that RFID
technologies based on High Frequency (HF) and UHF could locate individ-
ual animals inside speci®c functional areas of buildings for intensive animal
breeding. The outcomes of these studies demonstrated that it possible to
detect the animals in speci®c functional areas of the breeding environment
(e.g., feeding area and resting area), though high localisation errors are found
with these systems.

The localisation accuracy provided by RFID systems based on HF and
UHF technologies could be improved by using Ultra Wide Band (UWB)
technology @lvarez & Cintas, 2010. The advantage of this technology is
provided by the signal transmission mode which takes place by means of short
duration pulses. This mode of transmission provides UWB-based systems
with a low sensitivity to interference due to the absence of re ection of the
wave itself. Furthermore, the low radiation used in UWB technology has
allowed utilisation of a UWB system for remote monitoring and measuring
the patients' motion in short distance within hospitals (fong et al,, 2007).
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Chapter 5

THE ULTRA WIDEBAND
REAL-TIME LOCATION
SYSTEM

As already seen in chapted, localisation accuracy provided by RFID systems
based on HF and UHF technologies could be improved by using Ultra Wide
Band (UWB) technology ($lvarez & Cintas, 2010. The advantage of this
technology is provided by the signal transmission mode which takes place by
means of short duration pulses. This mode of transmission provides UWB-
based systems with a low sensitivity to interference due to the absence of
re ection of the wave itself.

In this chapter the features of an ultra wide band real-time localisation
system are described in detail.

5.1 ULTRA WIDEBAND SYSTEMS

A traditional UWB system is composed of two electronic components, tags
and readers, which exchange information through radio waves and UWB
pulses. A tag is a device capable of transmitting a unique identi®cation num-
ber when requested by a particular signal; a reader is a device that, by send-
ing radio waves, urges the transmission of tag and receives the information
transmitted. The tags can be active, passive, semi-passive or semi-active.
A system using UWB technology for telecommunications and for locali-

sation has the following features:

Simplicity of implementation: in a UWB system the modulation of
the signal, i.e. the set of techniques with which it is possible to adapt,
to the communication channel used, an electrical or electromagnetic
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signal to be transmitted without altering its information content, takes
place directly in the antennae. Such feature ful®Il, from the point of
view of the manufacturers, the ability to realize inexpensive receivers
(Di Noia, 2010Q.

High bit-rate:  bandwidth occupied by UWB systems allows the trans-
mission of large quantities of data in a given time interval litrate),
reaching, in short distances, a speed greater than or equal to 0.5 Gbit/s,
which is a decidedly high speed considering that it is a wireless telecom-
munications system Di Noia, 2010.

Immunity to multipath signals: UWB pulses are pulses in broad-
band radio frequency of extremely limited duration (from a few tens of
picoseconds to a few nanoseconds). This feature allows a better resolu-
tion of the multiple paths. In fact, due to the short pulse duration, it

is unlikely that a re ected signal interferes with a direct one. Therefore

it favours the identi®cation and subsequent exclusion of the re ected
signals. This property of UWB signals is the main reason for which
this technology is used by the Real-Time Location Systems (RTLS) for
locating the objects in closed environments (or with high density of
obstacles) Di Noia, 2010.

Ability to penetrate through obstacles: the absorption spectrum

of various materials (metals in particular) is concentrated on narrow
frequency bands. The UWB signals, as already seen, are broadband
signals that are not strongly attenuated by the obstacles, unlike other
narrow band signals Di Noia, 2010.

Localisation and communication simultaneously: perform simul-
taneously locating operations and data transmission in communication
systems usually involves the presence of numerous collisions between
the two tra"c ows, with the result to obtain a low bit-rate and a high
imprecision in the estimation of distances. The use of an extremely
wide bandwidth, as that of UWB, make it possible to divide the tra"c
“ows properly and avoid collisions Di Noia, 2010.

Security: the very low level of power emitted by the tags delivers
high security within a system that uses UWB technology. A UWB tag
transmits, in fact, at a power level of 10000 times lower than a typical
mobile phone Pomain, 2013.

No interference with other devices: the low power and wide range
of frequencies used for a UWB signal ensures the almost complete
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absence of interference with other wireless technologies such as Wi-
Fi, Bluetooth, UHF or handheld passive readers (PDA passive read-
ers) (Figure 5.1). Tests showed that the interference impact on UWB
from a wireless technology like Wi-Fi is essentially negligible (< 0.3%)
(Domain, 2013.
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Figure 5.1:Frequency spectrum and power level of UWB signal in comparison to other
wireless technologies Pomain, 2013.

A system based on UWB technology is, therefore, characterized by high
bandwidth pulses (greater than 500 MHz) for communication and/or for the
localisation, obtaining high transmission speed, a high resolution of the mul-
tiple paths, high robustness to interference with other wireless technologies
and the presence of obstacles, high security and low cost of implementation.

5.1.1 Ultra Wideband signals

According to the Federal Communications Commission (FCC)HCC, 2002,
an UWB signal is de®ned as any signal that has a fractional bandwidth
greater than 0.2 or occupies 500 MHz or more of spectrum. The main feature
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of UWB signals is that they occupy a much wider frequency band than
conventional signals; hence, they need to share the existing spectrum with
incumbent systems.

5.1.1.1 Signal bandwidth

The absolute bandwidth is calculated as the dilerence between the upper
frequencyfy of the -10 dB emission point and the lower frequendy of the
-10 dB emission point:

which is also called -10 dB bandwidth (Figures.2). On the other hand, the
fractional bandwidth is de®ned as

B
Bfrac = f_; (5-2)
c

wheref . is the center frequency and is given by

fu+f
From 5.1 and 5.3, the fractional bandwidth By, in 5.2 can be expressed as
2(fy ! L)
B = — 5.4
frac (fH + fL) ( )

In conclusion, as already mentioned before, according to the FCC, an
UWB system with f . larger than 2.5 GHz must have an absolute bandwidth
larger than 500 MHz, and a UWB system withf . smaller than 2.5 GHz must
have a fractional bandwidth larger than 0.2 (Figure5.2) (Sahinoglu et al,
2009.

Power Spectral
Density
F'
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4

Figure 5.2:Characteristics of a UWB signal: absolute bandwidth B is at least 500 MHz,
or fractional bandwidth b, = B=f. is larger than 0.2 (Gezici et al., 2005.
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5.1.1.2 Shape of the impulse

The duration of the waveform in a UWB system is typically very short,
usually on the order of a nanosecond (from 0.25 ns to 1.25 ns), due to its
large bandwidth. These ultra-short pulses have a low duty cycle. In other
words, the ratio between the pulse transmission instant and the average time
between two consecutive transmissions is usually kept small. The typical
shape of the pulse used in the UWB technology is that of the double Gaussian
(gaussian doublet). Some common UWB pulse shapes include derivatives of
the Gaussian pulse, wavelet pulses, Raised Cosine pulse and pulses based
on modi®ed Hermite polynomials. For example, the second derivative of the
Gaussian pulse is expressed as

— 4172 1 2t2=2,
H)=A 1! — e ; (5.5)
whereA > Oand are parameters that determine the energy and the width of
the pulse, respectively. In Figures.3, a unit energy pulse is plotted according
to 5.5( =0:4 ns and width of around 1 ns) Eahinoglu et al, 200§.
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Figure 5.3: The UWB pulse (gaussian doublet) according to Equation5.5with =0:4
ns and width of around 1 ns Sahinoglu et al, 2008.

5.1.1.3 Spectral analysis

A communication can not be established by sending a single pulse since it
alone is not capable of transmitting a quantity of information. Therefore,
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a train of pulses, that appear randomly in time to optimize the spectrum
usage, represents a transmission that carries information (Figute4) (Mei,
2003.

Due to their very large portion in the frequency spectrum, UWB signals
are likely to cause interference with other systems. As seen in Figuses,
the pulse train frequency takes the form of a noise signal (noise like) which
minimizes the elect of the interference of the UWB signal if there are other
signals that have been transmitted within the bandwidth occupied by UWB
system i Noia, 2010. For example, frequency allocation of some wireless
systems is shown in Figuré&.5 (Sahinoglu et al, 2008§.
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Figure 5.4:Random positioned pulse train and its frequency spectrum (noise like) Nlei,
2003.
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Figure 5.5: Frequency spectrum allocation of various wireless systems. A: Global Posi-
tioning System (GPS) (1.56 - 1.61 GHz), B: Personal Communication System (PCS) (1.85
- 1.99 GHz), C: Microwave ovens, cordless phones, bluetooth, IEEE 802.11b (2.4 - 2.48
GHz), D: IEEE 802.11a (5.725 - 5.825 GHz), E: UWB (3.1 - 10.6 GHz). The bandwidths
and power levels of various systems are not drawn to scalé&s@hinoglu et al, 2009.
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If UWB signals were allowed to transmit over the range of frequencies of
these systems without any restrictions, all these systems could be jammed
by UWB emission. Therefore, the power spectral density must not overcome
- 41.3 dBm/MHz for frequency ranges from 3.1 to 10.6 GHz, and it must
be even lower outside this band, depending on the speci®c application. In
other words, the FCC spectral mask speci®es a useful spectrum of 7.5 GHz
for most UWB systems Gahinoglu et al, 2009.

5.2 LOCALISATION IN ULTRA WIDEBAND
SYSTEMS

5.2.1 Properties of UWB indoor localisation systems

As regards the concept of positioning and functioning of the UWB system is
necessary to carefully analyze the environment in which localisation is carried
out, to evaluate some variables that may alect the system and ®x the limits
of the area to be analyzed in relation to the capacity of the instrument.

A unit of measure for distance must be established in order to determine
the location of a target moving within such an environment. Furthermore,

a two-dimensional or three-dimensional reference system must be de®ned
in the environment in order to locate the target. For instance, a system of
Cartesian or polar coordinates can be used in order to describe the x, y and
z coordinates or latitude, longitude and altitude, respectively. In some cases
it may be more appropriate to adopt a location logical model. For example,
in a context in which we want to determine the presence or absence of a cow
in a particular functional area within a livestock environment, we can use

a labeling system (feeding alley, service alley, bunks, etc.) to refer to such
areas. This logic model can be derived from a location geometric model.

The scale of the localisation system must not exceed the threshold of a
few hundred meters. The localisation systems adopted in a restricted area are
usually referred to as Local Positioning Systems (LPS), unlike to those used
on a large scale such as 2G/3G cellular network positioning systems, or the
Global Navigation Satellite Systems (GNSS). The indoor location systems
fall into the category LPS.

In general, the positioning can be performed using relative or absolute
localisation methods, or even by making use of both methodkiide, 2006.

A further analysis of the environment concerns the study of the physical
features, i.e. environmental conditions where we want to implement the lo-
calisation system. It is important to take into account the obstacles and the
material of which they are made (e.g., if there are cement walls, metal doors,
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stairs, beams, etc.), in order to determine the possible degree of re ection,
scattering and attenuation they produce, in the presence of electromagnetic
waves. Furthermore, a study on the level of air temperature and relative
humidity, which should be suitably measured, is recommended in order to
determine the parameters necessary for the choice of the location technology
to be adopted.

5.2.2 Performance measures in UWB indoor localisa-
tion

A localisation system should ful®Il certain features relating to its performance
in order to be considered suitable for their intended use.
The following parameters are the main performance measures:

Accuracy. Measurement accuracy re ects the closeness between the
measurement result and the true value of the measurand. Accuracy is
a positive characteristic of the measurement, but in reality it is ex-
pressed through a dual negative characteristic - inaccuracy - of the
measurement. The inaccuracy re ects the unavoidable imperfection of
a measurement. The inaccuracy of a measurement is expressed as the
deviation of the measurement result from the true value of the mea-
surand (this value is called measurement error) or as an interval that
covers the true value of the measurand=@abinovich, 2010.

Precision. This parameter indicates the degree of reproducibility of

a measurement. Typically, the accuracy is considered as an additional
measure of accuracy (for example, 15 cm on the accuracy of 90% of
cases). The precision of a measurement system is the degree to which
repeated measurements under unchanged conditions show the same re-
sults. Two components of the precision are the reproducibility and the
repeatability, described below.

Reproducibility: ~ The quality of measurement that re ects the close-
ness of the results of measurements of the same quantity performed
under dilerent conditions, i.e., in dilerent laboratories (at dilerent
locations) and using dilerent equipment, is called the reproducibility
of measurement. Good reproducibility indicates that both the random
and systematic errors are smallRabinovich, 2010.

Repeatability. The quality of measurement that re ects the closeness
of the results of measurements of the same quantity performed under
the same conditions is called the repeatability of measurements. Good
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repeatability indicates that the random errors are small Rabinovich,
2010).

Recall. The recall, also called sensitivity or true positive rate, mea-
sures how often we ®nd what we are looking for. In other words is the
proportion of actual correct measures which are correctly identi®ed as
such.

Cost. In cases where a substantial number of elements must be equipped
with devices for the localisation, the cost is an important aspect. A
good remedy is the use of devices equipped with temporary sleep in
situations in which the measurement is not needed (for example, when
the object to be localised is in a stationary position, the device may
set itself automatically in a state of stand-by, until it receives the next
movement through appropriate motion sensors) in order to optimize
the costs due to the consumption of the batteries.

Power consumption vs update rate. An important detail also re-
lates to the maintenance of an optimum trade-o! between the energy
consumption of the batteries and the update frequency of the measure-
ment. A solution to this problem requires the ability to set an update
rate, regarding the acquisition of the measurement, which ensures the
battery life within the desired time period but which respects, at the
same time, the desired update frequency of the measurement.

The estimation cycle length.  This feature in particular cases is not
to be considered of minor importance. Depending on your goals, in
fact, can be a very important factor. Just think in certain situations

in which you must automate the occurrence of an event as a result of
another directly connected. For instance, when activating an actuator,
such as the closure of a fence following the movements of the animals
located within a livestock environment whose movements are tracked
by a localisation system, an update cycle rather long may cause delay
in the closure of the fence.

Scalability. A good localisation system must ensure a trade-o! be-
tween the extensibility of coverage, in cases in which you want to add
additional space to perform the localisation in neighboring areas, and
the capacity to be able to locate a growing number of the mobile target
simultaneously.

Robustness. This parameter for evaluating the performance of a lo-
calisation system expresses the ability of a system to be immune to
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interference with other systems, but also to the variations of the envi-
ronmental features, such as temperature and humidity.

Device size and weight. Especially in cases where we want to locate
animals or humans, it is important to take into consideration the size
and weight of the transmitter devices (active tags) that need to be
transported. If these are bulky and heavy, the natural behavior of users
could be modi®edI(inde, 2009.

5.2.3 Positioning

UWB systems, thanks to the brevity of the pulse that characterizes them,
are ideal candidates for combining comunication and positioning at the same
time. The duration of a pulse is inversely proportional to the bandwidth
of the transmitted signal. If the arrival time of a pulse is known with little
uncertainty, then it is possible to accurately estimate the distance covered by
the impulse from the source. Combining the distances estimated by multiple
receivers, we can use simple triangulation techniques to estimate the position
of the source.

For UWB systems with a bandwidth of 7.5 GHz, the maximum resolution
time of the pulse is of the order of 133 picoseconds. Therefore, when a pulse
is detected, it is possible to know within 133 picoseconds the 'time-of- ight'
impulse with an uncertainty of 4 cm. For systems with a bandwidth of 500
MHz, however, the corresponding time resolution is 2 nanoseconds, which
corresponds to an uncertainty space of about 60 cm. With any of the UWB
signal, therefore, it is potentially possible to obtain an accuracy less than one
meter in the localisation Oppermann et al, 2009.

There are several techniques to determine the position starting from es-
timates of the time-of-arrival, time-of- ight or angle-of-arrival. In the next
section some of them will be analysed.

5.2.3.1 Positioning techniques for UWB systems

Most of the positioning schemes estimate the position of objects to locate es-
tablishing geometric relationships between the transmitters and the receivers.
This is achieved through special techniques that are based on timing infor-
mation (Time-of-Arrival (ToOA) and Time Dilerence of Arrival (TDOA)),
Received Signal Strength (RSS), and Angle of Arrival (AoA). There also
exist approaches that utilize location-dependent characteristics, instead of
geometric relations, of these measurements to ®nd the position. Such tech-
niques are usually called location ®ngerprintingven, 2010.
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Some techniques for UWB positioning systems are analysed in the follow-
ing of the thesis. The object to be localised (transmitter) is de®ned as the
target node and the receivers as reference nodes.

Angle of Arrival (AoA)

An AoA measurement provides information about the direction of a signal
sent from a target node and received by a reference node, particularly about
the angle between the two nodes, as shown in Figuset.

Figure 5.6: De®nition of AoA between two nodes: the reference node (black node) mea-
sures the AoA by determining the angle between itself and the target node (gray node).

Commonly, antenna arrays are employed in order to measure the AoA of
a signal. The information about the angle is obtained at an antenna array by
measuring the di'erences in arrival times of an incoming signal at dilerent
antenna elements. An example is illustrated in Figur&.7 for AOA estimation
at a uniform linear array (ULA).

When the distance between the target and the reference nodes is su'-
ciently large, the incoming signal can be modeled as a planar wave-front. This
results inl sin /¢ seconds dilerence between the arrival times at consecu-
tive array elements, wherd is the inter-element spacing, is the AoA and
c represents the speed of light. Therefore, estimation of the time dilerences
of arrivals provides angle information. More advanced array structures, such
as uniform circular arrays (UCAs) and rectangular lattices, operate on the
same basic principle as the ULA.

For a narrowband signal, time dilerence can be represented as a phase
shift. Therefore, the combinations of the phase-shifted versions of received
signals at array elements can be tested for various angles in order to estimate
the direction of signal arrival.
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Figure 5.7:Signal arrival at a ULA having a spacing | between the array elements, and
relation between arrival time dilerences and AoA.

In order to obtain theoretical lower bounds on the achievable accuracy
of AOA measurements, consider a ULA, as shown in Figue7, with N,
antenna elements. Letr;(t) denote the received signal at theth element,
which is expressed as

ri(t)y= s (! i)+ nit); (5.6)

fori =1;::;N,, wheres(t) is the transmitted signal, is the channel coe"-
cient, ; is the delay for the signal arriving at theith antenna element, and
ni(t) is white Gaussian noise with zero mean. The delay can be expressed
as

, lisin_ (5.7)

with

Na+1

li:| 2

L (5.8)

for i = 1;:::;Na, whered is the distance between the transmitter and the
center of the antenna array at the receiver, antis the inter-element spacing
(Sahinoglu et al, 2008.
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Time dilerence of arrival (TDoA)

TDoA measurements can be obtained even in the absence of synchro-
nization between the target node and the reference nodes, if there is syn-
chronization among the reference nodes. In this case, the dilerence between
the arrival times of the signals traveling between the target node and the
reference nodes is estimated. The setup of the resulting localisation principle
which is commonly referred to as 'hyperbolic localisation’ is shown in Figure
5.8

Figure 5.8:Hyperbolic localisation scheme in TDoA measurements.

One way to obtain a TDoA measurement is to estimate the ToAat each
reference node and then to obtain the dilerence between the two estimates.
Speci®cally, if the received signals are given by(t) and ry(t) as in (5.6),

1 is estimated fromr(t) and , is estimated fromr,(t). Since the target
node and the reference nodes are not synchronized, the ToA estimates at the
reference nodes include a timing o!set in addition to the time of ight. As
the reference nodes are synchronized, the timing o!set is the same for each
ToA estimation. Therefore, the TDoA measurement can be obtained as

TooA = 1! 2 (5.9)

where ; and , denote the ToA estimates at the ®rst and second nodes,
respectively.

Another way to obtain a TDoA measurement is to perform cross-correlations
of the received signals,(t) andr,(t), and to calculate the delay correspond-

LA ToA measurements provide information about the distance between two nodes by
estimating the time of "ight of a signal that travels from one node to the other. To prevent
ambiguity in ToA estimates, the two nodes must have a common clock, or they must
exchange timing information via certain protocols, such as a two-way ranging protocol.
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ing to the largest cross-correlation value. The cross-correlation function can
be expressed asSahinoglu et al, 2009:

1 T
12()_? 0

whereT is the observation interval, and the TDoA estimate is given by

F(O)ra(t+ )dt" (5.10)

Nboa =argmax  1o( )" (5.11)

5.3 UBISENSE ULTRA WIDEBAND REAL-
TIME LOCATION SYSTEM

As already seen in chapteP, the RTLS used in this thesis (Ubisense, UK), is
currently recognised to provide one of the highest accuracies of all the RTLSs
(Linde, 2006 Weichert et al., 2010. The achievable accuracy, which Ubisense
declares for the localisation of moving objects in real time, is 15 cm in the
three dimensions (x, v, z) Bteggles & Gschwind2009, i.e., about 12.25 cm
in two dimensions. However, in ®eld tests accuracy of the Ubisense system
was found to vary between 30 cm and 100 cm in the two dimensions x and y
in dependence on the applications, e.g. agriculture, transit yard management,
and personnel safetylok et al., 201Q Ward, 2010.

In the next sections the Ubisense RTLS will be analyzed in detail.

5.3.1 Platform architecture

Ubisense has developed a platform for buildin§mart Space applications
This platform meets the basic requirements for buildinggmart Spaces ac-
curate 3D positioning, scalable realtime performance, development and de-
ployment tools.

Accurate 3D localisation. In a typical open environment, a location
accuracy of about 15cm can be achieved across 95% of readings.

Scalable real-time performance. The Ubisense RTLS is designed to
support multiple, integrated, real-time location applications that work
over large areas for large numbers of users.

Development and deployment tools. The Ubisense platform pro-
vides a number of visual con®guration and development tools, which
simplify the generation of end-user applicationsSteggles & Gschwing
2009.
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Furthermore, Ubisense platform allows any location or sensor system to
be plugged into its platform, protecting users being locked to a single vendor.
This reduces the cost of ownership.

Ubisense platform architecture consists of three interconnected main 'lay-
ers': i) hardware components, ii) software middleware and iii) software ap-
plications, as shown in Figures.9 (Heathcotg 2011J).
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Figure 5.9: Ubisense platform architecture. Hardware level contains the Ubisense Sen-
sor Network and optional receivers and sensors. Middleware level contains the Ubisense
Location Platform which allows the interfacing of RTLS with Corporate Systems and the
Applications level that contains the software applications customized to the use case in
guestion (Heathcote, 2011).

5.3.1.1 Hardware architecture

The hardware architecture of the Ubisense system consists mainly of: sensors,
tags and optional additional receivers and sensors.

Sensors
Ubisense sensors series 7000 (Figure.( Table ?7?) are tools for precise
measurements, based on an array of 5 UWB antennas to receive radio pulses.
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Figure 5.10:Ubisense Series 7000 IP30 Sensors.

The sensors calculate the position of tags on the bases of the reception of
Ubisense UWB signals (pulses) transmitted by the tag .

Each sensor independently determines, via the antenna array, both the
azimuth and elevation (AoA) of the UWB signal, obtaining a vector for each
tag. The TDOA is determined between pairs (or more) of sensors connected
to each other via a synchronization cable. This combination of measurement
techniques (AoA and TDOA) provides a exible tool for a powerful and
robust localisation system, which allows both an accurate 2D position, de-
termined by a single sensor, and a precise 3D position, determined by two
or more sensors receiving the UWB signal pulse. This reduces infrastructure
requirements, reducing costs, while achieving high reliability and robustness
of the system.

Belowe there are some typical features of Ubisense sensors:

Reactivity in Real Time:  Each sensor is able to sustain a continuous
update frequency of 160 Hz, which means that the tag can be seen every
6.25 milliseconds from each sensor or cell.

Flexible and scalable installations: The Ubisense system uses cel-
lular architecture for scalability, from small to large installations. Thou-
sands of sensors can be integrated into a single enterprise wide system
to monitor an unlimited area and manage thousands of tags.

Wired or wireless: The sensors can be connected with standard Eth-
ernet cable or via Wi-Fi wireless adapters, by using the existing infras-
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Sensors technical speci®cation

Dimensions: 20cm x 13 cm x 6 cm

Weight: 650 g

Temperature range: from 20Cto 60C

Humidity range: from 0 to 95%, non condensing

Standard operative range: > 160 m

Precision: > 15 cmin 3D

UWB channel: 6 GHz - 8 GHz

Telemetry channel: Narrow-band 2.45 GHz

Certi®cations: US: FCC part 15; EU: CE

Power supply: Power-over-Ethernet IEEE 802.3af
Low voltage 12V DC @ 10W (optional)

Mounting options: Adjustable mounting bracket

Table 5.1: Ubisense sensors technical speci®cation.

tructure such as access points, Ethernet switches and CAT5 cabling,
for the communication between sensors and servers.

Two-way communication:  Ubisense sensors support two-way com-
munication at 2.45 GHz with Ubisense tags. This allows the system
to dynamically manage optimally tags, for example, to dynamically

change the update rate in real time depending on the position, send
feedback to users via tag's LEDs, query tag battery status informa-
tion and button press action. Two-way communication is also used for
presence detection, control and telemetry.

Ease of maintenance: The sensors are managed remotely via TCP/IP
and Ethernet standards for communication and con®guration. The sen-
sor ®rmware is easily upgradeable via the network to allow the instal-
lation of software release updated.

Tags

Ubisense tags (Figures.11, Table ??) are small and robust devices that,
when applied to assets or people, enable their real-time location in 3D with
an accuracy of 15 centimeters. In addition to the localisation features, tags
include additional features such as a LED for easy identi®cation, a buzzer
to provide messaging features, a motion detector to instantly activate the
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Button

Mounting holes

Figure 5.11:Ubisense Series 7000 Compact tag.

tags and buttons that can be associated with speci®c events de®ned by the

software.
Tags technical speci®cation
Dimensions: 38cm x39cmx 16 cm
Weight: 259

Temperature range:
Humidity range:
Update rate:

Peripherals:

Certi®cations:

Power supply:
Mounting options:

from! 20 C to 60 C

from 0 to 95%, non condensing

from 0.00225 Hz to 33.75 Hz

(can be varied dynamically under software control)
LEDs (application controllable)

Push button (application controllable)

Motion detector

US: FCC part 15

FCC IDs SEATAG?22, SEATAG22HH

EU: CE

Canada: RSS-Gen, RSS-102, RSS-210, RSS-220
Industry Canada ID 8673A-TAG22HH

Singapore: IDA TS-SRD, IDA TS-UWB

3V coin cell (CR2477)

Industrial adhesive pad (supplied), industrial Velcro
and screw mountings.

Table 5.2: Ubisense tags technical speci®cation.

Below there are some typical features of Ubisense tags:
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Precise localisation: The tag transmits radio pulses, in UWB modal-
ity, which are used by the Ubisense location system to determine the
3D position of the tag within 15 cm. By Using UWB technology, the
precision of the system is maintained even in complex indoor environ-
ments.

Two-way communication:  Ubisense tags uses a dual-radio system,
in addition to the one-way UWB radio communication used for the
spatial detection. The tags use a conventional two-way communication
at 2.45 GHz for the control and telemetry.

Flexible Update Rate: The software platform allows to dynamically
change the update rate of the tag depending on the activity. If a tag is
moving fast, we can have a high update for a more accurate localisation,
but if it moves slowly, the update rate can be reduced to conserve
battery life. When are at rest, the tags are put in power save mode, via
an embedded motion sensor, which ensures the restart in the movement
events.

Interactive Buttons:  The Compact tag provides a button to allow
context-sensitive input in systems that require interactivity. Applica-
tions can use the location of the tag when the button is pressed and
perform functions based on an event - for example, the activation of a
production process of a machine when we press the button, but only
if the user is located in a safe place. The application can also send
feedback to the user via the LED.

Resistant and adaptable: The tags are designed to withstand to
harsh industrial environments. They resist to dust, water, moisture
and impacts and can be safely installed on mechanical or electronic
instrumentation and animals as well as humans.

Battery life: The techniques of low energy or power management
alect the battery life. In a typical application where a tag is used
to identify a user every three seconds, the battery has an average life of
four years. Charge level of the battery is shown by the system, to allow
a planned replacement (the actual duration will depend upon the type
of battery, tag and blink rate) (Ubisensg 20130).

Optional additional receivers and sensors
The Ubisense platform allows the integration of additional devices, such as
measuring systems, transducers, sensors, detectors (e.g., GPS, 802.11, RFID,
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temperature sensors, radiometers). This allows a usage of a variety of equip-
ment to meet the needs of users while avoiding blocking the user to a single
vendor.

Integration of devices and sensors can be achieved by two methods: for
more straightforward tasks, many parts of the platform are accessible via
Application Programming Interface (API) presented in C++ or COM,; for
more complex tasks where tighter integration is required, it is possible di-
rectly to use the Ubisense data modelling language used to build the rest of
the Ubisense systemteggles & Gschwingd2003.

5.3.1.2 Middleware software architecture

Middleware software architecture is constituted by the Ubisense Location
Platform, a suite of software components that enable location sensors and
tags to be set-up, calibrated and con®gured into cells and objects using a
simple Graphical User Interface (GUI).

Ubisense tag locations are sent via standard Ethernet cable or wireless
LAN to the Location Engine which processes the data and passes the infor-
mation via an industry-standard API to applications.

The Location Platform scales seamlessly from a laptop to a multi-CPU
cluster. Exactly the same software can be run on a single machine, for soft-
ware development or demos, or deployed across a cluster to support huge
installations generating tens of thousands of location events per second.

The Location Platform has a service oriented architecture. All services
are crash-tolerant, restart-tolerant and cluster friendly and have been proven
through years of testing in large scale real-time control applications in as-
sembly plants, transit depots and military sites where high reliability and
low latency are essential.

The Location Platform includes a suite of software tools for easy system
con®guration and its open API covers every service feature so that anything
that can be done using a tool can also be done via the API.

Location Engine Con®guration

The Location Engine Con®guration tool is used to control and monitor
operation of location sensors and tags as well as to tune the location system
behaviour. The tool enables:

Monitoring and control of the sensors that are running across the plat-
form;

Monitoring and control of the tags that have been registered to the
platform;
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De®ning the cell functionality e.g. conventional radio settings and cell
boundaries;

De®ning the sensor functionality e.g. master/slave operation and thresh-
olds;

Sensor calibration;

Con®guration of the ®lter mechanisms for the location calculation in
the master sensors;

Processing presence information from a combination of complementary
indoor/outdoor positioning technologies.

Map
The map tool allows visualization of objects tracked using the Ubisense
system. It includes two main elements:

2D Viewing to view objects in a map-like plan view;

3D Viewing to view objects in a perspective or 'virtual reality' view.

Platform Control

Platform Control is used to control the core services that make up the
Ubisense Location Platform. The tool interacts with the core platform com-
ponent of the Ubisense Domain Object Model. This core component consists
of:

The platform itself, which coordinates between controller nodes on the
sensor network;

Controller nodes, which provide the operating environment for the var-
lous services running on each machine.

Security Manager

Ubisense provides security and access control through the Security Man-
ager. The Security Manager allows the de®nition of a security policy for the
Ubisense Location Platform, to protect platform data from unauthorized ac-
cess. It is designed to ensure that only authorized users are able to modify
the Ubisense Location Platform state.
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Service Installer

The Service Installer is a tool that allows extra services or service upgrades
to be installed into the Ubisense Location Platform. An intuitive Service
Installation Wizard guides the user through the installation process. Platform
services are installed from a user-de®ned distribution directory.

Service Manager
The Service Manager is used to administer the distributed services that
make up a Ubisense platform. The tool supports:

Monitoring the services that are running across the platform;
Starting and stopping services;
Deploying services on service controllers;

Requesting that services backup their data to the core server.

Site Manager

The Ubisense Site Manager simpli®es the con®guration of the properties
of types, objects, and building data. It gives the administrator control over
objects, building models, visualization and geometrylbisense 20133.

La Table ?? mostra alcune speci®cations della Ubisense location platform.

Speci®cations

Supported platform: Windows: XP, Vista Business Edition, 2003, Server,
2008 Server and Windows 7.
(.NET API requires .NET 2.0 or higher.
Visualization tools require DirectX 9.0 or

higher)

Linux: 32-bit or 64-bit, 2.6 kernels
Security: Supports AES/256 encryption for all data
Open APIs: .NET 2.0 API to all features as standard

C++ API (Windows or Linux) also available.

Table 5.3: Ubisense location platform speci®cations.
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5.3.1.3 Software applications

As mentioned in the previous section, Ubisense software platform allows you
to create applications interfacing directly to the Ubisense Location Platform
and to make calls to all the services, that were already described in the
previous sections, through the use of Ubisense .NET APIs.

In particular, it is possible to create console applications, Windows Forms
applications, web-service applications, etc, in dilerent programming lan-
guages (C*, C++, Visual Basic, etc) by using Microsoft r Visual Studio
Express, a programming environment free distributed by Microsofk . To
include reference to Ubisense, to be assembled within the project that you
want to develop, just select the ®le withdll extension in the folder where
the Ubisense software was installed. To perform this operation, follow the
standard procedure of including a library, as shown in Figur&.12 and in
Figure 5.13

Solution Explarer - Salution ‘SimpleUbisensespp' (1 p... -« 1 X

; Solution 'simpleUbisensespp’ (1 project)
= E SsimpleUbisensefApp
+ =d| Properties
m r”j add Reference. ..
A Sysken add Web Reference, ..
Al SwskenT DERITYTENT
A Syskem,Drawing
A Syskem. Windows, Forms
A Fyskem, wml
- 5] Forml.cs
'“*_:"l Program.cs

Figure 5.12:Add references in a Microsoftr Visual Studio Express project. Step 1: ®rst
click with the right mouse button on the 'References’ of a project and then the left mouse
button on 'Add Reference...".
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Figure 5.13:Add references in a Microsoft Visual Studio Express project. Step 2: select
the desired ®le with .dIl extension, present in one of the folder, to install the software
Ubisense, and click 'OK'. Links to the references in the project in order to be able to use
the classes implemented in these libraries will be automatically created.

Once you have set the project, you can implement the desired functions.
The Ubisense .NET API Reference Manual, available in Visual Studio help
if you have installed the Ubisense software, is the golden reference for any
detailed information about the API.

Ubisense company developed a number of software applications, such as
Visible Industrial Process, Asset Manager, Transit Yard Manager, etc, by
olering innovative solutions to prestigious customers in dilerent sectors (in-
dustry, manufacturing and automotive, logistics, military, etc) (Heathcotg
201D).

Finally, as already seen in Figures.9, it is possible to interface various
types of Corporate Systems (e.g., ERP, MES, PPS, WMS and DMS) with
the Ubisense Location Platform and/or with speci®cally created software
applications, in order to integrate the system Ubisense in an information
technology management system (called ‘information system' in information
technology) and place it in relation to other relevant processes which are
already available in it.

5.3.2 Operating speci cations

In the previous sections, the features of the main components (hardware and
software) of the Ubisense system were described.
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In this section, the operating speci®cations, i.e. the principle of function-
ing of the Ubisense system will be explained. In other words, you will see
how Ubisense components interact during the localisation process, according
to the theoretical principles detailed above.

Figure 5.14 shows the way in which communication occurs between sen-
sors and tags, and an idea of how sensors use combined positiong technologies
to calculate the location of the tag in a precise manner.

o

AOA(SIave)
TOA(SIave)

(Master)

Figure 5.14:Principle of functioning of the Ubisense system. The sensors are asking the
tags to generate a UWB pulse through conventional radio signal (RF). At the time ty the
tag transmits the pulse and, once received by the sensors, calculates the Angles-Of-Arrival
(AOAs) 1 and . Sensors are synchronized via cable, then Time-Dilerence-Of-Arrival
(TDOA) between each pair of sensors is calculated. From the combination of TDOA and
AOA, position of the tag is calculated (Heathcote, 2011).

We can summarize the process of estimating the location of a tag through
the following steps:

1) Sensors, within the cellular Ubisense network, communicate with the
tags on conventional Radio Frequency (RF) signals (green arrow in
Figure 5.14) and ask to generate a UWB pulse depending on their
pro®le up to 20 times a second.

2) At the time to, tags answer by sending UWB signals that are re-
ceived from the sensors and are used to calculate the Angles-Of-Arrival
(AOAs) 1 and ,. Therefore only two sensors receiving a tag signal
are already able to deliver a 3D location.

3) Sensors are synchronized via cable (Timing Sinchronization via Cable
in Figure 5.14), then Time-Dilerence-Of-Arrival (TDOA) between each
pair of Sensors is calculated. This makes the location robust.



44 CHAPTER 5. UWB RTLS

4) The Master Sensor calculates a coordinates based on all raw informa-
tion delivered, taking into account tuning parameters such as motion
model ®ltering, and sends it to the Location Platform.

Both TDOA and AOA are used to increase robustness of 3D-Position
computations.

Once the location of one or more tags is estimated, map window of Lo-
cation Engine Con®guration tool, already described in sectién3.1.2 allows
their visualization. Among other functionalities, the tool provides the ability
to view a map of the sensors network in which the AOA vectors are shown
in real time through green lines coming from each sensor, the hyperbolic lo-
calisation (TDOA) with blue hyperbolic curves and the position of the tag
with a red dot.

The Figure 5.15shows two screenshots of the Location Engine Con®gu-
ration tool.

Figure 5.15: Screenshots del Location Engine Con®gurator tool for the visualization
of 3D e 2D maps, respectively. Green lines represent the AOA vectors from each sensor.
Blue hyperbolic curves represent the hyperbolic localisation (TDOA). Red dot is the tag
position (Heathcote, 2017).
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5.3.3 Installation procedure

The installation phase is an activity which requires a lot of care and atten-
tion. An installation carried out inaccurately, without following the recom-
mendations provided by Ubisense, could lead to malfunctioning or alter the
performance of the system.

This section describes the main steps of the installation process gener-
alized to all case studies. More detailed information could be found in the
online Ubisense How-To articlesl{bisensg 2008-201)

To develop the system, a path divided into ®ve steps should be followed,
as shown in Figure5.16

of the faciiity
A S S —
l r'r-rlim:-r ﬂmr.‘?:?h 1 2 |
Step 2: Design e - =1
the layout of the f
Step 3. sensors to give
Install H the optimum
cabling for performance
SEMS0H
network and
connection
to computer
nebwork
Step 4:
Calibrate Step 5: Operate
the system _., the system to
WSing provide location,
survey tracking, recording
equipment

Figure 5.16:Installation Procedure of Ubisense system structured in ®ve steps/ard,
2010.

Referring to Figure 5.9, the installation procedure described below will
regard the hardware and middleware of the Ubisense platform since they
constitute the basic elements for the development of the system. The software
interfacing with other systems or applications, which is speci®cally developed
for speci®c objectives, will not be discussed in this section because it depend
on the case study which the system is applied to.
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In the initial step of the installation process a survey should be performed
to verify the environmental features of the space where you want to imple-
ment the localisation system. As described in sectidn2.1, a careful analysis
is recommended with regard to the physical features of the location, and the
indeed use of the system, in order to determine the possible constraints to
be taken into account in the next phases.

Subsequently, the design of the sensors layout through the preliminary
de®nition of their geometrical arrangement is recommended. This step is
crucial to get the optimal performance of the system because, if done inaccu-
rately, it could compromise the proper functioning of the RTLS. For instance,
if you have four sensors, a simple con®guration is a square with sides in the
range of 10-30 m. The sensors should be mounted at the corners of the square,
near the ceiling for good line of sight across the tracked space.

After de®ning the layout of the sensors, a PC that performs the functions
of the server for the RTLS must be con®gured. To do this, you need to install
the software provided by Ubisense and a DHCP server, as indicated in the
reference guide Jbisensg 2008-201) After that, it's possible to perform
the physical installation of the sensors as determined in the previous step.
The sensors should point towards the oor in the middle of the space, and
should have no roll. In addition, it is necessary to connect the sensors to
the server PC through a PoE-enabled network switch. 'Master' and 'Slave'
sensors are physically the same. The minimum requirement for the network
cables is CAT5e (Power-over-Ethernet (PoE)). Through the DHCP server it
will be, then, possible to assign the desired IP address to the sensors in order
to monitor and send input commands to each individual sensor. The sensors
must be also connected to each other through the 'timing' Cables (CAT5e
cables) to allow time synchronization among them by calculating the TDOA
between each pair of sensors.

The next step involves the calibration process of the RTLS. However, you
must ®rst perform a virtual reconstruction of the sensors map through the
Location Engine Con®guration software tool, as described in sectibrs.1.2
A reference system must be determined within the graphical section of this
software tools in order to precisely mapping the sensors. The position of
each sensor must be manually inserted by bringing the values corresponding
to those of the real reference system where the sensors were physically in-
stalled. Therefore, it will be possible to carry out the true calibration process
which provide the system with the missing parameters in order to perform
the localisation. The steps to be followed for the calibration of the system
are the following: sensor orientations and cable o!sets. In the ®rst phase of
calibration, also called 'Orientation calibration’, once a Ubisense tag is put in
a known position within the coverage area of the sensors and the coordinates
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of the position in the considered reference system are written in the Loca-
tion Engine Con®guration tool, then the system takes readings of the AoA
from the tag and yield the orientation of the sensor from the average of the
measurements set. This calibration step must be performed on each sensor in
order to set their parameters of orientation (pitch, yaw and roll) within the
network, in each of them. The second phase of calibration, also called '‘Cable
calibration’, is similar to orientation calibration, except that a cable o!set is
between two sensors. Therefore, the calibration uses two sensors: the sensor
getting its cable o!set and the reference sensor, which is ideally the master.
Cable o!sets are just some arbitrary numbers indicating the o!set from the
master, so that the master achieve a null value. For this reason this latter
calibration phase, unlike the previous one, must be carried out only on each
of the slave sensors. At the end of the operations just described, assuming
that the sensors are disposed in such a way as to form a square and the tag
used for the calibration has been placed at the point where they intersect its
diagonals, in the map of the Location Engine tool it will be noted that all
sensors are oriented toward the reference point, as shown in Figtré7.

COne TDOA
from each pair
of sensors
(blue)

One A0A from
each sensor
(green)

The calibration looks
good at the calibration
pointt. In fact, it always
looks good at the
calibration point...

00-0MQ0 0

Figure 5.17:Map of sensor network after calibration operations. Each sensor is oriented
toward the calibration point (the center) where the tag used for calibration (red dot) is
placed. The green lines, outgoing from each sensor, focus the tag calibration in order to
calculate the AOA between the tag and the sensor. The blue curves indicate the TDOA
between each pair of sensorsibisense 2008-2010.

Once the installation procedure is completed, you can use the RTLS for
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the localisation and tracking of tags within the area covered by the sensors.



Chapter 6
THE CASE STUDY

The trial was carried out from 1st August to 10th September 2011 and from

1st June to 30th September 2013 within a dairy house located in the province
of Ragusa (Sicily, Italy), which is one of the most important livestock breed-

ing areas in the country (Figure6.1).

Province of Ragusa

Figure 6.1:Province of Ragusa (Sicily, Italy), one of the most important livestock breed-
ing areas in the country.

6.1 THE AREA OF THE BARN UNDER STUDY
The barn was characterized by a rectangular plan of about 55.6 m x 20.7

m with three sides completely open, i.e. without outside walls (Figur8.?2).
The roof was symmetric and covered by ®bro-cement sheets supported by

49
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a bearing structure made of steel trusses and purlins. The feeding alley of
about 55.75 m x 3.50 m was adjacent to the resting area that was arranged
with two rows of 64 stalls faced head-to-head equipped with sand beds. Ser-
vice alleys allowed the easy access of the cows from the feeding alley to the
service alley for the second row of stalls. The side of the barn at the back
of the second row of stalls was completely open. From an interview with the
breeder and the direct observation of the breeding environment, knowledge
of the management activities carried out in the barn was obtained. Feed was
delivered to the cows once a day at approximately 06:30 a.m. and was moved
closer to the feed barrier later in the day at 4:30 p.m.. Milking occurred
twice a day at 06:00 a.m. and 05:00 p.m. Furthermore, in the alleys there
was presence of slurry accumulation as the cleaning is not automated but
it is carried out 1-2 times a day by a scraper. Within the barn a reduced
but complete breeding area of about 15.40 m x 11.50 m was considered for
the experimental trial (Figure 6.3). In this area a group of 15 Holstein dairy
cows was housed. The breeding environment was composed of a resting area
of about 10.40 m x 4.30 m with two rows of stalls arranged head-to-head and
sand beds, a feeding alley of about 15.40 m x 3.50 m adjacent to the resting
area, a service passage and two service alleys.

AREA OF INTEREST

o
SERVICE ALLEY

|

|

1

|

d

|

|

|

|
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|
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o a a a q
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FEEDING PASSAGE

L/ . BOX BOX BOX BOX BOX
OFFICE v H
A we

[ Resting area [ Feeding area

Figure 6.2:Plan of the free-stall barn showing the area of interest for the experimental
trial.
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Figure 6.3:Plan of the study area.

6.2 ANALYSIS AND INSTALLATION OF THE
UBISENSE ULTRA WIDEBAND REAL-
TIME LOCATION SYSTEM

In this section a detailed requirements analysis (sectiofn2.1) and the indi-
vidual steps of the RTLS installation (section6.2.3 will be described.

6.2.1 Requirements analysis

The requirements for a system are the descriptions of what the system should
do, the services that it provides and the constraints on its operation. These
requirements re ect the needs of users for a system that serves a certain
purpose such as controlling a device or a peripherical, or ®nding information
(Sommerville 2010.

In this study, two kinds of requirements were analysed: functional and
non-functional requirements.

6.2.1.1 Functional requirements

Functional requirements are statements of services the system should provide,
how the system should react to particular inputs, and how the system should



52 CHAPTER 6. THE CASE STUDY

behave in particular situations Sommervillg 2010.
In this case study the RTLS would have to meet the following require-
ments:

Client side

View location of sensors, on a grid matrix where the map of the barn
is reproduced.

Identify the sensors.
Activate the UWB tags.
Calibrate the system.

View graphics and statistics of location information.

Server side

A computer with optimum operating system and hardware.
A permanent Internet connection to communicate with the client.
Maintain a database of all known APIs.

Maintain location informations of all clients and update this whenever
possible.

Display this information graphically.
Send this informations to the clients.

A fully functional Graphical User Interface (GUI).

6.2.1.2 Non-functional requirements

Non-functional requirements, as the name suggests, are requirements that are
not directly concerned with the speci®c services delivered by the system to its
users. They may relate to system properties such as reliability, response time,
store occupancy and the constraints on the system implementation such as
the capabilities of I/O devices or the data representations used in interfaces
with other systems Gommervillg 2010.

In this case study the non-functional requirements are:
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Provide a pleasing interface and o'er a robust and reliable service.
Be exible because the users requests change over time.

A permanently available connection between the client and server.
A response time as low as possible.

Be portable for the user in order to allow the use of the same application
on dilerent devices without requiring performing an installation each
time.

6.2.1.3 Hardware and software requirements

The system would have to require the following hardware:
Ubisense hardware components as seenZir3.1.1section.
A server to send and receive location information.

A PoE-enabled network switch and CAT5e cables to build the sensors
network.

A DHCP server to assign the desired IP addresses to the sensors.

An internet connection.

The following software requirements should be available to run in a stable
Microsoft R operative system:

Ubisense software component$(3.1.2.
Software applications £.3.1.3.

DHCP server.

6.2.2 Analysis of the RTLS functionality

A detailed study on the RTLS functionality, implemented in the case study
in question, was carried out before the beginning of the system installation
step.

In particular, an analysis ofVisual Modeling was carried out by adopting
the Uni®ed Modeling Language (UML). The Visual Modeling is a process
that provides a graphic representation of a model, using a well-de®ned set of
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graphical elements that, depending on the used modeling language, constitute
the main components for the representation of particular diagrams.

In this study, as already mentioned, the UML was used, i.e., a graphical
language used in object-oriented development that includes several types of
system models able to provide dilerent views of a system. The UML is the
standard for object-oriented modeling $ommerville 2010.

In the following sections some UML diagrams produced for the RTLS
functionality analysis will be analyzed individually: use case diagram (section
6.2.2.0), class diagram (sectior5.2.2.9), state diagram (section6.2.2.9 and
sequence diagram (sectiofi.2.2.9.

Since it comes to high-level diagrams, therefore, all the features of the
properties and operations related to the system will not be described but the
most important steps that constitute the process of localisation of the RTLS
will analysed without going into details.

6.2.2.1 Use case diagram

A use case diagram shows the interactions between a system and its environ-
ment. Use cases are collections of scenarios, involving the use of the system,
where each scenario describes a sequence of events. The main element of a
use case diagram is the actor, i.e. the entity that interacts with a use case
by starting the sequence of actions described by the use case itself, and pos-
sibly getting precise answers from the system. It can be a person or another
system. Graphically, as shown in Figuré.4, an ellipse represents a use case
and a little man is an actor. The name of the actor appears just below the
representation of the same actor as the name of the use case appears inside
the ellipse. An association line ®nally connects an actor to the use case and
represents the communication between the actor and the use case.

In this case study, the actor is represented from the User, who has the
task of assigning tags to the cows to locate. It also has the task to activate the
tags, i.e. to perform the operations necessary to ensure that tags are working
properly. Once the 'Activate tags' use case is activated, a sequence of use cases
is triggered. In particular, this use case is an extensiomwf the 'Locate tags'
use case, while the tag battery is discharged, which represents the main use
case diagram. In fact, it include$'Compute TDOA' and 'Compute AOA' use
cases in order to indicate the two positioning techniques used by the system,
and extends in 'Activate sensors' use case while the cables are connected and

The extend relation allows you to create a new use case by adding more steps to
an existing use case.

2The include relation allows you to de®ne one or more use cases within another use
case.
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the DHCP server runs. Furthermore, it is an extension of 'Update and store
data’, in order to indicate that, once location is carried out, data are updated
and saved in memory by the system. This last use case is an extension of 'Load
software' use case.

Assign tag to a cow | Activate tag Activate sensors
User < <extends =
{if battery of tag
Compute TDOA e i s not discharged)
Locate tag
ceaxtends s
Compute ADA < <includes » If cables are connecied
e and
<extends» f DHUP server runs)
Load software Update and store data

<axtendss

Figure 6.4:Use case diagram.

6.2.2.2 Class diagram

Class diagrams are used when developing an object-oriented system model
to show the classes in a system and the associations between these classes.
A class is a category or group of objects that have similar attributes and
similar behaviors. Graphically, as shown in Figuré.5, a class is represented
by a rectangle. The class name, by convention, is a word with an initial

capital letter and appears near the top of the rectangle.

An attribute is a property of a class. It describes a set of values that the
property can have when the objects of that class are instantiated. A class can
have zero or more attributes. The list of attributes of a class is graphically
separated from the name of the class to which it belongs by a horizontal line.
The attribute name can be followed by two points and the data type with
which you want to represent (e.g., string, oat, int, bool, etc). In Figure6.5
the Sensor class, for example, has the attribute ‘MacAddress: String'. Each
sensor, in fact, is characterized by a unique string that represents its MAC
address.

A method is an action that objects of a certain class can accomplish. Like
the name of the attributes, the name of a method is written with lowercase
characters. If the method name consists of several words, then those words
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Figure 6.5:Class diagram.
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are joined together and each of them, except the ®rst, is written with the ®rst
letter capitalized. The list of methods is graphically represented below the
list of attributes and separated from this by a horizontal line. The methods
may have additional informations. In the parentheses that follow the name
of a method, in fact, you can show any required parameters to the method
together with their type. Finally, if the method is a function, the return type
must also be speci®ed. In Figuré.5 Location Engine Con®guration class,
for example, is constituted by nine methods includingensorCalibration(),
which represents the calibration function of the system.

When several classes are conceptually connected with one another, such
connection is called association. Graphically, an association is represented
with a line connecting the two classes, with the name of the association just
above it. The multiplicity is a special type of association in which you show
the number of objects belonging to a class that interacts with the number of
objects of the associated class. There are di'erent types of association, and
each of them is represented by a default symbol.

In Figure 6.5 the class diagram of the case study in question is shown.
The Sensor class is connected to the Tags class in two ways: the ®rst indicates
the association that is established when a sensor interrogates a tag and the
second indicates the response of the tag. The multiplicity of these associa-
tions is 1 ... = since each sensor interrogates one or more tags, and each tag,
in turn, responds to the sensors that sent the request. The Sensor class is also
connected to the Location Platform class with multiplicity 1 ... = because a
system can have one or more sensors, while the Location Platform class has
a relationship of multiplicity 1 against the Sensor class since a RTLS can
be constituted by a single Location Platform. This, ®nally, results to be a
class consisting of more than one class with multiplicity 1 to 1 since there is
only one Location Platform and every class, which composes it, has no other
instances. In particular, the classes associated with the composition relation-
ship with Location Platform class are: Location Engine Con®guration, Map,
Service Manager, Security Manager, Platform Control, Service Installer and
Site Manager.

6.2.2.3 State diagram

In UML language a state diagram is used to indicate the model type that
shows the states of a system and the events that trigger a transition from
one state to another. This diagram shows how a system responds to external
and internal events. It is based on the assumptions that a system has a ®nite
number of states and that events may cause a transition from one state to
another (Sommervillg 2010.
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Graphically, as shown in Figure6.6, the states of a state diagram are
represented by a rectangle with rounded corners. The symbol that shows the
transition from one to another state is drawn by using a continuous line that
ends with an arrow.

send input to sensars
Sensors available send request o tag Tag available
do /trasmit RF signal ‘do /trasmit UWB pulse

serd response to sensors

send reguest to tag Cow localised and identified

Tag not available

TDOA cc;mputed

@ ADA cu;nputed

Data updated send location data

®

Figure 6.6: State diagram.

A solid black circle represents the starting point of a sequence of states
while the point of arrival is represented by two concentric circles in which
the innermost is ®lled with the black color.

In each state its name is shown, in the upper part of the rectangle, and
activities (i.e., what happens when the system enters a given state) in the
lower.

In Figure 6.6the state diagram of the case study in question is shown. By
proceeding from the starting point, once that the input is sent to the sensor,
you switch to the 'Sensors available' state in which the activity 'transmit RF
signal’ occurs. From this state you can switch in two other states through the
'send request to tags' transition which leadd) to the 'Tag not available’ state
if the tag does not respond and then, consequently, at the point of arrival or
i) to the 'Tag available' state if the tag answers. Subsequently, you switch
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to the 'Cow Localised and Identi®ed' state, through the 'send response to
sensors' transition, which contains a sub-state diagram which represents the
implementation of the techniques of positioning adopted by the RTLS. We
move ®nally to the 'Data updated’ state through the 'send location data'
transition.

6.2.2.4 Sequence diagram

A sequence diagram is a UML model that shows the sequence of interac-
tions required to compose some operations. In particular, the interactions
between actors and the system and between system components are repre-
sented Gommervillg 2010. The key idea in this type of diagram is that the
interactions between the objects are carried out by following a precise order
and that this sequence occurs, in time, from the start to the end. The Se-
guence diagram consists of objects represented by rectangles with a name,
messages represented by continuous lines with an arrow at the end and the
time represented as a vertical progression.

Objects are arranged in sequence from left to right. From each rectangle
a dotted line, called 'lifeline’, is drawn downwards. Along the lifeline there
is a small rectangle called >activation>. The activation is the execution of
an operation to which the object is responsible. The length of the rectangle,
however, represents the duration of the activation.

A message that travels from one object to another, is drawn from the
lifeline of the object from which the message leaves to the lifeline of the
object to which the message is directed. It can also occur that an object
sends a message to itself, that is, a message that starts from its lifeline and
arrives to the same lifeline.

When viewed in the vertical direction, the sequence diagram represents
the ow of time. Graphically, the time starts at the base of each object and
continue to the bottom.

In Figure 6.7 the sequence diagram of the case study in question is shown.
The main objects are three: Location Platform, Sensor and Tags. The Lo-
cation Platform is always active during the entire process of localisation, in
fact, the activation of the Location Platform object has a height equal to
that of the lifeline.

The ®rst operation is carried out, in chronological order, from the Loca-
tion Platform object, which sends the 'startSensors()' message to the object
Sensor in order to activate it. Once activated, the object Sensor sends the
'interrogateTag(RFSignal)’ message to the Tag object, to denote the oper-
ation of the activation request made by the sensor through an RF signal
to the tag. Once processed the received message, the object Tag transmits
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Figure 6.7: Sequence diagram.
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the 'respondSensors(UWBPulse)' response message to the object Sensor, to
indicate the operation of UWB impulse transmission from the tags to the
sensors. At this point, the activation relative to the object Tag is stopped
since the tag task in the localisation process ends. Therefore, the next oper-
ation is carried out by the object Sensor, which, once processed the received
message by the Tag object, sends the 'trackedTag("""ti"™ 1™"™i )" (for

i =1""N andN = number of sensors) message to the Location Platform
object. This message indicates the transmission of the angles of arrivali)(
and time of arrival (ti) received by the tags. Also the activation relative to
the object Sensor, at this point, is interrupted since the task of the sensors
in the localisation process ends.

All the remaining operations are performed by the Location Platform ob-
ject, without interacting with other objects; in fact, the next sent messages
are all recursive. These transactions consist i) the computation of the
two positioning technigues used by the RTLS: ( ‘computeTDOA(L""""ti )'
and 'computeAOA(" 1™™™i )" ), ii) computation of the tag position in
the three coordinates x, y and z ( ‘computeTagLocation(TDOA, AOA)" )
and iii) updating and storing of the new data acquired ( 'UpdateAndStore-
Data(TagLocation)" ).

As soon as, the last step of the localisation process is completed both
the activation of the Location Platform object and the lifeline of the entire
process will be interrupted and the diagram is complete.

6.2.3 RTLS installation

After the study of the system requirements and functionality it was possible
to proceed with the installation phase of the RTLS.

As described in section5.3.3 the installation process is a very impor-
tant step in which a special care should be provided in order to avoid to
compromise the system performances.

In the following sections the description of each step of this process is
reported.

6.2.3.1 Site survey

The initial step of the installation process consisted in carrying out an in-
spection at the candidate location to be the object of the study, in order
to assess the environmental and ambient features where it was decided to
implement the localisation system.

Figure 6.8 shows a picture taken during this phase. The presence of metal-
lic structures, walls and slurry accumulation involved the preparation of an
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appropriate protective equipment from any accidents during the assembly
phase but however it did not result in threats against the performances of
the system due to the eventual re ection, scattering and attenuation degree
in presence of electromagnetic waves.

Figure 6.8:Photo of the study area.

In this initial phase, a further study on the environmental features was
carried out within the area in question. A datalogger connected to tempera-
ture and humidity sensors, anemometers and globe thermometers (shown in
Figure 6.9) was installed in order to determine the suitability of the location
to be the object of the experiment. The comparison of the measured values
over a period of about a month with those declared in the hardware features
tables of the system (sectiorb.3.1.]), con®rmed the feasibility of the test in
this environment.
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Figure 6.9: Temperature and humidity sensors, anemometers and globe thermometers
within the study area.

A ®nal analysis on the scale of the system was conducted during this pre-
liminary phase. Given the size of the study area, it was possible to determine
the number of sensors (4) to purchase, which were su“cient to cover the
entire space involved in the trial and the length of the connection cables to
be installed. Finally, adjacent to the study area and su"ciently isolated from
the livestock environment, locals were identi®ed where to install the rest of
the hardware (e.g., PCs, switches and modems).

6.2.3.2 Sensors layout

During this phase the layout of the sensors through the preliminary de®nition
of their geometric arrangement was designed.

SensorsSenso, Sensyo, Sensye and Sense were placed at the four
corners of a rectangle outside the area studied, which had a size of 15.10 x
13.95 meters, at a height of 3.85 meters above the ground, as shown in Figure
6.10

The layout of the 4 sensors was not casual since the error committed by
the system can also depend on the layout of the sensors, as described by
Shahi et al.(20129. In this work it is recommended that the optimal receiver
layout should incorporate spatial variability of the UWB receivers in the three
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principal directions. Thus, rectangular or polygonal receiver arrangements
are preferable to linear or otherwise constricted layouts. Where possible, it is
desirable to incorporate spatial variability in the z-direction (height) of the
receiver locations as well.

The position of sensorSenso was chosen as origin of the Cartesian
coordinate system used in the real environment.

o

.
>
.
Sens,, 5 Sens,,
oF N
L d'=15.10 |
x! Feeding passage
. Manger ]aé fif d
Feeding alley
d"=10.00 3
Stall row n.1 13.95
Sens
) )
£4.30 2
2 4
=% =%
. Stall row n.2 N'torg=0.70
Service alley .
Segs\, Sens\.5 | Section A-A
=00 O
i IP
>|_) Sensor IP30
i Sensor IP30 0 2o ®

(2)

Figure 6.10:Plan (a) and section (b) of the area of the barn under study with sensors
layout.

6.2.3.3 Hardware installation

At this point of the installation process, it was possible to perform the phys-
ical installation of the hardware components of the RTLS. The following
devices were used in this case study:

4 Sensors IP30 Serie 7000.

10 Compact Tag IP65.
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1 PoE-enabled network switch.

1 PC with an Intel r Core™ 2 Quad CPU Q6700 @ 2.66 Ghz processor
and operating system Windows Vista Business.

The sensors were ®xed with mounting brackets, supplied by Ubisense, on
the metal beams that support the roof of the barn, through plastic cable ties.
A spirit level was used across the back of the sensors case to ensure there was
no roll and the pitch and yaw angles were calculated in order to direct the
sensors towards the oor in the middle of the area under study. Once ®xed
their position, thin ®Ims and exible plastic material were used to entirely
cover the sensors in order to protect them from the surrounding environment
(Figure 6.11c).

Figure 6.11:Sensors IP30 Serie 7000 used in the trial. a) front side of a sensor; b) back
side of Master sensor with 'Timing Cables' (black) and power cable (white); c) sensor
covered with protective plastic material.

A wired network, consisting of CAT5 cables and RJ45 modular connector
was designed and installed to the support structure of the barn roof in order
to connect the sensors to the PC via the PoE switch. This network allowed
both the power of the sensors and the data transmission between sensors and
PC.

Another network was installed in order to connect the sensors to each
other through the 'Timing Cables' (CAT5e cables) to allow their temporal
synchronization, by calculating the TDOA between each pair of sensors. As
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CreateTableFromSelectedTagByTimePeriod string
idTag hours string



"SELECT * INTO [dbo].[Last"
"hours] FROM [UwbTagDB].[dbo].["
"l WHERE Date BETWEEN ™

"™ AND ™

6.37
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6.5.1



6.8 6.7

WriteJsWithLocationData string idCow

LocationEvent locEvent
string fileName "C:\\datasetHeatMap_" idCow
"js"
StringBuilder content StringBuilder
content AppendLine "(function(global){"
content AppendLine " var events = "
locEvent Length
content AppendLine " var locations = new
Array(events);"
content AppendLine " for (i=0; i<events; i++){"
content AppendLine " locationsli]=new
Array(2);"
content AppendLine " }
content AppendLine " locations = ["
X
y

i i locEvent Length i

X locEvent i X



y locEvent i Y

content AppendLine " [\
X ToString Replace "," . M\
y ToString Replace "" " "\, /"
locEvent i Date ToString
X locEvent locEvent Length X
y locEvent locEvent Length Y
content AppendLine " [\
X ToString Replace "" " A
y ToString Replace "" . “\" /I
locEvent locEvent Length Date ToString
content AppendLine " 1"
content AppendLine " global.locations =
locations;"
content AppendLine " global.events = events;"

content AppendLine "}window));"

File WriteAllText fileName content ToString

6.5.2.1
function global
var events
var locations Array events
i i events i
locations i Array

locations

"382.47635"  "468.78619"
"383.54645"  "470.03464"
"383.86748"  "464.68414"



"384.15284" "474.45772"
"366.88856"  "458.22787"
"377.05451"  "481.62739"
"379.58708"  "475.70617"
"text/javascript"
"..I..l..Isrc/heatmap.js"
"text/javascript"” "dataset/dataset.js"
"text/javascript"
"element"” "heatmapArea”
"radius" "visible"
"opacity"”
"legend”
"position” 'br'
"title" ‘Number of Events Distribution’
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6.5.1






ScalarVelocityNDEvent

region properties
DateTime Date
string IdTag
InstantSpeed
endregion

region constructors
internal ScalarVelocityNDEvent
DateTime date
string idTag
instantSpeed

Date date
IdTag idTag
InstantSpeed instantSpeed

endregion

List ScalarVelocityNDEvent instantSpeed2D
List ScalarVelocityNDEvent

6.6

ScalarVelocityNDEvent instantSpeedND2
ScalarVelocityNDEvent meanData i MiddleDate
meanData i IdTag
Math Sqrt Math Pow meanData i X meanData i



X window Math Pow meanData i
meanData i Y window

WriteXmIWithVelocityData

XmITextWriter writer

AmlTextWriter  "C:\\data.xml"
writer Formatting Formatting Indented
writer WriteStartDocument

writer WriteStartElement "plot"
writer WriteAttributeString "id" non

writer WriteStartElement "curves"

writer WriteStartElement "curve"
writer WriteAttributeString "id" "1

writer WriteStartElement "points"

string date
i i instantSpeed2D Count i

writer WriteStartElement "point"

date
instantSpeed2D i Date ToString Replace """ ™"

writer WriteAttributeString "x" date

writer WriteAttributeString "y"
instantSpeed2D i InstantSpeed ToString

writer WriteAttributeString "ymin" "o"

writer WriteAttributeString "ymax"
instantSpeed2D i InstantSpeed ToString

writer WriteEndElement



“label" "SPEED"

"description”
"&It;'[CDATA[Cow Speed Graph.]]&lt;"

"1.0"
opo
"17/04/2013 6:16:03" " "
"17/04/2013 6:16:08" "0,0123" "o
"0,0123"
"17/04/2013 6:16:13" "0,0083" "o
"0,0083"
"17/04/2013 6:16:18" "0,0297" "
"0,0297"
"17/04/2013 9:15:43" "0,0119" "o
"0,0119"
"17/04/2013 9:15:48" "0,043" "
"0,043"
"17/04/2013 9:15:53" "0,0441" "o

"0,0441"









Plot id string title string ylabel string
dataPath string thumbnailPath bool isRelativePath

Id id

Title title

YLabel ylabel

DataPath dataPath
ThumbnailPath thumbnailPath

IsRelativePath isRelativePath
Description string Empty
Curves List Curve
IsLoaded

endregion

region Public Properties

IList Curve Curves get set

string DataPath get set

string Description get set
Id get set

bool IsLoaded get set

bool IsRelativePath get set

string ThumbnailPath get set

string Title get set

string YlLabel get set

endregion
region Public Methods

Load

XDocument data XDocument Load IsRelativePath
HttpContext Current Server MapPath DataPath
DataPath

Curves List Curve

XElement xplot data Element "plot"

Description xplot Element "description" Value



I[Enumerable XElement xcurves
xplot Descendants "curve"

foreach XElement xcurve in Xxcurves

string xcurve Element "label Value

I[Enumerable XElement xpoints
xcurve Descendants "point”

IFormatProvider culture Culturelnfo "fr-FR"
List Point set from xpoint in xpoints
let x DateTime
Parse xpoint Attribute "x" Value
culture
let ymin Math Round

Parse xpoint Attribute "ymin"
Value Replace',
Culturelnfo CurrentCulture

let y Math Round
Parse xpoint Attribute "y"
Value Replace ', "
Culturelnfo CurrentCulture

let ymax Math Round
Parse xpoint Attribute "ymax
Value Replace ', .
Culturelnfo CurrentCulture

select Point x 'y ymin
ymax TolList

Curves Add Curve set

IsLoaded



"C:\\cowSpeedGraph_"
".html"

"<html>"

"<head>"

"<script type=\"text/javascript\"
src=\"dygraph-combined.js\"></script>"

"</head>"

"<body>"

"<div id=\"graphdiv\"
style=\"width:800px; height:500px;\"></div>"

"<script
type=\"text/javascript\">"

" g = new Dygraph("
document.getElementByld(\"graphdiw\"),"

" "



day splitDatel
splitDatel
year splitDatel
date year "

month

time

content AppendLine

Wy,

instantSpeed2D i

Replace ",

nn nu

date instantSpeed2D instantSpeed2D Count

Date ToString
splitDate
time splitDate
splitDatel
day splitDatel
month splitDatel
year splitDatel
date year "M
content AppendLine

ey,

InstantSpeed ToString

I
content AppendLine
content AppendLine
content AppendLine

\"COW SPEED\" ],"
content AppendLine
content AppendLine

content AppendLine "</script>

date Split

splitDate

month A day " "
[new Date(\"" date
InstantSpeed ToString
" ],Il
Replace "."
Split '
month ya day " " time
[new Date(\"" date

instantSpeed2D instantSpeed2D Count

Replace ",

E

labels: [ \"Date\",

fillGraph: true"
Hi

content AppendLine "</body>"
content AppendLine "</html>"

File WriteAllText

fileName

content ToString

6.5.1



6.5.3.1

"text/javascript”
"dygraph-combined.js"

"graphdiv"
"text/javascript"

"graphdiv”

"2013/04/17 6:16:03"
"2013/04/17 6:16:08"

"2013/04/17 6:16:13"
"2013/04/17 6:16:18"

"Date" "COW SPEED"
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