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Abstract

The main objective of this study was to evaluate the localisation and iden-
tification 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 rectified 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 specifically 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 identification performances of the RTLS were assessed
by applying an outlier data cleaning technique to tag localisation errors and
using precision and sensitivity indices. Trade-off 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 fixed 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 significant 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-off 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 different 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
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developed. A visual representation used for visualizing two dimensional data
of each cow using colours was implemented as a functionality of this tool.
The different colour and colour intensity denoted the difference 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
identified when the state of estrus occurs. Moreover, since it was designed
to monitor cow behavior in real time, it offers 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 insufficient 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 flu or swine flu. 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 affected by certain diseases could not profit
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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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 (Tullo 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 consumer (Berckmans, 2013).

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

1) the continuous sensing of the process responses at an appropriate fre-
quency 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 significant progress in
terms of technical efficiency. In particular, the new techniques of electronic
design, reduction of size and power consumption of the devices, and the grow-
ing diffusion of open source software have made the technology affordable 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



providing him with early warning systems for the automatic detection of
potential production, health and welfare problems (Tullo 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 (IoT), 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 identification 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 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, y, z), i.e., about
12.25 cm in two dimensions. However, in field tests accuracy of the Ubisense
system was found to vary between 30 cm and 100 c¢m in the two dimensions
x and y in dependence on the applications, e.g. agriculture, transit yard
management, and personnel safety (Mok et al., 2010; Ward, 2010).

In this context, the main purpose of this thesis was to evaluate the RTLS
performances in the identification 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 fixed 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-off of RTLS
identification 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 ToT.

The developed of a use case of this software tool, applied to data acquired
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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
effectiveness of the results obtained from the use of the tool in order to find
useful informations related to the occurrence of the physiological state of

estrus.



Chapter 3
WORK ORGANIZATION

Part II of this thesis work shows a review of studies carried out in the field of
precision livestock farming. In particular, ICT applications for indoor animal
identification 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 11l 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 (5.3) attention was focused, in the description
of the system adopted in this research. Furthermore, this part gives a detailed
description of the case study (chapter 6) 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 (section 6.1), the analysis and
installation of the Ubisense UWB RTLS (section 6.2) are outlined in detail.
Subsequently, the multi-camera video-recording system (section 6.3), adopted
to assess the accuracy of the localisation and identification achieved through
the use of the RTLS, is described. Finally, section 6.4 shows the materials
and methods relative to the computation of localisation and identification
performances of Ubisense UWB RTLS, while, section 6.5 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 I'V describes the results achieved in this research study. In particular,
chapter 7 shows results relative to the study of localisation and identification
performances of the RTLS (section 7.1) and those relative to the software
tool for the visual analysis (section 7.2). 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 field.

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 IoT introduced in chapter 1, 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 identification and localisation of each dairy cows
of the herd play an important role and several studies in the field of precision
livestock farming have been carried out.

4.1 Animal identi cation

With regard to cow identification, 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 efficiency when combined with visual observation. Also Roelofs et
al. (2005) 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 research (Brehme et al., 2008; Jonsson et al.,
2011) 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 lameness (Pastell et al.,
2009).

Cow identification has also been frequently obtained by means of Radio
Frequency Identification (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 System R ) 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. (1998) 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 year, Samad et al. (2010) demonstrated
that the use of RFID-based identification and data retrieval offers the value-
added benefit of data security and would prevent insurance-related frauds.
[lie-Zudor et al. (2011) carried out a survey of applications and requirements
of identification 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 Identification 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 by Feng 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 flow.

4.2 Animal localisation

With regard to cow localisation, some research studies investigated the possi-
bility of using different indoor positioning systems for cow tracking. Huhtala
et al. (2007) demonstrated that a system which uses Wireless Local Area
Network technology and Time Difference 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.). Togersen 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 specific functional areas of buildings for intensive animal
breeding. The outcomes of these studies demonstrated that it possible to
detect the animals in specific 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 (Alvarez & 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 reflection 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 (Yong et al., 2007).
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Chapter 5

THE ULTRA WIDEBAND
REAL-TIME LOCATION
SYSTEM

As already seen in chapter 4, localisation accuracy provided by RFID systems
based on HF and UHF technologies could be improved by using Ultra Wide
Band (UWB) technology (Alvarez & 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
reflection 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 UWDB
pulses. A tag is a device capable of transmitting a unique identification 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 fulfill, from the point of

view of the manufacturers, the ability to realize inexpensive receivers
(Di Noia, 2010).

High bit-rate: bandwidth occupied by UWB systems allows the trans-
mission of large quantities of data in a given time interval (bitrate),
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 reflected signal interferes with a direct one. Therefore
it favours the identification and subsequent exclusion of the reflected
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 traffic flows, 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 traffic
flows 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 (Domain, 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 (Domain, 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) (FCC, 2002),
an UWB signal is defined 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 difference between the upper
frequency fg of the -10 dB emission point and the lower frequency f, of the
-10 dB emission point:

B=fy— fr, (5.1)

which is also called -10 dB bandwidth (Figure 5.2). On the other hand, the
fractional bandwidth is defined as

B
Bfrae = ) (52>
f £,
where f. is the center frequency and is given by
£ = fH"‘fL. (5.3)

2

From 5.1 and 5.3, the fractional bandwidth By, in 5.2 can be expressed as

T fu+ fo)
In conclusion, as already mentioned before, according to the FCC, an
UWRB system with f, larger than 2.5 GHz must have an absolute bandwidth
larger than 500 MHz, and a UWB system with f. smaller than 2.5 GHz must

have a fractional bandwidth larger than 0.2 (Figure 5.2) (Sahinoglu et al.,
2008).

Power Spectral
Density
F'

Frequency
4

Figure 5.2: Characteristics of a UWB signal: absolute bandwidth B is at least 500 MHz,
or fractional bandwidth bfq. = 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 modified Hermite polynomials. For example, the second derivative of the
Gaussian pulse is expressed as

47T t2 _ont2/¢2
w(t):A<1—?)e 2mt*/ ¢ (5.5)
where A > 0 and ( are parameters that determine the energy and the width of
the pulse, respectively. In Figure 5.3, a unit energy pulse is plotted according

to 5.5 (¢ = 0.4 ns and width of around 1 ns) (Sahinoglu et al., 2008).
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Figure 5.3: The UWB pulse (gaussian doublet) according to Equation 5.5 with ¢ = 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 (Figure 5.4) (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 Figure 5.4,
the pulse train frequency takes the form of a noise signal (noise like) which
minimizes the effect of the interference of the UWB signal if there are other
signals that have been transmitted within the bandwidth occupied by UWB
system (Di Noia, 2010). For example, frequency allocation of some wireless
systems is shown in Figure 5.5 (Sahinoglu et al., 2008).

Random Postion Pulse Traln Specirum of Random Posiion Pulse Traln
v T T

g "
15 /__,.,—.."

—

Pawesr (1E)

Momalized Voltage

L L L
B ES 7 75 a ES a a5 o
Frequency log10if)

Figure 5.4: Random positioned pulse train and its frequency spectrum (noise like) (Mei,
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 scale (Sahinoglu et al., 2008).
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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 specific application. In
other words, the FCC spectral mask specifies a useful spectrum of 7.5 GHz
for most UWB systems (Sahinoglu et al., 2008).

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 affect the system and fix 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 defined
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 methods (Linde, 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 reflection,
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 fulfill 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 reflects 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 reflects 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 (Rabinovich, 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 reflects the close-
ness of the results of measurements of the same quantity performed
under different conditions, i.e., in different laboratories (at different
locations) and using different equipment, is called the reproducibility
of measurement. Good reproducibility indicates that both the random
and systematic errors are small (Rabinovich, 2010).

Repeatability. The quality of measurement that reflects 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 find what we are looking for. In other words is the
proportion of actual correct measures which are correctly identified 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-off 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-off 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 modified (Linde, 2006).

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-flight’
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., 2005).

There are several techniques to determine the position starting from es-
timates of the time-of-arrival, time-of-flight 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 (ToA) and Time Difference 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 find the position. Such tech-
niques are usually called location fingerprinting (Yan, 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 defined 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 Figure 5.6.

Figure 5.6: Definition 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 differences in arrival times of an incoming signal at different
antenna elements. An example is illustrated in Figure 5.7 for AoA estimation
at a uniform linear array (ULA).

When the distance between the target and the reference nodes is suffi-
ciently large, the incoming signal can be modeled as a planar wave-front. This
results in [ sin ¢ /c seconds difference between the arrival times at consecu-
tive array elements, where [ is the inter-element spacing, ¥ is the AoA and
c represents the speed of light. Therefore, estimation of the time differences
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 difference 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 differences and AoA.

In order to obtain theoretical lower bounds on the achievable accuracy
of AoA measurements, consider a ULA, as shown in Figure 5.7, with N,
antenna elements. Let r;(t) denote the received signal at the ith element,
which is expressed as

ri(t) = as(t — ;) + ni(t), (5.6)

for i =1,..., N,, where s(t) is the transmitted signal, « is the channel coeffi-
cient, T; is the delay for the signal arriving at the ith antenna element, and
n;(t) is white Gaussian noise with zero mean. The delay T; can be expressed
as

d ;s
o Ly lising (57)

C C

with

zfﬂ(mgl—a, (5.8)

for i« = 1,..., Ny, where d is the distance between the transmitter and the
center of the antenna array at the receiver, and [ is the inter-element spacing
(Sahinoglu et al., 2008).
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Time difference 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 difference 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 ToA' at each
reference node and then to obtain the difference between the two estimates.
Specifically, if the received signals are given by r;(t) and 74(t) as in (5.6),
Ty is estimated from 7 () and To is estimated from ry(t). Since the target
node and the reference nodes are not synchronized, the ToA estimates at the
reference nodes include a timing offset in addition to the time of flight. As
the reference nodes are synchronized, the timing offset is the same for each
ToA estimation. Therefore, the TDoA measurement can be obtained as

TrpoAa = T1 — Ta, (5-9)

where T; and T, denote the ToA estimates at the first and second nodes,
respectively.

Another way to obtain a TDoA measurement is to perform cross-correlations
of the received signals r(t) and r5(t), and to calculate the delay correspond-

1A ToA measurements provide information about the distance between two nodes by
estimating the time of flight 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 as (Sahinoglu et al., 2008):
1 7

where T is the observation interval, and the TDoA estimate is given by

m12( ) r(t)ro(t + )dt (5.10)

"Tpoa = argmax myo( ) (5.11)

5.3 UBISENSE ULTRA WIDEBAND REAL-
TIME LOCATION SYSTEM

As already seen in chapter 2, 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, y, z) (Steggles & Gschwind, 2005), i.e., about 12.25 cm
in two dimensions. However, in field tests accuracy of the Ubisense system
was found to vary between 30 cm and 100 c¢m in the two dimensions x and y
in dependence on the applications, e.g. agriculture, transit yard management,
and personnel safety (Mok et al., 2010; 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 building Smart Space applications.
This platform meets the basic requirements for building Smart 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 configuration and development tools, which
simplify the generation of end-user applications (Steggles & Gschwind,
2005).
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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’: 1) hardware components, ii) software middleware and iii) software ap-
plications, as shown in Figure 5.9 (Heathcote, 2011).
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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
question (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 5.10, Table 77) 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 flexible 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 specification

Dimensions: 20 cm x 13 cm x 6 cm

Weight: 650 g

Temperature range: from 20 C to 60 C

Humidity range: from 0 to 95%, non condensing

Standard operative range: > 160 m

Precision: > 15 cm in 3D

UWB channel: 6 GHz - 8 GHz

Telemetry channel: Narrow-band 2.45 GHz

Certifications: 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 specification.

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 configuration. The sen-
sor firmware is easily upgradeable via the network to allow the instal-
lation of software release updated.

Tags

Ubisense tags (Figure 5.11, Table 77) 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 identification, a buzzer
to provide messaging features, a motion detector to instantly activate the
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LED (visible Strapping
through enclosure) slots

Button Mounting holes

Figure 5.11: Ubisense Series 7000 Compact tag.

tags and buttons that can be associated with specific events defined by the

software.
Tags technical specification
Dimensions: 38 cm x 39 cm x 16 cm
Weight: 25 g

Temperature range:

Humidity range:
Update rate:

Peripherals:

Certifications:

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 SEATAG22, 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 specification.

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
affect 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) (Ubisense, 2013b).

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 system (Steggles & Gschwind, 2005).

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 configured 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
configuration and its open API covers every service feature so that anything
that can be done using a tool can also be done via the APIL.

Location Engine Configuration

The Location Engine Configuration 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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Defining the cell functionality e.g. conventional radio settings and cell
boundaries;

Defining the sensor functionality e.g. master /slave operation and thresh-
olds;

Sensor calibration;

Configuration of the filter 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-
ious services running on each machine.

Security Manager

Ubisense provides security and access control through the Security Man-
ager. The Security Manager allows the definition 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-defined 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 simplifies the configuration of the properties
of types, objects, and building data. It gives the administrator control over
objects, building models, visualization and geometry (Ubisense, 2013a).

La Table 77 mostra alcune specifications della Ubisense location platform.

Specifications

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 specifications.
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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 different programming lan-
guages (C#, C++, Visual Basic, etc) by using Microsoft R Visual Studio
Express, a programming environment free distributed by Microsoft r. To
include reference to Ubisense, to be assembled within the project that you
want to develop, just select the file with .dll 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 Figure 5.12 and in
Figure 5.13.

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

; Solution 'simpleUbisensespp’ (1 project)
= _E SimpleUbisenseApp

|_ add Reference. ..

A Sysken add Web Reference, ..
Al SwskenT DERITYTENT
A Syskem,Drawing
A Syskem. Windows, Forms
A Fyskem, wml
=] Forml.cs
Cﬁ Program.cs

Figure 5.12: Add references in a Microsoft R Visual Studio Express project. Step 1: first
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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Add Reference E

WMET | COM | Projects Browse | Recent

Look i | () bin -0 -
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EﬂUbisenseDataDictionary.exe GUbisenseRemotenssistance.exe
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Ok H Canicel

Figure 5.13: Add references in a Microsoft R Visual Studio Express project. Step 2: select
the desired file with .dll 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
offering innovative solutions to prestigious customers in different sectors (in-
dustry, manufacturing and automotive, logistics, military, etc) (Heathcote,
2011).

Finally, as already seen in Figure 5.9, 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 specifically 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 specifications, 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.

Slave A Timing Synchronization via Cable _ Master
SENSOor ./(1[ \. Sensor

(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 ¢, the
tag transmits the pulse and, once received by the sensors, calculates the Angles-Of-Arrival
(AOAs) ay and aw. Sensors are synchronized via cable, then Time-Difference-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
profile up to 20 times a second.

2) At the time t,, 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 ay. 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-Difference-Of-Arrival (TDOA) between each
pair of Sensors is calculated. This makes the location robust.
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4) The Master Sensor calculates a coordinates based on all raw informa-
tion delivered, taking into account tuning parameters such as motion
model filtering, 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 Configuration tool, already described in section 5.3.1.2; 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 5.15 shows two screenshots of the Location Engine Configu-
ration tool.

Figure 5.15: Screenshots del Location Engine Configurator 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, 2011).
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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 articles (Ubisense, 2008-2010).

To develop the system, a path divided into five steps should be followed,
as shown in Figure 5.16.

Step 2: Design
the layout of the
Step 3. sensors to give
Install g the optimum
cabling for performance
SEMS0F
network and
connechion
to computer
netwf k
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 five steps (Ward,
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 specifically developed
for specific 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 section 5.2.1, 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
definition 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 configuration 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 defining the layout of the sensors, a PC that performs the functions
of the server for the RTLS must be configured. To do this, you need to install
the software provided by Ubisense and a DHCP server, as indicated in the
reference guide (Ubisense, 2008-2010). 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 floor 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 first perform a virtual reconstruction of the sensors map through the
Location Engine Configuration software tool, as described in section 5.3.1.2.
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 offsets. In the first 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 Configuration 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 offset is
between two sensors. Therefore, the calibration uses two sensors: the sensor
getting its cable offset and the reference sensor, which is ideally the master.
Cable offsets are just some arbitrary numbers indicating the offset 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 Figure 5.17.

Cne TDOA
from each pair

of sensors
(blue)

One AOA from
each sensor
(green)

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

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 sensors (Ubisense, 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 (Figure 6.1).

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 (Figure 6.2).
The roof was symmetric and covered by fibro-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.
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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 (section 6.2.1) and the indi-
vidual steps of the RTLS installation (section 6.2.3) 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 reflect the needs of users for a system that serves a certain
purpose such as controlling a device or a peripherical, or finding 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
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behave in particular situations (Sommerville, 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 specific 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 (Sommerville, 2010).

In this case study the non-functional requirements are:
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Provide a pleasing interface and offer a robust and reliable service.
Be flexible 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 different 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 seen in 5.3.1.1 section.
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 components (5.3.1.2).
Software applications (5.3.1.3).

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 of Visual Modeling was carried out by adopting
the Unified Modeling Language (UML). The Visual Modeling is a process
that provides a graphic representation of a model, using a well-defined 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 different views of a system. The UML is the
standard for object-oriented modeling (Sommerville, 2010).

In the following sections some UML diagrams produced for the RTLS
functionality analysis will be analyzed individually: use case diagram (section
6.2.2.1), class diagram (section 6.2.2.2), state diagram (section 6.2.2.3) and
sequence diagram (section 6.2.2.4).

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 Figure 6.4, 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 finally 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 extension' of the 'Locate tags’
use case, while the tag battery is discharged, which represents the main use
case diagram. In fact, it includes” '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 define 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 s

{if battery of tag

Compute TDOA s not discharged)

<inciudes =
Locate tag
caxtends e
Compute ADA < gincludes» 1f cables are connected
e and
“exierds - f DHUP server runs)
Load software - Update and store data
< <caxiendss

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 Figure 6.5, 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, float, int, bool, etc). In Figure 6.5
the Sensor class, for example, has the attribute 'MacAddress: String’. Fach
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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are joined together and each of them, except the first, is written with the first
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 specified. In Figure 6.5 Location Engine Configuration class,
for example, is constituted by nine methods including sensorCalibration(),
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 different 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 first 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, finally, 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 Configuration, 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 finite
number of states and that events may cause a transition from one state to
another (Sommerville, 2010).
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Graphically, as shown in Figure 6.6, 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 reguest o tag Tag available

do /trasmit RF signal ‘do /trasmit UWB pulse’
send response 1o 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 filled 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 6.6 the 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 leads: i) 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 Identified’ 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 finally 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 (Sommerville, 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-
quence 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 flow 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 first 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(¢1 ti 1 i)’ (for
=1 N and N = number of sensors) message to the Location Platform
object. This message indicates the transmission of the angles of arrival ( i)
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 in ) the computation of the
two positioning techniques used by the RTLS: ( ’computeTDOA(¢1 ti)’
and ’computeAOA( 1 i)’ ), ) computation of the tag position in
the three coordinates x, y and z ( 'computeTagLocation(TDOA, AOA)’ )
and 74i) 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 section 5.3.3, 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 reflection, 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 (section 5.3.1.1), confirmed 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 final 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 sufficient 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 sufficiently isolated from
the livestock environment, locals were identified 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 definition
of their geometric arrangement was designed.

Sensors Sensso, Sensyo, Sensyg and Sensgg 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. (2012). 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 sensor Sensso was chosen as origin of the Cartesian
coordinate system used in the real environment.
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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 r Business.

The sensors were fixed 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 floor in the middle of the area under study. Once fixed
their position, thin films and flexible plastic material were used to entirely
cover the sensors in order to protect them from the surrounding environment
(Figure 6.11 c).

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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already mentioned in section 5.3.2, the Ubisense system is composed of two
types of sensors: "Master’ and ’Slave’. Although Master and Slave sensors are
physically the same, the function of calculating the TDOA between each pair
of sensors is performed considering the master as reference sensor for time
synchronization. For this reason, the connection of the "Timing Cables” must
follow a definite scheme.

The physical scheme of the networks described above is shown in Figure
6.12, while a picture of the connection of the Timing Cables in the master
sensor is shown in Figure 6.11 b.
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Figure 6.12: Scheme of the RTLS hardware used in the trial.

Both the PC and the switch were placed in a room adjacent to the barn,
where the two wired networks were converged, in order to avoid direct expo-
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sure to the livestock environment. Although not necessary for the functioning
of the RTLS, also a modem for ADSL connection was connected to the net-
work in order to allow remote control of the entire system.

6.2.3.4 Middleware software installation

Completed hardware system operations the software configuration was car-
ried out.

Although in Figure 6.12 DHCP Server and PC were represented by two
separate physical devices, both of them were managed by the same machine.
To do that, a virtual machine, where the software provided by Ubisense was
installed, was configured on the PC, while the DHCP server was run on
the physical machine. The features of the virtual machine was the following;:
Intel R Core™2 Quad CPU Q6700 @ 2.66 Ghz processor and operating sys-
tem Windows R XP Professional 2002 SP3. Once installed, the DHCP Server
assigned to the sensors a pool of static IP addresses manually set; each of
them was uniquely associated to the MAC address of a sensor, in order to
separately send input commands to each sensor and recognize the sender of
the messages received.

At this point, referring to the user manual provided by Ubisense (Ubisense,
2008-2010), the suite of software components, Ubisense Location Platform,
which is described in section 5.3.1.2, was installed. Once completed the in-
stallation wizard, the sensors, which were initialized by the software, using
the Configuration Engine Location (LEC) application, were booted. During
this operation, a log window showed the messages issued by the system, as a
result of any transaction carried out in order to communicate the details of
the communication with the sensors to the user (Figure 6.13).

However, in Figure 6.14 is shown the status of the sensors after the boot
operation. The table in the figure shows the MAC address of the sensors, the
cell to which they belong, the current status, date and time in which they
were active before the last update, the IP address and any flags, respectively.

Subsequently, a power threshold that is related to the signal received by
the sensors was set in the LEC. If the received signal strength fell below the
threshold, it was rejected as random noise. In Figure 6.15 power thresholds
(red horizontal lines) are shown in relation to each sensor and noise signals
are displayed (green waves). This operation made it possible to distinguish,
in the presence of a tag, the signal noise from a UWB signal associated with
a tag.

The last step before the calibration of the system consisted of the virtual
reconstruction of the map of the sensors inside the LEC (Figure 6.16). A
reference system was determined within the graphical section of this software
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00:11 :CE:00:38:67 LocationEngineCell 0001 sensor: timing cable error report For previous 15 seconds

LocationEngneCell 0001
LocationEngineCell 0001
LocationEngineCell 0001

proportion of slots with the wrong tmeslot length = 1000000ppm
proportion of slots without a good set of phase samples = 1000000gpM
proportion of slots without stable timing circuit phase = 00ppm

192,168.0,105 unknown bootstrap: 39:F5 192, 168,0,100:2823 : .[auto_reve_master.elf block # 600
192,166,0,105 unkncn boatstrap: 39:FS 192,168,0,100:2823 1 .[suto_reve_master.ef block # 700
192,166.0,105 unknown boatstrap: 00:11:CE:D0:39:FS 192, 168,0,100:2823 1 Jauto_reve_master.ef block # 600
192,168.0,105 unknown bootstrap: 00:11:CE:00:39:F5 192, 168,0,100:2823 + ,/auto_reve_master.elf block # 900
3 192,166.0,105 unknown bootstrap; 00:11:CE;00:39:F5 192, 168,0, 100:2823 : ./auto_reve_master.elf block # 1000

06f16/11 11:48:22  192,168.0,105 unkncn bootstrap: 00:11:CED0:39:FS 192, 163,0,100:2823 1 Jauto_reve_master.elf block # 1100

06/16/11 11:48:25  192.168.0.105 unknown bootstrap: 00:11:CE:00:39:FS 192, 168.0,100:2823 : /auto_reve_master.elf block # 1200

06/16/11 1 00:11:CE00;38:06 LacationEngineCell 0001 sensar timing cable error report for previous 15 seconds:

061611 11:48:28  00:1L:CE:00:36:06 LacationEngineCell 0001 sensor:  proportion of slots with the wrong tmeslat length = 1000000ppm
00:11:CE:00:35:06 LocationEngineCell 0001 sensor:  proportion of slots without a good set of phase samples = 1000000ppm
00:11CE:00:38:06 LacationEngineCell 0001 sensar:  proportion of slots without stable timing circuit phass = 1000000ppm
192,168.0,105 unkncn boatstrap: 00:11:CEID0:39:FS 192, 16,0, 100:2823 ¢ .[suto_reve_master.&lf block # 1300
192.168.0,105 unknown bootstrap: 00:11:CE:00:39:F5 192, 163,0,100:2523 : .fauto_reve_master.elf block # 1400

iming cable error report For previous 15 seconds:
proportion of slots with the wrong tmeslat length = 1000000ppm

proportion of slots without a good set of phase samples = 1000000ppM
proportion of slots without stable timing circuit phase = 1000000ppm

bisenss Location Engine Sensor Runtime (versian 2,1 192,168.0,100:0 00:11:CE:0)

LocationEngineCell 0001
LocationEngineCell 0001
LocationEngineCell 0001
LocationEngineCell 0001
LocationEngineCell 0001
LocationEngineCell 0001
LocationEngineCell 0001
LacationEngneCell 0001
06/18/11 11:48: 37 00:11:CE:00:39:F5 LocationEngineCell 0001 sensor: Build #2526 (Dec 11 2009,20:41:21)
37 :11

) 2003-2007 Ubisense Limited, All Rights Reserved

06/16/11 1 00: LocationEngineCell 0001 erial Number #1866-6951-1A6C-4B88
06/16/11 1 00:11:CE DD 39 FS LocationEngineCell 0001 ri
O6/16/11 11:48:37 00:11:CE:00:39:F% LocationEngineCell 0001 sensor: Configured for 37Hz update rate

00:11:CE:00:35:F5 LocationEngineCell 0001 sensor: programming radia

192,166.0,105 unknown bootstrap: Downloading ' fauto_standard_B.hex’ to 192,168.0,100:2310. .,

192,166.0,105 unkncn bootstrap: 192,168.0, 100:2310 ¢ initialiing or missed packet

192.168,0,105 unknown bootstrap: 00:11:CE:00:39:FS 192, 168,0,100:2510 : fauto_standard_8.hex block # 1 v

(-4.37786,3.95737)

Figure 6.13: Log window of the LEC.

=! Location Engine Config

File Edit ‘iew Flags Help

rand Sensor Status Liog
Sensar Cell Status Last Seen 1F Address Flags
00:11:CE:00:38:87  LocationEngineCell 0001 Running 0a/16f11 12:01:55 192.163.0,102
00;11:CE:00:38: 06 LocationEngineCell 0001 Running 0&/16/11 12:01:57  192,168.0,103
00:11:CE:00:39:9F  LocationEngineCell 0001 Running 08/16/11 12:01:59  192,168.0,101
00;11:CE:00: 39 FS  LocationEngineCell 0001 Running 08/16/11 12:02:01  192,163.0,100  Liming source, master

Figure 6.14: The Sensor Status shown in the LEC after sensors boot operation. The
table in the figure shows the MAC address of the sensors, the cell to which they belong,
the current status, date and time in which they were active before the last update, the IP
address and any flags, respectively.
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tool in order to precisely mapping the sensors. The position of each sensor
was inserted manually by bringing the values corresponding to those of the
real reference system where the sensors were physically installed.
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Figure 6.15: The power thresholds of each sensor, indicated with a red horizontal line,
allow to distinguish the noise signal (green wave) from the UWB pulses transmitted by
the tags.

! Location Engine Config, EE&
Flo Edt Vew M Col Senor Aveable Eweis Hep

S el | e e | s | Tos | e |

= L1 CelPln
= & LocatinEnginaCel 0001

O011CE0033F5
011CE00IF
0011CE 003887
0017-CE 003806

21 Avadable Sensors

00:11:CE:00:38:87 00:11:CE:00:38:D6

Moritored sensor cels;

¥, 00:11:CE:00:39:F5(Masi&r, Timing Source)  00:14:CE 00:39:9F

Skt Tag
oea 21z

Tine. cal

[A]) B s Owos
ClPower Clpo [luwe code

Otesvetral

(:4.70046,3.49654)

Figure 6.16: 2D sensors map in the graphical section of the LEC. Each sensor is identified
by its MAC address represented by a string of 12 hexadecimal digits.
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At the sensor having MAC Address corresponding to that of the Master
sensor, chosen during hardware installation, the "Master’ and the "Timing
Source’ flags were attributed.

6.2.3.5 System calibration

At this point, the system was able to identify and detect the presence of
a tag placed in proximity to at least one of the sensors but, however, was
not able to accurately determine the relative position in space. Therefore,
we proceeded with the calibration of the system within the study area by
using the calibration procedure in order to attribute the missing parameters
of localisation to the system. The steps that were followed for the calibration
of the system were two: sensor orientations and cable offsets. As already
introduced in section 5.3.3, the basic principle of the first phase of calibration,
also called 'Orientation calibration’, once a Ubisense tag was put in a known
position within the coverage area of the sensors and the coordinates of the
position in the considered reference system were written in the Location
Engine Configuration tool, then the system took readings of the AoA from
the tag and yielded the orientation of the sensor from the average of the
measurements set. This calibration step was performed on each sensor in
order to set their parameters of orientation (pitch, yaw and roll) within the
network. The position of the tags used for this operation is shown in Figures
6.22. A central point within the study area (close to the barycentre of the
rectangle having as vertices the points where the sensors were installed) was
chosen, in order to orient the sensors as symmetrically as possible between
them. As the cows mainly held the most central areas of the test area, perform
a calibration using as reference point a point placed on the central area would
have ensured the best performance of the system for the case in question.
The second phase of calibration, also called ’Cable calibration’, was similar
to orientation calibration, except that a cable offset was between two sensors.
Therefore, the calibration used two sensors: the sensor getting its cable offset
and the reference sensor, which was ideally the master. Cable offsets were just
some arbitrary number indicating the offset from the master, so the master
had a value of zero. For this reason this latter calibration phase, unlike the
previous one, was only carried out on each of the slave sensors.

The calibration process described above was carried out only once since
the components layout of the structure used for the test remained unaltered
during the whole period of observations. Otherwise it would have been nec-
essary to perform further calibrations whenever the layout of the elements
present in the area under study had been altered. This observation belong to
in the recommendations made in the work carried out by Shahi et al. (2012).



ANALYSIS AND INSTALLATION OF UBISENSE RTLS 71

6.2.4 Data acquisition

After having carried out the operations above described, the RTLS was able
to identify and determine the location of a tag placed at any point belonging
to the coverage area of the sensors.

In this phase the choice of the acquisition time interval of the tags po-
sition, during the test was crucial. In fact, as mentioned in section 5.2.2,
it’s important to maintain an optimal trade-off between the batteries energy
consumption and the update frequency of the measurement. A solution to
this problem consists in being able to set an update rate, related to the ac-
quisition of the measure, which ensures a battery life within the desired time
period but respects, at the same time, the desired update frequency of the
measurement.

On the basis of this concept, an acquisition time of 0.865 seconds was
chosen in order to ensure a battery life for a period of at least eight weeks,
for the tags applied to the cows. This choice was based on the idea that
the average speed of a cow in the environment in question is less than 0.5
m/s, and, therefore, it would have been possible to perform the tracking of
the animal without losing important information in any context related to
the behavior (e.g., lying, standing and feeding). The chosen time rate was
manually set by the software thanks to the specific functionality offered by
the LEC software tool. In Figure 6.17 the section of the LEC dedicated to
the management of the acquisition time and the real-time monitoring of the
battery status associated with each tag is shown.
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Figure 6.17: Battery status and update rate of each tag.
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Since there is only a single UWB channel, only one tag can be located at
a time. The Location Platform divides time up into a number of 'time slots’,
and allocates appropriate time slots to tags, so that their update rate is as
close as possible to the rate requested for the tag. The conventional radio
frequency is used to manage this location schedule, to receive beep and flash
requests, and to send button presses and battery power status information.
The UWB channel is used only when generating a location, at the scheduled
time for each tag.

The tags supports an automatic sleep feature to save battery. When a
tag is still for a few moment it will automatically enter ’sleep’ mode if this
feature is activated. To wake up the tag from this state, it is necessary to
simply move it or press the button. This feature, however, was not used in
our test because small movements or vibrations of the body of the cow, even
when it had not moved, would activate the accelerometer present in the tag,
and then 'woke up’ the tag.

The LEC software tool provides the user with the management of the
events recorded by the RTLS, i.e. informations related to a particular tag
being localized in a specific section of its User Interface (UI), as shown in
Figure 6.18.

Monitored sensor cells:

LocationEngineCell 0001 -~
LocationEngineCell 0002

LocationEngineCell 0003

LocationEngineCell 0004 v |

Tag  020-000-000-008 Recent bags

Recorded events:

v

Ewent, 309 < ¥ Clear

Slat | 396 Tag 020-000-000-008
Delka 16 ®YZ 36.87,43.71,1.10
Cell 0014

al Tag aoa [ ]TDOA
Mone | [IPower [JPPo  []UWE rode

[JLeave trail

Figure 6.18: LEC monitoring Controls.

The Monitored sensor cells list shows which cells are being monitored.
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The Tag text box allows you to filter the tags shown on the Cell Map. The
Recent tags button, when clicked, shows a history list of the most recent tag
IDs you have entered. The slider and associated controls allow you to rewind
recorded events. Every location acquisition by the tag generates an event in
this list. The Clear button clears all recorded events. The text boxes show
information about the selected event. The slot number refers to the timeslot.
Delta means the difference from the previous timeslot for an event for that
tag. The tag, XYZ and cell boxes show the tag id, its co-ordinates and the cell
id. The check-boxes at the bottom determine what information about events
is shown in the Cell Map. The All and None buttons select all check-boxes
and no check-boxes, respectively.

6.2.5 Data storage

The software provided by Ubisense, however, does not allow the disk storage
of the acquired data from the RTLS.

For this reason, a special software was developed. As already introduced
in section 5.3.1.3 you can create software applications interfacing directly
with the Ubisense Location Platform and make calls to all services through
the use of Ubisense .NET APIs.

According to this consideration, using Microsoft R Visual Studio, a free
programming environment distributed by Microsoft r (.Net framework), it
was possible to automate the necessary operations for data storage on disk
so that to they could, subsequently, be processed.

This tool, which was running on the virtual machine where it was installed
the software provided by Ubisense, by executing a connection to the Ubisense
Location Platform at 1-s interval, requested the latest data acquired by the
sensors and wrote the following information to a file with .csv extension:

acquisition date;

acquisition time;

tag identification number (ID);

location in space, expressed by the coordinates x, y, and z;

standard error.

The main instructions used for the implementation of the software tool
are listed below:



CHAPTER 6. THE CASE STUDY

Importing Ubisense libraries:

gk W N

using Ubisense . UBase;

using Naming = Ubisense .UName. Naming;
using Ubisense . ULocation;

using Ubisense.ULocation. CellData;
using System .Media;

Creation of naming schema object and filewriter output:

// create mnaming schema object
private static Ubisense.UName. Naming.Schema
naming schema = null;

// filewriter output
TextWriter log = new StreamWriter ("date.csv",true);

Initialization of naming schema object and connection as a client:

naming schema = new Ubisense.UName.Naming.Schema( false);
naming schema.ConnectAsClient () ;

Creation of multicell object and loading of all Ubisense cells:

[

MultiCell multicell = new MultiCell () ;
SortedDictionary<string , Cell> cells =
multicell . GetAvailableCells () ;

foreach (Cell cell in cells.Values)

{
}

multicell .LoadCell( cell, true);

Getting all objects out of Ubisense DB:

using (ReadTransaction xact =
multicell.Schema.ReadTransaction ())
foreach (Location.RowType r in
Ubisense . ULocation . CellData.Location.object (xact))
LocationOutput (1) ;

Definition of update event handler used if an Ubisense object moves:

Ubisense . ULocation. CellData . Location . AddUpdateHandler (
multicell.Schema, CellData Update);

Event-Handler of Ubisense database location update:

Jun

private void CellData Update(Location.RowType old row,
Location .RowType new row)
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if (this.InvokeRequired)
this.Beginlnvoke (new MethodInvoker(delegate ()
{ CellData_ Update(old row, new row); }));
else
LocationOutput (new_row) ;

Output of the location of the object within Location.RowType r:

© N O s W N =

10
11
12
13

14
15
16
17
18
19

private void LocationOutput(Location.RowType r)

{
string id = r.object .Id.ToString().Substring(15);
string type = r.object .DynamicType.Name;
string stdErr = r.accuracy .stderr .ToString();
double x = Math.Round(r.position .P.X, 3);
double y = Math.Round(r.position .P.Y, 3);
double 7z = Math.Round(r.position .P.Z, 3);
string datetime = r.time .ToLocalTime().ToString() +

", " + r.time . Millisecond;

object [|] values = { datetime, id, x, y, z, type };
StringBuilder sb = new StringBuilder (datetime);

sb.Append("; ") .Append(id).Append(";").Append(x).
Append ("; ") .Append(y).Append(";").Append(z) .
Append ("; ") . Append(stdErr) . Append("; ") ;

log . WriteLine (sb. ToString());
log . Flush () ;

insertInList (id);

Acquisition of the name of the given object:

W N =

© 0 N O

static protected string object name(UObject obj)
{
if (naming schema != null)
using (Ubisense.UName.Naming. ReadTransaction
xact = naming schema.ReadTransaction ())
foreach
(Ubisense .UName. Naming . ObjectName . RowType
row in Ubisense.UName.Naming.ObjectName.
object mame (xact, obj))
return row.name_;

return " (unnamed " + obj.DynamicType + ")";
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Furthermore, the software allows the visualisation of a 2D-reproduction
of the plan view of the study area, which was implemented by using the
functions provided by the following libraries of 'Emgu Computer Vision’
(EmguCV, 2013):

Importing Emgu libraries:

=W N =

using Emgu.CV;

using Emgu.CV.UI;

using Emgu.CV.CvEnum;
using Emgu.CV. Structure;

In Figure 6.19 the Emgu CV Architecture Overview is shown.
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Figure 6.19: Emgu CV Architecture Overview (EmguCV, 2013).

The output produced by the tool is presented in the format shown in
Figure 6.20.
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Figure 6.20: Format of the output produced by the tool: ’acquisition date acquisition

time; tag ID; x; y; z; standard error’.

6.2.5.1 Populating Database

Simultaneously with 'write’ operations on the file aimed to disk storage of
data acquired by the RTLS, an extension of the software described above was
specifically developed in this thesis work in order to automatically populate
a database with these data and allow its subsequent processing.

Figure 6.21 shows the flow chart related to
by the software.
Initially, database updating was automated

the operations implemented

in order to allow the backup

of data in such data structure. By using a timer, a time is set which the

follows operations are cyclically iterated:

e Getting all object out of Ubisense database.

e Event-handler of Ubisense Location Upda

e Storing cow location data in a temporary

The first two operations, as described in the

te.

data structure.

previous section, implement

the functions of reading the records in the Ubisense database and updating
the variables where the extracted data are stored, respectively. Subsequently,
this information was stored in a temporary data structure.
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Figure 6.21: Flow chart of the software for the automatic storage of data acquired by
the RTLS on a database.
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When the time set in the timer expires, the software starts a connection
to a SQL Server database, previously installed locally, i.e. in the same vir-
tual machine where the software and the Ubisense Location Platform were
launched.

Therefore, through a SQL query a table is created (if it not existing)
where the cow location data through an insert query can be stored. After this
operation the information is automatically removed from the data temporary
structure.

Finally, after disconnecting from the SQL Server database, all the steps
described above are repeated until the end of the application.

6.2.6 Static test

An accurate operation of testing, after a careful calibration phase and af-
ter the development and installation of the software for the storage of data
acquired by the RTLS, was performed inside the study area. This test con-
sisted in placing a tag in a number of 25 known points and then record the
location data acquired by the RTLS for a few minutes. This test allowed to
evaluate the localisation performance of the system under static conditions
along the entire area and determine any malfunctions related to the geometric
conditions. Another objective of this test was to store the results obtained
in order to subsequently compare them with those obtained in a different
scenario, where, on the contrary, the system would have to simultaneously
locate multiple tags in unchanged geometrical conditions.

As already mentioned, a series of well determined points within the area
in question was defined. By using an accurate laser rangefinder and referring
to the cartesian reference system determined in the design phase of the sen-
sors layout (section 6.2.3.2), the coordinates in three-dimensional Euclidean
space of these points were measured. Next, in the considered area a tag was
introduced and, at intervals of two minutes, it was placed in each of the
selected points allowing the RTLS to capture and record its position at 2-
seconds intervals. Obviously, the measurements acquired by the RTLS in the
instants where the tag was moved from one point to another were discarded.

Figure 6.22 shows the layout of the points chosen for the realization of
this test.
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Figure 6.22: Static test points and calibration point in the area of the barn under study.

6.2.7 Cow tags application

Once the static test was carried out, eight active tags were installed on the
eight cows. In literature different techniques was used to apply RFID tags to
the body of the animals (Finkenzeller, 2003; Ruiz-Garcia & Lunadei, 2011).
In order to avoid introducing foreign objects into the animal body, the small
size and weight of the tags made it possible to fix them in the animals’ ears,
by means of a suitable plier, as shown in Figure 6.23(a). To ensure resistance
to water, mud, humidity and impact tags, tags were covered with adhesive
insulating material and placed in a waterproof bag constituted by synthetic
leather and plastic material, as shown in Figure 6.23(b).
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(b)

(a)

Figure 6.23: (b) Protecting wrapping of tags (front and back) and a Compact Ubisense
Tag. (a) Application of the tags to three cows.

However, referring to another study where the tag application method
regarded tag positioning on cow’s collar and on special bands (Huhtala et
al., 2007), the use of an additional technique of tag application was assessed
in order to avoid infections or modifications in cow’s behavior due to the
weight on the ear.

The application of the tags on cow’s collar is part of an other trial of this
research which will be described in section 6.5.4.

By using plastic cable ties, eight Compact Ubisense tags were applied
to eight collars, and subsequently covered by adhesive tape to isolate them
from water, mud and moisture. In Figure 6.24 the result is shown: (a) a tag
installed in a collar, (b) the outer side of the collar, (c¢) the inner side of the
collar, (d) the eight collars after having isolated tags with adhesive tape.

@) b) © @

Figure 6.24: Preparation of the collars: (a) a tag installed in a collar using plastic cable
ties, (b) the outer side of the collar, (c) the inner side of the collar, (d) the eight collars
after having isolated the tags with an adhesive tape.
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In Figure 6.25, instead, a photo of the installation process of a collar,
equipped with a Ubisense tag, to a cow is shown.

N
—
—

af

e
TV el

-

Figure 6.25: Application of a collar equipped with tag to a cow.

6.2.8 Filtering algorithms

Before proceeding with the storage of data acquired by the RTLS related to
the localisation of the cows’ tags, a final setting operation was performed by
the software in the LEC tool.

The Location Engine supports different algorithms for estimating tag po-
sitions from sensor measurements. Each algorithm can have a number of pa-
rameters that control the behaviour of the algorithm, and can include known
constraints on the motion of tracked tags. The Location Engine allows a set
of parameters to be stored as a filter’, that can be applied to individual tags
or a range of tags. Filters are defined in the Filters tab of Location Engine
Config (Ubisense, 2008-2010).

In other words, you can customize the system according to the context
in which it’s installed, in order to optimize resources and to improve per-
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formance. It allows you to set a number of constraints of speed, fixed or
variable height, max position variance, position standard deviation, etc., re-
lated to the tags, in order to filter measures on the basis of the elements that
characterize the usage scenario.

For our test, two filter algorithms (CowTag’ Filter and 'ReferenceTag’
Filter) were customized in order to associate them to the tags applied to
cows and to a tag selected to be installed in a fixed point inside the study
area, respectively.

In Figure 6.26 it is possible to observe the set parameters for the two
filters in question, highlighted by a red box.

! Location Engine Config

File Edt view Fiter Help

Fiters
Parameters Defaul fixed height ... DeFault information fitering  Default no fitering  Default static fixed height ... Defaul static,., | ReferenceTag
algarithm ixed height informat...  information filtering no fiitering static fixed height informati...  static informat... | information fitering
handover stickiness 5 5 5 5 §
handaver when dipped 1 1 ¥ 1 1
handover miimum sensor courk 2 2 2 2 2
tag radar required 0 o 0 0 0
low support resst counk 6 i [ ] 6
min reset measurements 5 N 5 5 s
tag powser class 0 nfA 0 0 0
ressrved 0 i 0 0 0
static distance 5 05 N 05 05 01
static ajpha L 01 NI 0.1 0.1 01
max position variance 4 i 4 4 4
max valid position variance 4 N 4 4 4
horizontal position std dew i N A 2 2 N
max velocity 4 niA i i 0
herizontal velocity std dev 2 N i iy o
vertical velocity std dev i 1 nfa Hia i [
vertical position std dev niA nfA § 2 niA
tag height ahove cell Floar z i i i i i

Figure 6.26: Filters tab of Location Engine Config and customized filters in the red
rectangles.

One of the differences between two filters, for example, was the maximum
speed of the tags to locate, set to 1 m/s relative to the 'CowTag’ Filter, since
a cow can hardly exceed this speed in these environmental conditions, and to
0 m/s for the 'ReferenceTag’ Filter, because the tag was physically installed
in a fixed point.

Further details about all the other parameters, could be found in the
Ubisense guide (Ubisense, 2008-2010).

6.2.9 Cow localisation

After the filter setting it was possible to carry out the operation of cow
localisation.

During this phase, by starting the LEC tool, it was possible to monitor
in real time all the data, captured by the RTLS, related to the cows’ tags
and the reference tag.
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Figures 6.27, 6.28, 6.29 and 6.30 show screenshots of the LEC during this
phase. In Particular, the Figure 6.27 shows the 2D view of the area of the test
where the reference tag is represented by a graphic element with a shape of
a red circle. Green lines represent the angle of arrival AOA and blue curves
represent the time difference of arrival TDOA. The elements represented by
the symbol '+’ are the points used for static test (section 6.2.6) and for
calibration, which were manually entered into the software.

In Figure 6.28, instead, in the 3D reproduction of the study area is shown
and the displayed tag is one of the tags applied to the cows.

Figures 6.29 and 6.30 show, instead, the position of the reference tag
estimated by the RTLS relative to reference tag, which corresponds exactly
to the point indicated by the symbol '+’. This point, in turn, corresponds
to the point where was physically installed that tag, measured in the real
environment.

Fle Edt View Msp Cel Sensor  Avallsble Events Help

s-mrnic.-k] Sensor Status | Fiters | Tags | Owners | Log 4

= 1 Cell Plan E
+ o, LocationE ngineCCell 0001
1 Available Sensors

Moritored sensar cells:
LacationEngineCell 0001

e s amosein |

Recorded events:

3
o

St 45.069.278 | Tag 020-000-086-008 |

Delta |#vz[3.32,1021,1.09 |
Time| 12:50:33 | cell 000 ]

[m ] Evs  [leoa [Tooa
[JPower [JPro  [JUwB code

[ieavetral

(2.046%,3.84764)

Figure 6.27: 2D view of the object of the test in the LEC tool.
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-+ Location Engine Config

Fle Edi Vew Map Cel Sensor Avalsble Events Hep

Sensor and Cells
= Cell Plan

+ &, LocationEngineCCell 01
) vallable Sensors

Monkored sensor cels

LocationEngineCell 0001

Tag | 020-000-086-020 Recent tags

Recorded events:

v

Event 9999 < r | clear
Slot 45.025.1%4 Tag 020-000-086-020
Delta ®YZ 9.89,11.03,1.02

Time 12:30:42 cell 000t

[w ] Breg [Haoa [Imoa
Nore | [JPover [1PPO [JUWBcode

Cteavetral

(7.62825,9.26121)

Figure 6.28: 3D view of the study area. The displayed tag is one of the tags applied to
the cows.

-+ Location Engine Config

Fle Edi Vew Map Cel Sensor Avalsble Events Hep

Sensor and Cells |

) Avallable Sensors

Moniored sensor cells:

LocatiorEnginecell 0001

Tag | 020-000-086-006 Recent tags |

Recorded events:

v

Event 9999 < » | clear
Slot 45.067.006  Tap| 020-000-086-008
Dela WYZ 3.38,10.21,1.47

Time 12:49:32 cell ooot

[ ] @reg [eoa Cmos
Nore | [JPover [JPPo [Juwecode

Clteavetral

(-1.74537,7,36974)

Figure 6.29: 3D view of the study area. The displayed tag is the reference tag.
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‘! Location Engine Config

Fie Edt Yiew Map Cel Sensor Availsble Events Help

Sensor and Cells

= (] Cel Flan
+ & LocationE ngineCell 0001
21 Available Sensors

LocationEnginecel 0001

Tag 020-000-086-008 Recent tags | .
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v

Event 3999 < » | clear

Slot| 45.012.286 | Tag 020-000-D86-008
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Time | 12:24:53 Cell 0001
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[Leave trail

(1,55212,9.42557)

Figure 6.30: Another point of view of the reference tag in LEC.

6.3 THE MULTI-CAMERA VIDEO-RECORDING
SYSTEM

The accuracy of the localisation and identification achieved through the use
of the RTLS was assessed by using information from a multi-camera video-
recording system that was installed in the area of the barn under study (Fig-
ure 6.31). Among possible views obtainable from a video-recording system,
those providing plan views of the barn are the most suitable for the recogni-
tion of cow behavioural activities. Plan views of the barn make it possible to
distinguish each cow from the others and determine the real position of each
cow within the barn. To achieve these objectives, the video-recording system,
which was designed according to a previously defined methodology (Porto et
al., 2013), provided panoramic rectified top-view images of the barn to obtain
real dimensions of cows, physical spaces, and equipment. The application of
this system (Porto et al., 2013) proved that it is suitable to detect cow lying
and feeding behaviours in free-stall barns.
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Figure 6.31: Hardware scheme of the video-recording system.

6.4 LOCALISATION AND IDENTIFICATION
PERFORMANCES OF UBISENSE UWB
RTLS

6.4.1 Automatic data preprocessing

The construction of panoramic plan-view images of the area under study
made it possible to verify the planimetric position of each tag, provided by
the RTLS.

The data analysed in the following section were obtained from the video-
recordings carried out on 2nd August, 2011 during a time interval of about
54 minutes. Within this time interval two different cow behaviours were ob-
served. The first time interval between 06h:26m:49s and 06h:53m:39s (about
27 minutes) included cow localisation during the feeding activity at the
manger, whereas the second time interval between 11h:35m:37s and 12h:02m:27s
(about 27 minutes) regarded cow lying behaviour in the stalls.

According to one of the objectives of this thesis work, which consisted in
the evaluation of RTLS accuracy to monitor the feeding and lying activities
of the cows, the service alley adjacent to the second row of stalls was not
framed by the multi-camera system. Therefore, if the cow was in the service
alley adjacent to the second row of bunks and therefore was not caught on
the camera, the operator had the ability to report such an event and the
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corresponding measurements were excluded from subsequent analyses.

Firstly, two different datasets were defined: one contained the tag posi-
tions measured by the RTLS (section 6.4.1.1), whereas the other contained
the panoramic plan-view images recorded by the multi-camera system (sec-
tion 6.4.1.2). The information of the two datasets was linked together (section
6.4.1.3).

6.4.1.1 The dataset of the tags

As already described in section 6.2.5, the structure of the records relating to
the data acquired by the RTLS, stored on disk by the tool specially developed,
is the following:

(DD/MM/YYYY HHMM. SS; ID_TAG; X; Y; Z; STD_ERROR)

Importing data on database

By using Microsoft r Office Access software a database was created and
it was then populated by entering all the data acquired by the RTLS in a
single table. This operation has facilitated the manipulation of data.

In fact, formatting operations (i.e., change the time format), elimination
of duplicate queries and sorting filters by date, were carried out.

Exporting data from database

The database was exported to a text file through a tool specially devel-
oped in C#. This application initially performs a database connection and
then performs a query to the records, which are gradually written to a text
file. The code for database connection and query of select data execution is
reported below.
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// Select query
string strAccessSelect = "SELECT » FROM TagTable";

// Dataset creation:
DataSet myDataSet = new DataSet () ;

OleDbConnection myAccessConn = null;
try
{
// Database connection
myAccessConn = new
OleDbConnection (strAccessConn) ;

}

catch (Exception ex)

{
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Console. WriteLine ("Error: Failed to create a

database connection. \n{0}", ex.Message);
return;
try
{

OleDbCommand myAccessCommand = new
OleDbCommand ( strAccessSelect , myAccessConn) ;
OleDbDataAdapter myDataAdapter = new
OleDbDataAdapter (myAccessCommand ) ;

// Opening database connection
myAccessConn.Open () ;
myDataAdapter. Fill (myDataSet, "TagTable");

}
catch (Exception ex)
Console. WriteLine ("Error: Failed to retrieve the
required data from the DataBase.\n{0}",
ex . Message) ;
return;
finally
// closing database connection
myAccessConn . Close () ;

Therefore, the selected records were written to a text file by using a
StreamWriter.

The structure of the records within these files is the following:

DD/MM/YYYY HH.MM.SS ID TAG X Y Z STD ERROR

Reorganisation of the dataset

In addition, through the software tool it was possible to automate the
partitioning of the data into groups, each representing a particular tag. Fi-
nally, additional operation of data organization were automated, creating
subgroups, each of them related to a day of recording. In other words, the
dataset of the tag was constituted by a number of folders equal to the number
of tags, each of them containing a number of text files equal to the number of
days of registration of the tag to which they were attached. The record struc-
ture remained unchanged. In Figure 6.32, the structure of the tags dataset,
obtained after the execution of such software, is shown.
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(I

15/08/2011

15/08/2011 0.00,02 239 10,19,20,30,01
15/08/2011 0.00.03 239 9.1 8,2 0,90,02

15/08/2011 0.00.07 239 10,1 0,5 0,3 0,01
15/08/2011 0.00,10 239 10,5 9,9 0,4 0,03
15/08/2011 0.00.11 232 10,4 9,2 0,3 0,02
15/08/2011 0.00.14 238 10,1 9.4 0,5 0,04
15/08/2011 0.00.15 239 8,9 6,6 0,3 0,01

15/08/2011 0.00.16 238 10,5 9,8 0,4 0,01
15/08/2011 0.00,18 239 10,1 9.80,6 0,02
15/08/2011 0.00,19 239 10,3 9.2 0,2 0,02
15/08/2011 0.00.21 23991 8,10,3 0,04

15/08/2011 0.00.23 238 10,1 8,0 0,1 0,05

15/08/2011 0.00.27 239 10,8 9.2 0,3 0,01

Figure 6.32: Tag dataset structure. Each subset constitutes a folder representing a tag
which contains a number of text files equal to the number of days of registration of the
tag in question. In the figure is also reported an example of the contents of one of these

text files corresponding to the day August 15, 2011.

6.4.1.2 The dataset of the images

The tool suitable for recording the images, which are captured by the cam-
eras, saved the frames in "jpg" format in separate folders (one for each day)
by assigning them a unique name corresponding to a number that will be the

identifier.

Therefore, to organize these folders a software tool, written in C++
language, was developed which, using the recursive algorithm "quicksort"
(Demetrescu et al., 2004), performed first a sorting (by date of acquisition)
of the images names, and then returned in output a text file’ for each day of
acquisition where the identifier in each row of the current image is followed

by the acquisition date in the following format:

ID IMAGE YYYY MM DD H M S

Below is the code used in the implementation of the algorithm quicksort

contained in the specifically developed tool:

Jun

= W N

void quicksort (array< fileStructType >~ a, int

left , int right)
{
if (left < right)
N++;

3 called 'FileIndex_[yyyy]_[mm]_[dd] .txt’
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int pivot = partition(a, left, right);

quicksort (a, left , pivot 1);
quicksort (a, pivot+1, right);
}
}
int partition (array< fileStructType >~ a, int left ,
int right)

{
__int64 pivot = a[left ]. date;
while (true)
{
while (afleft].date < pivot) left++;
while (a[right].date > pivot) right ;
if (left < right)
{
String “tempName;
__int64 tempDate;
tempName = a[left |.FileName;
tempDate = a[left].date;
a[left].FileName = a[right].FileName;
alleft|.date = a[right]. date;
a[right |.FileName = tempName;
a[right].date = tempDate;
}
else
{
return right;
}
}
}

Importing data on database

Once the folder containing all the index files generated in the previous step
was obtained, a database was created by using the software Microsoft r Office
Access, which was populated by inserting all the records belonging to those
files.

Therefore, delete queries for duplicate data and sorting filters by date
were carried out.

Exporting data from database

Database was exported to a number of text files equal to the number
of days of image recordings by using the tool already described in section
6.4.1.1, suitably adapted to the dataset of images. This application performed
an initial connection to the database and then a query for the selection of
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records, which were gradually written to a text file.
The structure of the records stored in these files is the following:

ID IMAGE YYYY MM DD H M SS

In Figure 6.33, is shown the structure of the dataset of images obtained
after the execution of this software.

15/08/2011

534839 2011 08 156 0 1
534840 2011 08 156 0 3
534841 2011 0815605
534842 20110815607
534843 2011 08 156 09
534844 2011 08 156 0 11
534845 2011 08156 0 13
534846 2011 08 1560 15
534847 2011 08 156 0 17
534848 2011 08 156 0 19
534849 2011 08 156 0 21
534850 2011 08156023

5348512011 08156025

Figure 6.33: Images dataset structure. The number of text files is equal to the number of
the days when image recordings were carried out. In the figure is also reported an example
of the contents of one of these text files corresponding to the day August 15, 2011.

6.4.1.3 Matching between tag dataset and image dataset

In this phase the matching between the two datasets built in the previous
sections was carried out, and in particular, between the dates of acquisition
of the images and those of the tags in order to intersect the data acquired by
both systems and verify the planimetric position of each tag, provided by the
RTLS. Therefore, to each record belonging to the dataset of images a record
belonging to the dataset of tags was coupled based on the following criteria:

Each panoramic plan-view image (panoramic;) characterised by an ac-
quisition time ¢; was associated to tag positions which were recorded
at tj.

When it was not possible to associate to a panoramic; the position of
all the tags present in the scene because of differences in acquisition
time, the excluded tags were even then associated with panoramic; by
using for them the positions acquired at the time ¢, closest to ¢; within
the interval [t; 3s t; 4+ 3s]. This time interval was selected according
to the acquisition time rate of the RTLS.
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The tag positions acquired at the time ¢; not included in the interval
[t; 3s t; + 3s] were discarded.

The problem of matching these datasets was addressed by developing a
special software in the C-++4 programming language. This application, by
using the iterative binary search algorithm (Demetrescu et al., 2004), com-
puted the matching between the records of the two datasets to intersect,
distinguishing the three cases described above. The input of this application
were two folders: one containing the text file generated during the 'Reor-
ganisation of the dataset’ phase, described in 6.4.1.1 section, and one that
contains the text file generated in 'Exporting data from database’ phase, de-
scribed in 6.4.1.2 section. This software tool returned in output a folder for
each tag containing as many text file* as were the days in which the match-
ing of records belonging to the dataset of tags and records belonging to the
dataset of images occurred.

Below is the code of the implementation of the iterative binary search
algorithm used in the specifically developed tool:

© 0 N O Uk W N

LT T T S o S
SR W RN = O © 0 N O O A W N = O

public: bool binarySearch (array< FileStructType >~

v, int dimvect, _ int64 sought){
int i, m;
found = false;
i = 0;
j = dimvect 1;
do {
m = (i) /2;
if (sought = v[m]. date){
found = true;
index = m;
}
else if(sought = v[i].date){
found = true;
index = i;
else if(sought = v[j].date){
found = true;
index = j;
}

else if (sought < v[m].date) j =m 1;
else i = m+1;

while ((1 <= j) && (found = false));
return found;

}

4 called 'Matching_[tagName]_[yyyy]_ [mm]_[dd] .txt’
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In Figure 6.34 is shown an example of computation of the matching be-
tween the date of the records related to the dataset of tags and the date of
the records related to the dataset of images. The arrow shows the matching
occurred between records for which one of the first two criteria described
above was true.

ID-IMAGE | DATE IMAGE ID-TAG | DATE TAG

{.._HH_MM_SS) (.._HH_MM_SS)
242903 | .._06_01_44 » 51 | .._06_01_44
242906 | .._06_01_50 55 | .._06_01_48
242910 | .._06_01_58 \ 57 | .._06_01_49
242911 | .._06_01_59 | 58 | .._06_01_50
242912 | .._06_02_02 65 | .._06_01_56
242913 .._06_02 04 _ 68 | .. 06 _01_59
242914 .._06_02 06 \‘ 77 | .._D6_02_07
242915 .._06_02 08 T * 79 | .. 06 02 08
242916 | .._06_02_10 80 | .._06_02_09
242917 | .._06_02_11 \\* 81 | .._06_02_10
242921 | .._06_02_20 \\* 83 | .._06_02_12
242922 | .._06_02_22 84 | .._06_02_13
242923 | .._06_02 24 85 | .._06_02_14
242924 | .._06_02 26 \E 99 | .._06_02_26
242925 | .._06_02_28 101 | .._06_02_27
\‘ 103 | .._06_02_28

Figure 6.34: Example of computation of the matching between the date of the records
related to the dataset of tags and the date of the records related to the dataset of images.
The arrow shows the matching occurred between records for which one of the first two
criteria described above was true.
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The structure of the records obtained after the matching operation is the
following:

ID_IMAGE YYYY IMAGE M_IMAGE D_IMAGE H_IMAGE M_IMAGE
S_IMAGE YYYY TAG MM TAG DD _TAG H TAG MM TAG
SS_TAG ID_TAG X Y Z STD_ERROR

The text files returned in output to the end of this phase presented the
format shown in Figure 6.35.

Figure 6.35: Output format after the matching operation.

6.4.2 The dataset of the true positions of UWB tags

A specific software, which was developed by using Microsoft®) Visual C# Ex-
press (framework .NET), allowed visualisation of tags within each panoramic
image by using graphic elements (points). For each tag, the coordinates of
the related graphic element in a panoramic; were expressed in number of
pixels and obtained through a linear conversion of the real tag coordinates
Pi(x,y) (for i = 1,...,n where n is the number of measurements obtained
by the RTLS), expressed in meters. The visual recognition of the position of
each tag was carried out by an operator via the software. An identikit of each
dairy cow of the herd was made available to the operator in a section of the
software interface in order to facilitate this activity. Once a cow had been
identified, the operator checked that the graphic element associated to the
tag was displayed in the right position. When the operator did not find this
condition, he moved the graphic element in the correct position and the soft-
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ware recorded a new position of the tag P! (z y). After a linear conversion
from pixels to meters, these new positions of each tag for each measurement
constituted the dataset of the true positions of the tags during the monitoring
period.

6.4.3 Computation of the planimetric localisation errors
of the tags
For each tag, a planimetric localisation error ; was obtained by computing

the Euclidean distance between the position provided by the RTLS and that
verified by the operator:

i= P Pl o= (wm afP+ oyl)? (=1 n) (6.1)

These errors were utilised to compute localisation error at 90" percentile,
mean localisation error, and related standard deviation.

Identification and filtering of anomalous measurements, which were highly
different from the central data distribution values, were carried out by adopt-
ing an outlier data cleaning technique (Peck et al., 2011). The measurements
higher than ¢s +w (g3 ¢1) and lower than ¢ w (g3 ¢1), where ¢;
and gs are the 25" and the 75" percentiles, respectively, and w = 1 5, were
discarded.

6.4.4 Assessment of the localisation and identi cation
performances of the RTLS

Localisation performance of the RTLS was evaluated by using mean localisa-
tion error and standard deviation, whereas RTLS identification performance
was assessed by computing precision and sensitivity. The precision of a mea-
surement system, also called reproducibility or repeatability, is the degree to
which repeated measurements under unchanged conditions show the same
results. It was calculated through the relation:

number of TP
number of TP + number of FP

precision = (6.2)
where, TP = True Positive and FFP = False Positive.

The sensitivity, instead, also called recall or true positive rate, measures
the proportion of actual positives which are correctly identified as such. It
was calculated through the following relation:
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number of TP
number of TP + number of FN

(6.3)

sensitivity =

where, FFN = False Negative.

For each tag, the number of true positives was obtained by counting the
number of times that the cow was successfully detected in its position by the
RTLS, the number of false positives was obtained by counting the number
of times that the cow was wrongly detected in its position by the RTLS, and
the number of false negatives was obtained by counting the number of times
that the cow was not detected by the RTLS though present in the framed
scene.

Finally, three performance metrics (Metric A, Metric B, and Metric C)
were defined to establish the trade-off between the localisation and identifi-
cation performances of the RTLS.

Metric A: for each tag, all the were used to compute the mean local-
isation error and the related standard deviation. In this metric, a true
positive was assigned when the RTLS detected the tag in the panoramic
top-view image. Therefore, the number of true positives was obtained
by counting the number of times that the tag was present in the framed
scene. The number of false positives and the number of false negatives
were assumed to be equal to 0.

Metric B: for each tag, all the obtained after the outlier data clean-
ing process were used to calculate the mean localisation error and the
related standard deviation. In this metric, the number of true positives
was obtained by counting the number of times that the tag was present
in the framed scene and the related were not filtered out by the data
cleaning process. The number of false positives and the number of false
negatives were assumed to be equal to the number of measurements
considered as outliers.

Metric C: a threshold value of 0.50 m was established for localisation
error. All ; less than or equal to the threshold were used to calcu-
late the mean localisation error and the related standard deviation. In
this metric, the number of true positives was obtained by counting the
number of times that the RTLS detected the tag with a localisation
error lower than the threshold. The number of false positives and the
number of false negatives were obtained by counting the number of
times that the RTLS detected the tag with a localisation error greater
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than the threshold. The choice of the value of 0.50 m for the threshold
is founded on the following consideration. Since the distance between
the extremities of cow’s ears is equal to about 0.60 m on average and
since the tags were applied some to the left ear and others to the right
ear, the center point of the cow head was chosen as the origin and
0.30 m from the origin as threshold in each direction (z and y), which
corresponds to about 0.42 m in two directions. Finally, it was decided
to further increase the margin of error by choosing a threshold value
equal to 0.50 m. In Figure 6.36 the area of the green square with sides
of 0.60 m, represents the considered surface for the computation of the
threshold adopted in the Metric C.

Figure 6.36: Computation of the threshold established for localisation error in Metric C.
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Furthermore, another area was determined (red square in Figure 6.36) in
order to perform the same analysis of the performances in the case when the
technique of application of the tag using the collars (subject of a study in
progress) was adopted. In this case the average width of the head (about 0.35
m) was considered as the starting point for the computation of the relative
threshold.

6.5 AN AUTOMATIC AND REAL-TIME SOFT-
WARE TOOL FOR THE VISUAL ANAL-
YSIS OF THE COWS LOCATION DATA
IN FREE-STALL BARNS

A specific software, which was developed by using Microsoft R Visual C#
Express (framework .NET), allowed visualisation of cow’s location and speed
data.

In particular, with regard to the cow’s location data, the creation of a
"CowHeatMap’ was implemented to allow the visualization of the spatial dis-
tribution in two dimensions of the data acquired from the RTLS within the
study area. Two dimensions represent cartesian coordinates (z and y values)
and the third dimension is used for showing the intensity of a datapoint in
relative comparison to the absolute maximum of the dataset. The different
color and color intensity denote the difference in sample density at a location.
Usually red (hot) is used for the maxima and blue (cold) for minima (Wied,
2011-2013).

As regards, instead, the cow’s speed data, the building of a *CowSpeed-
Graph’ was implemented to show trend, over time, of the cow’s instantaneous
speeds, sampled at regular time intervals, relatively to data acquired by the
RTLS. In fact, Bell et al. (2013) established that deterioration of walking
speed is one of the characteristic symptoms of lameness. Furthermore, mea-
surement of the speed of each cow showed to be well-correlated with the cow’s
mobility score (Bell et al., 2013). In addition, Martinez-Ortiz et al. (2013)
calculated the speeds of approximately 190 dairy cows inspected by a video
tracking system over a number of weeks. The relative speed of a cow with
respect to the group on its own is not sufficient to detect lameness; a cow
may be consistently slower than the group due to old age or simply due to its
own preferred pace of walking. Therefore, they proposed to detect lameness
by monitoring each individual cow’s speed over a time interval to look for
consistent changes in mean speed. On the basis of this considerations, the
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CowSpeedGraph function makes it possible to monitor each individual cow’s
speed over a time interval selected by the user.

This software, described in detail in the next sections (sections 6.5.1,
sections 6.5.2 and sections 6.5.3), was designed to have the necessary features
to be integrated into the world of IoT, giving to the user the ability to work
in real time by monitoring the data, acquired by the RTLS, updated at
short intervals of time. In fact, the software can be launched during the
execution of the location platform and the tool for recording data in the
database and automatically takes records of the constantly updated database
as input. By adding new control modules, this feature has the ability to
raise alert messages from changes in dairy cow behaviour and then to alert
immediately the farmer when some health problems (e.g., lameness) or a
particular physiological status (e.g., estrus) occur.

In Figure 6.37 the flow chart of the algorithms implemented in this soft-
ware is shown.
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Figure 6.37: Flow chart of the algorithms implemented in the software tool for the visual
analysis of the cows’ location data.
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6.5.1 Data selection

As described in section 6.2.5.1, during the acquisition phase of the data
provided by the RTLS, a database was populated. The software described
in this section was designed in order to perform access to that database and
extract the data required for the analysis.

The user has the possibility to filter data, by setting certain parameters,
in order to perform elaborations on them. These elaborations will be provided
by the subsequent operations automated by the software. In other words, it
is possible to choose on which cows you want to perform the visual analysis,
indicating the ID of the tag associated to the cow, and which period of
acquisition. In particular, let A’ be the current time, the software requires a
number of "z’ hours in order to select the data belonging to the interval [h -
x, hl.

Therefore, the informations acquired by the RTLS software in the last 'z’
hours related to a particular cow will be provided.

Below is the implementation of the operations described above.

private void CreateTableInDBFromAllTagsByldTag(string
idTag, string connectionString)

{

string ctStr = "SELECT » INTO [dbo].[" +
idTag + "] FROM [UwbTagDB]. [dbo]. [data]
WHERE idTag='" 4+ idTag + "' ";

SqlConnection conn = new
SqlConnection (connectionString) ;
SqlCommand command = conn . CreateCommand () ;
command . CommandText = ctStr;
conn.Open () ;
command . ExecuteNonQuery () ;
conn . Close () ;

}

The 'CreateTableInDBFromAllTagsByldTag’ method takes as input a
string containing the ID of the tag, from which you want to select the in-
formation and performs a SQL SELECT query. This query selects the rows
in the 'date’ table containing all the data acquired by the RTLS and inserts
them into a table called ’'idTag’ (if doesn’t exist is it created) filtering for the
ID value of the tag passed as input.

private void
CreateTableFromSelectedTagByTimePeriod (string
idTag, double hours, string
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connectionString)

{
string startTime =
DateTime.Now. AddHours( hours).ToString () ;
string ctStr = "SELECT % INTO [dbo].[Last" -+
hours 4+ "hours] FROM [UwbTagDB]. [dbo].["
+ idTag + "] WHERE Date BETWEEN ’'" +
startTime 4+ "/ AND ’" 4 DateTime.Now +
SqlConnection conn = new
SqlConnection (connectionString) ;
SqlCommand command = conn . CreateCommand () ;
command . CommandText = ctStr;
conn .Open () ;
command . ExecuteNonQuery () ;
conn . Close () ;
}

The 'CreateTableFromSelected TagByTimePeriod’” method takes as input
a string containing the ID of the tag and a numerical value corresponding to
the number of hours to be subtracted from the current time and performs a
SQL SELECT query. Through this query, the rows in the ’idTag’ table which
have, in the 'Dates’ field, a date that belongs to the interval |h - x, h|, where
x is the parameter corresponding to the hours passed in the input and A is
the current time, are selected.

6.5.2 CowHeatMap implementation

As it is shown in the flow chart of Figure 6.37, the implementation of the
CowHeatMap was managed through two separate modules: the server side
and the client side.

Sections 6.5.2.1 and 6.5.2.2 describe the operations performed by the in-
dividual modules.

6.5.2.1 Server side

The server side software module was designed with the purpose of providing
services to the client side module, implemented in order to satisfy the requests
received. In particular, after receiving a request from the client side module,
which ask to view the HeatMap relative to the data selected in the previous
section (6.5.1), a conversion from meters to pixels of the coordinates 'z’ and
'y’ is performed on the data extracted from the database with the following
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format: ’acquisition date acquisition time; tag ID; x; y; z; standard error’.
This operation aims at transforming the data in the correct format in order
to perform a mapping of these on a panoramic image of the barn. According
to the pixel dimensions of the image, the relations 6.8 and 6.7 are defined to
get xtagPx and ytagPux, i.e., the ’x’ coordinate value and the 'y’ coordinated
value in pixels within the image, respectively.

rtagPr = 47+ ztag k (6.4)

ytagPr = 613 ytag k (6.5)

where
xtag and ytag are 'z’ and 'y’ coordinates in meters, respectively.
k=35 67

This operation is iterated for each record automatically extracted.

Once the sequence of the couple (ztagPz, ytagPy) is obtained, the soft-
ware executes a specially created script to get an output file, with extension
7s, containing the structure of the dataset to be provided as input to the
client in order to create the HeatMap. Below is the source code of the method
that implements these steps:

2

10

11
12
13
14
15
16
17

private void WriteJsWithLocationData(string idCow,
LocationEvent [|] locEvent)
{

string fileName = "C:\\datasetHeatMap_ " + idCow +
".gs";

StringBuilder content = new StringBuilder ();

content . AppendLine (" (function (global) {");

content . AppendLine (" var events = " +
locEvent.Length + ";");

content . AppendLine (" var locations = new
Array (events);");

content . AppendLine

content . AppendLine
Array (2);");

(" for (i=0; i<events; i++){");
(H

locations[i]=new

content . AppendLine (" )

content . AppendLine (" locations = [");
double x;

double y;

for (int i = 0; i < locEvent.Length 1; i++)
{

x = 47 + (locEvent[i].X  35.67);
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y = 613 (locEvent[i].Y  35.67);

content . AppendLine (" (A" +
x.ToString () . Replace (™, ™, ".™) + "\",\"" +
y.ToString () . Replace(",", ".") + "\"], //" +
locEvent [i].Date. ToString());

]

x = 47 + (locEvent[locEvent.Length 11.X  35.67);
y = 613 (locEvent [locEvent . Length 11.Y  35.67);

b

content . AppendLine (" (A" +
x.ToString () . Replace (", ™, ".") + "\",\"" +
y.ToString () .Replace(", ", ".") + "\"] //" +
locEvent [locEvent . Length 1].Date. ToString () ) ;

content . AppendLine (" ;")

content . AppendLine (" global.locations =
locations;");

content . AppendLine (" global.events = events;");

content . AppendLine ("} (window));");

File.WriteAllText (fileName , content.ToString());

}

Therefore, the server-side module after processeing the request, sends the
javascript file to the client side module.

6.5.2.2 Client side

The client side software module was designed with the purpose of sending
requests to the server side module and to interpret the answers received.

As already introduced in section 6.5.2.1, client receives from the server
a file with extension js containing the dataset to be processed for the con-
struction of HeatMap.

This file is in the following format:

© 0 N O o ks W N =

e e e
R W N = O

(function (global){

// cardinality of the dataset (in this example is 735)
var events = 735;
var locations = new Array(events);
for (i=0; i<events; i++){
locations |[i]=new Array(2);
}

locations = |
// Dataset ///x//7 f/y///
["382.47635","468.78619"],
["383.54645" ,"470.03464"],
["383.86748" ,"464.68414"],
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["384.15284","474.45772"],
["366.88856","458.22787"],
["377.05451","481.62739"],
["379.58708","475.70617"],

|

global.locations = locations;
global.events = events;

}(window) ) ;

Then, the software performs the construction of the HeatMap by reading
the contents of the file containing the dataset (’dataset.js’) and by using an
open source JavaScript library called "heatmap.js’ (Wied, 2011-2013). It uses
the power and flexibility of the HTML5 canvas element to draw heatmaps
based on the dataset.

This operation was implemented through the following steps:

© W N O s W N

NONON NN R R R R R R R e e e
B W N F O © N U W N = O

[
=]

<script type="text/javascript"
src="../../../src/heatmap.js"></script >

<script type="text/Jjavascript" src="dataset/dataset.js"></script>

<script type="text/javascript">

window . onload = function (){
var xx = h337.create (
"element":document.getElementByld ("heatmapArea™),
"radius":6, "visible":true,
"opacity":50,
"legend":
"position":’"br’,
"title":’Number of Events Distribution’

}
1)
var locations = window.locations;
var pos;
for (i=0; i<window.events; i++) {
pos = locations|[i];

xx.store.addDataPoint (pos[0],pos[1]) ;

—
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The ’heatmap.js’ library creates a global object called "’h337’. This global
object has a function ’create’ that takes one argument ’config’ and returns
a heatmap instance. In the Javascript programming language, each primi-
tive is represented by an object. An object is just a special kind of data,
with properties and methods. Properties are the values associated with an
object whereas methods are the actions that can be performed on objects
(Crockford, 2008). In this case, the object 'h337” executes the action to cre-
ate a heatmap instance invoking the method ’create’ and stores the return
value in the variable 'xx’.

6.5.3 CowSpeedGraph implementation

As it is shown in the flow chart of Figure 6.37, the implementation of CowSpeed-
Graph, such as the CowHeatMap, was managed through two separate mod-
ules: the server side and client side.

Sections 6.5.3.1 and 6.5.3.2 describe the operations performed by the in-
dividual modules.

6.5.3.1 Server side

The server-side module is designed to provide services to the client side mod-
ule, which forwards to it the requests dictated by the end user.

Such requests, in particular, concern the viewing of the cowSpeedGraph,
in relation to the parameters set by the user.

In order to calculate the instantaneous speed relative to the data selected
in section 6.5.1, the following data structures are implemented through the
classes "LocationEvent’, ’ScalarVelocityEvent” and ’ScalarVelocity NDEvent’.

In particular, the ’LocationEvent’ class was implemented to contain the
date, tag ID and the values for the three position coordinates x, y and z for
each record extracted from the database. The following source code is related
to the class just described:

© 0 N9 O O s W N =

=
o

public class LocationEvent

{
#region properties
public DateTime Date;
public string IdTag;
public double X;
public double Y;
public double 7;
#endregion
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2 }

#region constructors
internal LocationEvent (
DateTime date,
string idTag,
double x,
double vy,
double 2z)

this.Date = date;
this.IdTag = idTag;
this . X = x;
this.Y = y;
this.Z = z;

¥

#endregion
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and z). The following source code is related to the class just described:

The ’ScalarVelocityEvent’ class, however, was implemented to contain the
date, tag ID and distinct instantaneous velocities for each coordinate (z, y

1 public class ScalarVelocityEvent

2 {

© N O s W

10
11
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13
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#region properties
public DateTime Date;
public string IdTag;
public double? X;
public double? Y;
public double? Z;
#endregion

#region constructors
internal ScalarVelocityEvent (
DateTime date,
string idTag,
double? x,
double? y,
double? z)

this.Date = date;
this.IdTag = idTag;
this . X = x;
this.Y = y;

this.Z = z;

)

}

#endregion

The ’ScalarVelocityNDEvent’ class, finally, was implemented to contain
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the date, the ID of the tag and the instantaneous velocity with respect to
that instant of sampling. The following source code refers to the class just
described:

public class ScalarVelocityNDEvent
{
#region properties
public DateTime Date;
public string IdTag;
public double InstantSpeed;
#endregion

© 0 9 O s W N

#region constructors

internal ScalarVelocityNDEvent (
DateTime date
string idTag,
double instantSpeed)

= e
= O

)

= e
w N

—
'S
~

this.Date = date;
this.IdTag = idTag;
this.InstantSpeed = instantSpeed;

= o= e
N o w

}

#endregion

=
©

[
o
——

At this point of the process, a sampling of the selected data was per-
formed. In particular, a sampling time of 5 seconds was chosen, in order to
calculate the average positions for each interval in the three coordinates z, y
and z.

Once the sampling was performed, instantaneous speeds in two dimen-
sions (x, y) for each sampling instant i were calculated according to the
following relation:

ds d — dr 2 dy 2

= — = — d 2 d 2 = _ _

VS T a T a T ow

The ’instantSpeed2D’ object was allocated in order to contain the instan-
taneous speeds:

(6.6)

1 List<ScalarVelocityNDEvent> instantSpeed2D = new
List <ScalarVelocityNDEvent >();

Equation 6.6 was implemented in the following code:

1 ScalarVelocityNDEvent instantSpeedND2 = new
ScalarVelocityNDEvent (meanData[i]. MiddleDate ,
meanData[i].IdTag,

Math. Sqrt (Math.Pow (((meanData|[i].X  meanDatali
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1].X) / window), 2) + Math.Pow (((meanData[i].Y

(
meanData [ i 1]1.Y) / window), 2)));

where window is a variable containing the number of seconds of the sampling
instant set. In our case, window = 5.

After the instantaneous speeds are calculated, an X M LParser was im-

plemented in order to get a file with extension > Xml’ containing the data to
be plotted which are related to the computed velocities.

Here is the code of the method that implements this function:

1

s {

4

© 0 N O«

10
11
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14
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30
31

32
33
34

35

2 private void WriteXmIWithVelocityData ()

XmlTextWriter writer = new
XmlTextWriter ("C:\\data.xml", null);
writer . Formatting = Formatting.Indented;

writer . WriteStartDocument () ;

// open plot tag with id=2
writer. WriteStartElement ("plot™);
writer. WriteAttributeString ("id", "2");

// open curves tag
writer. WriteStartElement ("curves");

// open curve tag with id=1
writer. WriteStartElement ("curve");
writer. WriteAttributeString ("id", "1");

// open points tag
writer. WriteStartElement ("points™");

string date;
for (int i = 0; i < instantSpeed2D.Count; i++)
{

// open point tag

writer . WriteStartElement ("point™");

date =

instantSpeed2D [i].Date. ToString (). Replace("™.",":");

writer. WriteAttributeString ("x", date);

writer. WriteAttributeString ("y",
instantSpeed2D [i].InstantSpeed. ToString());

writer . WriteAttributeString ("ymin", "0");

writer . WriteAttributeString ("ymax",
instantSpeed2D [i]. InstantSpeed. ToString());

// close point tag

writer . WriteEndElement () ;
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// close points tag
writer.WriteEndElement () ;

// open and close label tag
writer. WriteElementString ("label", "SPEED");

// close curve tag
writer . WriteEndElement () ;

// close curves tag
writer . WriteEndElement () ;

// open and close description tag
writer. WriteElementString ("description™,
"&1lt; ! [CDATA[Cow Speed Graph.]]é&lt; ") ;

// close plot tag
writer . WriteEndElement () ;

writer . WriteEndDocument () ;
writer. Close () ;

The file obtained with the instructions just shown is in following format:

<?xml version="1.0"7>
<plot id="2">
<curves>
<curve id="1">

N o oA W

10
11
12
13
14
15

16

17

18

<points>

<point x="17/04/2013 6:16:03" y="0" ymin="0" ymax="0" />

<point x="17/04/2013 6:16:08" y="0,0123" ymin="0"
ymax="0,0123" />

<point x="17/04/2013 6:16:13" y="0,0083" ymin="0"
ymax="0,0083" />

<point x="17/04/2013 6:16:18" y="0,0297" ymin="0"
ymax="0,0297" />

<point x="17/04/2013 9:15:43" y="0,0119" ymin="0"
ymax="0,0119" />
<point x="17/04/2013 9:15:48" y="0,043" ymin="0"
ymax="0, 043" />
<point x="17/04/2013 9:15:53" y="0,0441" ymin="0"
ymax="0,0441" />
</points>
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<label >SPEED</label >
</curve>
</curves>
<description ><![CDATA[Cow Speed Graph.]]></description>
</plot>

A plot is defined by an identifier (’id = 2’ in this example), zero or
multiple curves ("id = 1’ in this example) and a ’points’ list of points made
up of objects of 'point’ type. Each of these objects is composed by the couple
(x, y) to be plotted, where z corresponds to the sampling instant and y
corresponding to the value of the instantaneous velocity. There are also the
ymin and ymax values used to indicate the minimum point and the maximum
point, respectively, of y axis in order to highlight a specific part of the graph.
For instance, by always setting ymin = 0 and ymax = y the area under the
curve plotted will be highlighted in the graph. In addition, there is a 'label’
and a 'description’.

At this point of the process, data were ready to be plotted, and then
were displayed for the client in the form of speed graph. To this end, two
data structures are implemented through the ’Point’ and 'Curves’ classes.
In particular, the ’Point’ class, which has the following source code, was
implemented to contain the coordinates x and y to be plotted, where x is
the value of the instantaneous velocity and y is relative to the corresponding
sampling instant.

© 00 N O s W N

= = e
N o= O
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public class Point
{
#region Constructors and Destructors
public Point(DateTime x, float y)
//public Point(string z, float y)
{
X = x;
Y =y
}
public Point(DateTime x, float y, float ymin, float
ymax )
//public Point(string z, float y, float ymin, float
ymaz )
this(x, y)
{
YMin = ymin;
YMax = ymax;
}

#endregion
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#region Public Properties

public DateTime X { get; private set; }
//public string X { get; private set; }
public float Y { get; private set; }
public float YMin { get; private set; }
public float YMax { get; private set; }

#endregion

}

The class 'Curve’, which has the source code shown below, was imple-
mented in order to contain the labels of the axes in the graph and return the
list of points to be plotted.

1
2

© 0 9 O O s W
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public class Curve

{
#region Constructors and Destructors
public Curve(string label, IList<Point> points)
{
Label = label;
Points = points;
}
#endregion
#region Public Properties
public string Label { get; private set; }
public IList<Point> Points { get; private set; }
#endregion
}

Finally, the "Plot’ class was implemented in order to contain all the data
required to build the speed graph, such as, the 'Title’, the 'ylabel’, the 'De-
scription’,; the 'Curves’; etc.

In addition, the 'Load ()’ public method was created to implement the
required operations for the preparation of the data to be plotted by using
the data structures described above.

The source code for the class Plot and the Load() method is shown below.

=W N =

public class Plot

{

#region Constructors and Destructors
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public Plot(int 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 = new List<Curve>();
IsLoaded = false;

}
#endregion
#region Public Properties

public IList <Curve> Curves { get; private set; }
public string DataPath { get; private set; }
public string Description { get; private set; }
public int Id { get; private set; }

public bool IsLoaded { get; private set; }
public bool IsRelativePath { get; private set; }
public string ThumbnailPath { get; private set; }
public string Title { get; private set; }

public string YLabel { get; private set; }

#endregion
#region Public Methods

public void Load()
{
// load the curves from the XML file
XDocument data = XDocument.Load(IsRelativePath ?
HttpContext.Current . Server . MapPath(DataPath)
DataPath) ;

// Initialize the Curves collection
Curves = new List<Curve>();

113

// Retrieve the plot current plot element from the XML

file
XElement xplot = data.Element("plot");

// Retrieve the current Description
Description = xplot.Element("description"). Value;
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// Retrieve the current curves
IEnumerable<XElement> xcurves =
xplot.Descendants ("curve");

// Enumerate curves
// Build a the Curve object
// and Add it to the current Curves collection
foreach (XElement xcurve in xcurves)
{
// Retrive the label
string label = xcurve.Element("label").Value;

// Initialize a new Set
// Retrieve the points from the XML file
IEnumerable<XElement> xpoints =

xcurve . Descendants ("point™");

// Enumerate the points
// Parse and add their wvalues to a new Point object
// Build the Set

IFormatProvider culture = new Culturelnfo("fr-FRrR",
true);
List<Point> set = (from xpoint in xpoints

let x = DateTime.
Parse (xpoint. Attribute ("x").Value,
culture)

let ymin = (float )Math.Round( float .
Parse (xpoint. Attribute ("ymin™").
Value.Replace(’,”, "."),
Culturelnfo.CurrentCulture) ,4)

let y = (float )Math.Round( float .
Parse (xpoint. Attribute ("y").
Value.Replace(’",”, "."),
Culturelnfo.CurrentCulture) ,4)

let ymax = (float )Math.Round(float .
Parse (xpoint. Attribute ("ymax") .
Value.Replace(’,”, "."),
Culturelnfo.CurrentCulture) ,4)

select new Point(x, y, ymin,
ymax) ). ToList () ;

// Add the curve to the Curves collection
Curves.Add(new Curve(label, set));

// Set data as loaded
IsLoaded = true;
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85 #endregion

86

}
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The just reported instructions implement data extraction to be plotted
from the ” Xml’ file in order to create a file . Html’ to be sent to the client.
Being a client-server system, the choice to use a html file for the trans-
mission of information processed by the server to the client, was based on
the fact that the typical features of such a data structure guarantee high
performance in terms of transmission speed, as it comes to small files, and

in terms of compatibility with the majority of client systems.

The following source code shows the implementation of the operations

performed by the software to create the html file:

1 private void WriteHtmlWithVelocityData(string idCow)

2
3
4

o N o o
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{
string fileName = "C:\\cowSpeedGraph_" + idCow -+
".html";
StringBuilder content = new StringBuilder () ;
content . AppendLine ("<html>");
content . AppendLine ("<head>");
content . AppendLine ("<script type=\"text/javascript\"

src=\"dygraph-combined. js\"></script>");

content . AppendLine ("</head>");
content . AppendLine ("<body>") ;
content . AppendLine ("<div id=\"graphdiv\"

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

content . AppendLine ("<script
type=\"text/javascript\">");

content . AppendLine (" g = new Dygraph (");

content . AppendLine ("

document .getElementById (\"graphdiv\"),");

content . AppendLine (" (")

string date;

string [] splitDate;

string [| splitDatel;

string time;

string day;

string month;

string year;

for (int i = 0; i < instantSpeed2D.Count

{

date = instantSpeed2D[i].Date.ToString().

Replace("." ,":");
splitDate = date.Split (" 7 );
time = splitDate [1];
splitDatel = splitDate [0]. Split(’/");
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29 day = splitDatel [0];
30 month = splitDatel [1];
31 year = splitDatel [2];
32 date = year + "/" + month + "/" + day + " " +
time;
33 content . AppendLine (" [new Date (\"" + date
+ M,
instantSpeed2D [i]. InstantSpeed. ToString () .
Replace (", ™ ,".") + " ],");
34 }
35 date = instantSpeed2D [instantSpeed2D . Count
1].Date. ToString () . Replace(".", ":");
36 splitDate = date.Split (" );
37 time = splitDate [1];
38 splitDatel = splitDate [0]. Split(’/");
39 day = splitDatel [0];
40 month = splitDatel [1];
a1 year = splitDatel [2];
42 date = year + "/" + month + "/" + day + " " + time;
43 content . AppendLine (" [new Date (\"" + date +
"\"), " + instantSpeed2D [instantSpeed2D .Count
1].InstantSpeed. ToString () .Replace(",", ".") + "
)
44 content . AppendLine (" 1,") 5
45 content . AppendLine (" {");
16 content . AppendLine (" labels: [ \"Date\",
\"COW SPEED\" 1,");
a7 content . AppendLine (" fillGraph: true");
48 content . AppendLine (" i)
49 content . AppendLine ("</script>");
50 content . AppendLine ("</body>");
51 content . AppendLine ("</html>");
52
53 File. WriteAllText (fileName, content.ToString());
54
55 )

Therefore, the server-side module processed the request from the client
side module, which asked to view the speedGraph relative to the data selected
in the previous section (6.5.1), and transmitted the file Html to the client
side module.

6.5.3.2 Client side

The client-side module of the software was designed with the aim to send
to the server-side module requests made by the user in the interface section
dedicated to cowSpeedGraph and to interpret the answers received.
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As already introduced in section 6.5.3.1, the client receives from the server
a file with extension Html containing the dataset to be processed for the
construction of cowSpeedGraph.

This file is in the following format:

© N O O R W N

NN N NN NN R e e e e
S 0 R W N R O © N oA W N = O

28
29
30
31

<html>

<head>

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

</head>

<body>

<div id="graphdiv"></div>

<script type="text/javascript">
g = new Dygraph (

// containing div
document . getElementByld ("graphdiv"),

[

[ new Date("2013/04/17 6:16:03"), 0.0123
[ new Date("2013/04/17 6:16:08"), 0.0083

[ new Date("2013/04/17 6:16:13"), 0.0297 |,
)

[ new Date("2013/04/17 6:16:18"), 0.0521 |
|,
{
labels: [ "Date"™, "COW SPEED" |,
fillGraph: true
1)
</script >
</body>
</html>

The instructions just shown implement the functions that can be inter-
preted by a web browser for the construction of cowSpeedGraph.

In particular the fast, flexible, and open source JavaScript charting library
called dygraph combined js (Dygraph, 2013) it is used.

6.5.4 A use case of the software tool

A use case of the software tools described in this section was carried out in
order to assess the performances of the implemented features and to verify
the effectiveness of the results obtained from the use of the tool in order to
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find useful informations related to the occurrence of the physiological state
of estrus.

The date analysed in this test were acquired by the RTLS from 10th Au-
gust 2013 to 16th August 2013. In particular, only the location data related
to the tag with ID 020 were used as the cow, which that tag was associated,
manifested the state of estrus, visually observed by the farmer at around 9:30
am on 12th August 2013.

For each of the selected days, two time intervals were identified:

1)

2)

CFTime (Cow Feeding Time), where the CFI (Cow Feeding Index),
calculated as the ratio between the number of cows that are to the
manger and the total number of cows present in the barn (Equation
6.7), took on average the maximum values, as shown in Figure 6.38
(green area), in the same period considered in this test and in the same
livestock environment in a study carried out by Agosta (2012).

cows in feeding

CFI = (6.7)

tot cows

In particular, CFTime is composed of two time intervals: the first be-
tween 06:00 and 09:30 and the second between 18:00 and 19:30.

CLTime (Cow Lying Time), where the CLI (Cow Lying Index),
defined as the ratio between the number of cows in decubitus posi-
tion inside of the bunks and the total number of cows present in the
barn (Equation 6.8), assumed on average maximum values (Figure 6.38,
yellow area), also in this case by reference to the work conducted by
Agosta (2012) in the same period considered in this test and in the
same livestock environment.

CL[:COwS m  lying (6.8)

tot cows

In particular, CLTime is composed of two time intervals: the first in-
cluded between 00:00 and 05:00 (not visible in Figure 6.38) and the
second between 11:00 and 14:30.
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Figure 6.38: CFTime (green area) and CLTime (yellow area) defined according to the

CFTI and the CLI obtained from Agosta (2012).

Through the use of the software tools described in this section, the data for
the selected time period, and in the intervals CFTime CLTime were analyzed.
In particular, for each of the seven days in question and for each time in-
terval established (CFTime and CLTime), a CowHeatMap and a CowSpeed-

Graph were obtained.

In addition, the CowSpeedGraphs related to the tag with ID 020, dis-
tinct by day, where the instantaneous velocities calculated by the software in

relation to all the 24 hours are represented, were analyzed.
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Chapter 7
RESULTS

7.1 LOCALISATION AND IDENTIFICATION
PERFORMANCES OF THE RTLS

7.1.1 The RTLS operativity in the barn environment

The RTLS showed a good performance in relation to the harsh environment
analysed. In fact, no connection or communication failure occurred and few
damages due to oxidation of PoE cables plugs were observed.

The protecting wrapping of the tags resulted suitable to the operative
conditions of the trial since it avoided localisation data losses due to device
failure. Furthermore, no infections occurred to cows’ ears due to tag applica-
tion. However, a further improvement was obtained by using the methodology
of application with collars, because it’s a totally non-invasive method, offers
the possibility to integrate additional devices for other studies, guarantees a
longer duration in time, allow for easier interventions in case of maintenance
of tags due to the simplicity of insertion/removal of the collars. The collars
are, also, accessories easily commercially available and do not require high
costs.

Since tag battery consumption is directly related to system configuration,
the RTLS acquisition time rate chosen in this study determined a tag battery
duration of about two months.

7.1.2 The software for storage of the data acquired by
the RTLS

During cow localisation phase, in order to store the data acquired by the
RTLS, the specifically developed software, described in section 6.2.5, was

123
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launched.

This software, at the same time, allowed the user to view real-time infor-
mations acquired from the RTLS through an interface. Figure 7.1 shows a
screenshot of the Ul of the tool in the running state.

On the left, the tag IDs, which are currently present within the monitored
area, are listed and the total number of them is shown immediately above.
Selecting one of the IDs in the list the corresponding values of: i) *Current
Tag ID’, ii) 'Update Time’, iii) 'Current X’, iv) ’Current Y’, v) 'Current Z’,
vi) 'Standard Error’ are shown in the near textbox.

On the right the section ’Map’, which is a reproduction of the plan view
of the study area, is shown. The coverage area of the sensors (the four red
circles) is bounded by thick red lines. The position of the selected tag is
represented by a graphic element (blue filled circle) above which the three
last digits of the ID are shown.

R University of Catania — Department of Agri-food and Environmental Systems Management

Fle 7

020000086004 Cuner}l: 020000121254
020000086008 tag Id:

——T41)
020000065020 [ 1 he
020000086023 A % il [
020000086026 Update 0370972013 19.19.10.624

020000121233 Tl

(20000121 254

0200007133187 "
120000140051 Ehiene s 3314
020000740053

Curent ¥: .27
Cunrent Z: 0.542
Std Enror: 2.01019954681396 S ST —
2 LY |
.
——o—
re— ]
® <)
. \N

Hide Map l

Figure 7.1: UI of the tool for RTLS data storage.

In Figures 7.2 and 7.3, instead, two screenshots of the UI of this tool in
two particular cases are shown.
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Figure 7.2, in particular, shows the data acquired from the RTLS for one
of the tags applied to the cows in the case where the cow in question was in
perching. The software is able to clarify the cow behaviour observed because
it shows the graphic element corresponding to the tag located in a cubicle
and, at the same time, the value of the z-coordinate equal to 1.256 m, which
are typical features of the behaviour associated with perching.

1) University of Catania — Department of Agri-food and Environmental Systems Management

File 2

Total:

020000096004 Current (] 1ae i &
0 =] tag Id: 020000086020 (— 2 f)
< 4 (€75 1 - G

Update | 2010472013 12.11.08.620
time:

0
020000121233
020000121254

020000133187 .
020000140051 Bt oy 10.083
020000140053

Current Y: 10.142

Current Z: 1.256 »

Std Enor: 2.5387396812439

Hide Map l

Figure 7.2: UI of the software for storing data acquired by the RTLS. The displayed tag
is applied to a cow in perching.

Figure 7.3, instead, shows the data relating to one of the cows tags in the
case where the cow in question was in Lying. The software, in fact, shows
the graphic element, corresponding to the monitored tag, within a cubicle
and, simultaneously, the value of the z coordinate equal to 0.345 m, which
are typical features of the behavior associated with the Lying.
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1] University of Catania — Department of Agri-food and Environmental Systems Management

File 7

020000086004 Cunent 020000139187
020000035008 tag ld: ( :
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020000085028 Update | 50/04/2013 12.09.20.865
020000121239 time:
020000121254
0200001 23187 .
0200001 40051 D2y &3 " -  —— "
020000140053

Current Y: 5,546

i Y

Currenl tZ: 0.345

Std Error: 2.71595692634583

—r— |

Hide Map ] 3 B

Figure 7.3: UI of the software for storing data acquired by the RTLS. The displayed tag
is applied to a cow in Lying.

7.1.3 The sequence of panoramic top-view images and
the building of the dataset of tags true positions

To obtain the fully rectified panoramic top-view images of the two selected
functional units. i.e, feeding area and resting area, the installation of 10
cameras was required, according to a previously defined methodology (Porto
et al., 2013).

In the chosen time intervals, the verification of 10742 tag positions was
carried out through the use of 1600 panoramic images acquired by the video-
recording system. The dataset of tags true positions was obtained by using
the specifically developed software.

By using this software, the accuracy assessment took about 40 hours of
operator’s work.

In the next section the user interface of this software is described.
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7.1.3.1 User Interface of the software for the computation of tags
true positions dataset

The software specifically developed for the computation of the dataset of the
true positions of UWB tags has a user-friendly User Interface. This software
provides a quick, accurate, automatic and interactive tool designed to take
advantage of the technologies used in this study for the localisation and the
video recording.

At program startup it is necessary to enter the input data, which consists
of the folder that contains the text files, identified by the day of recording,
related to the location systems and the video-recording system when the
matching occurred and also grouped by tags. This input is, in fact, the output
of the software which carried out the matching between the tags dataset and
the images dataset, described in section 6.4.1.3.

The input loading operation is described in Figure 7.4.
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Figure 7.4: User Interface at program startup. By clicking on the *Open’ button a win-
dow, that allows you to search for the folder containing the input of the program, is
opened.

After the input data are loaded, the software make it possible to choose
the day of recording of the two systems for which you want to perform the
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visual recognition of the position of each tag.

In Figure 7.5 a screenshot of the phase described above is shown.
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Figure 7.5: Day Select section of the tool. A ’select box’ allows you to select the day of
stored recording of the two systems for which you want to perform the visual recognition

of the position of each tag.

Once that the date is selected, the software loads and displays the in-
formation captured by the two systems in relation to the first record in the
input file corresponding to the selected day.

The software Ul is composed of different sections, which are utilised to
display some information or interact with it by sending some commands

(Figure 7.6).
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Figure 7.6: Software UI for the computation of the true positions of UWB tags.

At the top left corner of the Ul, under the 'Day Select’ tab, there is the
"Control’ tab, which consists of:

'Go to:” textbox suitable to enter, from the keyboard, the number of
records relative to the loaded input file. In this textbox it is possible to
write the position required for the visual recognition of the position of
each tag. The 'Current Position’ is displayed below.

"Trackbar’, to move to the desired record to be loaded, by moving the
cursor along the horizontal line, directly with the mouse. The current
"Trackbar Position’ is displayed below.

Four buttons to move 30 record backwards, 1 record backwards, 1
records forward or 30 records forward from the current record, respec-
tively. The software automatically checks, with respect to the position
of the current record, when enabling or disabling these buttons appro-
priately. If, for example, the current record is the last record of the
selected day, the last two buttons are automatically disabled because,
since no other records to follow, any pressing of one of the two buttons
in question would cause an error.
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Under the ’Control tab’ there is a section dedicated to the display of
informations of the current record. In particular, it is constituted by:

'Tmage’ tab, that shows 'Date’ and 'ID’ of the current image used for
the visual recognition of the position of each tag.

"Tags Data’ tab, which shows, for each tag, ’X’, Y’ and 'Z’ coordinates,
‘Standard error’ and ’Date’ related to the current record.

"Identikit’ tab, which allows the visualization of two images of each cow
associated to the identification number of the tag (see Figure 7.7).

'Current Tot Tag’ textbox, which shows the total number of tags asso-
ciated to the current image in the operation of matching between the
two datasets.

23/8/2011 10:311
755010

Tags Data | Idertit
TAG: 26 -

Figure 7.7: "Identikit’ tab of the Software tool. It allows the visualization of two images
of each cow associated to the identification number of the tag.

The section located on the right side of the Ul is dedicated to the man-
agement of the commands suitable for the visual recognition of the position
of each tag and any manual correction of that position.
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In particular, a graphical representation of the study area (called 'Map’),
which consists in the overlap of the top-view panoramic image corresponding
to the current record and the reproduction of the plan view of the study area,
is available for the user. The software allows the visualization of current tags
positions, within the 'Map’, by using graphic elements (points) above which
the last three digits of the respective tag are shown.

The software also provides the user with nine labels, each corresponding
to one of the tags applied to cows. These labels are located just above the
Map, as it is shown in Figure 7.8.

TAG 254: TAG 23:

| Cpen w- Y- wo- Y-
TAG 53: TAG 26:

= — = Y-

|E|| +3C'”_| TAG 08: : TAG 20: :

b ¥ 3y -
[254 (23] (239 3326 ][04 |[20] 1]
- = 5 =

755010

1110311 i~ |

Figure 7.8: The nine labels, each corresponding to one of the tags applied to cows. By
using these labels the user has the possibility to accurately determine the true position
of each tag by placing them appropriately to the desired position by a drag and drop
operation.

Through a visual recognition of the Map and the use of these labels, the
user has the possibility to accurately determine the true position of each tag,
by appropriately placing these labels to the desired position through a drag
and drop operation. During this operation, on the top-right corner of the UI,
the coordinates (x, y) of the true positions of the tags are shown.

During this phase, the identikit tab is an important support tool for the
user, because it makes it possible to check whether the tag was successfully
associated to the cow in question by the RTLS.

In this section there are three buttons:

"Apply’: it makes it possible to apply the changes without saving on
disk. The software saves in a temporary data structure the new posi-
tions determined by the user to keep any changes in memory.

'Reset All’: it makes it possible to undo the changes in the current
record. The software, after pressing this button, replaces all the labels
in the initial position by resetting the changes.
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‘Save’: it makes it possible to save all the changes. The software saves
on the disk the information related to the true locations of tags which
was placed in the temporary data structure. This information consti-
tutes the output of the software and, therefore, the dataset of the true
positions of UWB tags.

In the design phase of this software, a specific colour was established and
associated with some elements of the Ul to allow for an easy visual recognition
of the position of each tag carried out by the user. To this purpose, ten distinct
colours were associated to the ten tags. Subsequently, these colours were used
to highlight the elements of the Ul related to the tags. In particular:

In Tags Data tab, near to the coordinates of each tag, a graphic element
which has the shape of a square and is filled with the colour associated
to the related tag, was inserted.

In Identikit tab, two images of each cow are associated to the identi-
fication number of the tag and a graphic element with the shape of a
circle coloured according to the specific tag colour.

In the Map, the graphic elements (points), which have above them the
last three digits of the respective tags, are coloured according to the
specific tag colour.

Each label, which is used to determine the true position of a tag (Figure
7.8), is characterized by the ID of the tag to which it is associated and
from the colour chosen for the text according to the tag colour.

The coordinates of the cow true position displayed on the top-right
corner of the UI are highlighted according to the tag colour.

In Figure 7.9, the computation of the true position of tag with ID 004
was exemplified. The association of a label to each cow make it possible for
the operator to place the label 04 on the cow’s head by a drag and drop
operation. The cow true positions, shown in the top-right section of the UlI,
were automatically stored after clicking on the Save button.
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Figure 7.9: The computation of the true position of tag with ID 004. The association of
a label to each cow made it possible for the operator to place the label 04 on the cow’s
head by a drag and drop operation. The cow true positions, shown in the top-right section
of the UI, were automatically stored after clicking on the Save button.

Another important feature was implemented in the software in order to
provide greater precision to the operations of computation of the true position
of tags.

This feature allows you to perform pan and zoom operations by using the
mouse scroll wheel in the Map section as shown in Figure 7.10.

Another example of the computation of the true position of tags is exem-
plified in Figure 7.11.

The format and structure of the output of the software described above
are the same as its input, as described in section 6.4.1.3. The only differ-
ences between the output text files and the input ones are the values of the

two coordinates (z and y), in the case where the operator makes and saves
changes.
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Figure 7.10: In Map section, an example of pan and zoom operation.
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Figure 7.11: An example of the computation of the true position of the tags with ID 004

and 008.
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7.1.4 Planimetric position errors obtained by the RTLS

In this section, the planimetric position errors obtained by the RTLS in the
static test (Table 7.1) and these obtained for each one of the eight tags
analysed and for the reference tag (ID 187), before outlier data cleaning
(Table 7.2) and after outlier data cleaning (Table 7.3) were shown.

The performance of the RTLS resulted higher in static conditions than
in the case of moving objects. Tables 7.2 and 7.3 shows that the localisation
error made by the RTLS for the reference tag is definitively lower than the
errors computed for the moving tags. An analogous observation was gathered
in a test carried out in a railway tunnel (Mok et al., 2010). The static test,
carried out in this study (section 6.2.6), confirmed this concept. In fact,
the average value  standard deviation of the means relative to x, y and z
coordinates resulted about 0.13m  0.14m, 0.11m 0.11 m and 0.16 m
0.14 m, respectively. Table 7.1 shows mean x, mean y and mean z obtained
in this test for each point analysed.

Tables 7.2 and 7.3 show the minimum value, the mean value, the maxi-
mum value, and the value at the 90" percentile of tag planimetric position
errors obtained before and after outlier data cleaning, respectively.

Before applying outlier data cleaning technique to the dataset, the average
values of the mean error and the error at the 90" percentile of the eight tags
resulted about 0.56 m and 1.03 m, respectively.

Outlier data cleaning allowed reduction of the localisation errors made
by the RTLS and made data distribution more homogeneous without los-
ing any relevant information for the analysis performed in this study. The
data discarded by applying this technique (about 1.9% of the error dataset)
corresponded to measures clearly unreliable. Figure 7.12 shows the box plot
representation of the error computed on the data provided by the RTLS,
for each one of the eight tags and the reference tag analysed. The measures
discarded by the outlier data cleaning were indicated with the symbol '4’.
In this figure, the localisation error at the 25" percentile for the cows’ tags
ranges between 0 m and 0.65 m with an average value of 0.21 m whereas the
localisation error at the 75! percentile varies between 0.62 m and 0.97 m
with an average value of 0.77 m.
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Error (m)

Static Test Points (n.)
Point Mean x Mean y Mean z
1 0.32 0.26 0.53 277
2 0.25 0.29 0.08 80
3 0.06 0.07 0.05 79
4 0.07 0.0009 0.02 78
5 0.01 0.13 0.21 80
6 0.48 0.36 0.25 21
7 0.04 0.01 0.24 122
8 0.21 0.02 0.10 41
9 0.13 0.23 0.09 51
10 0.06 0.04 0.07 53
11 0.01 0.16 0.19 41
12 0.09 0.17 0.004 7
13 0.07 0.11 0.29 76
14 0.07 0.06 0.20 7
15 0.11 0.05 0.09 79
16 0.04 0.04 0.13 54
17 0.02 0.02 0.001 621
18 0.43 0.04 0.06 79
19 0.15 0.04 0.12 81
20 0.41 0.16 0.42 7
21 0.23 0.34 0.34 41
22 0.03 0.10 0.27 38
23 0.01 0.006 0.04 39
24 0.04 0.04 0.11 55
25 0.001 0.01 0.01 52

Table 7.1: Planimetric position errors computed on the data provided by the RTLS in
the static test.
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Error (m)
Tag  before outlier data cleaning Points
ID Min Mean Max 90" perc. (n.)
004 0.12 059 441 1.12 1029
008 0.15 042 296 0.98 1582
020 0.17 042 4.16 0.87 1377
023 0.18 0.83  2.62 1.20 1453
026 0.16 0.73 6.84 1.25 1358
053 0.09 049 397 0.90 1362
239 014 045 397 0.96 1209
254  0.17 056  5.31 0.97 1372
187 0.01 0.11  0.56 0.17 3672

137

Table 7.2: Planimetric position errors computed on the data provided by the RTLS, for
each one of the eight tags analysed and for the reference tag (ID 187), before outlier data

cleaning.

Error (m)
Tag after outlier data cleaning Points
ID Min Mean Max 90" perc. (n.)
004 0.12 053  1.52 1.04 1029
008 0.15 039 1.66 0.93 1582
020 0.17 038  1.56 0.82 1377
023 0.18 0.79 1.44 1.12 1453
026 0.16 0.66 1.71 1.17 1358
053 0.09 045 1.68 0.87 1362
239 014 041 1.87 0.91 1209
254 0.17  0.51 1.33 0.88 1372
187 0.01 0.11 0.24 0.17 3672

Table 7.3: Planimetric position errors computed on the data provided by the RTLS, for
each one of the eight tags analysed and for the reference tag (ID 187), after outlier data

cleaning
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Error [m]

tag004 tagO0g tag020 tag023 tag0z6 tag053 tag238 tag254 tag187

Figure 7.12: Box plot of the errors computed on the data provided by the RTLS, for
each one of the nine tags analysed.

After the outlier data cleaning technique was applied to the dataset, the
average values of the mean error and the error at the 90 percentile of the
eight tags resulted equal to about 0.51 m and about 0.97 m, respectively.

The number of points verified for each of the eight tags applied to the
cows were lower than those verified for the reference tag (Tables 7.2 and
7.3). This was due to the fact that all the localisation data of the reference
tag provided by the RTLS were considered, since the position of the tag in
the barn was known and fixed during the trial. Therefore, the errors were
obtained by computing the Euclidean distance between the point deriving
from the localisation of the tag and its known position. On the other hand, the
number of points verified for each one of the eight tags inserted in the cows’
ears resulted lower because it depended on the assessment of tag position
in the panoramic image and the rule of automatic association between the
image dataset and tag position dataset. In this rule it was established that
if the cow was outside the areas monitored by the video-cameras (i.e., the
feeding alley or the stalls), or else the acquisition time of the tag was not
within the time interval defined to determine the matching with an image,
the measure was discarded.
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7.1.5 Trade-o between localisation and identi cation
performances of the RTLS

Tables 7.4, 7.5 and 7.6 shows the identification and localisation performances
of the RTLS relative to Metric A, Metric B and Metric C, respectively. In
particular, with reference to each metric, precision and sensitivity are shown
for identification performance and mean error and standard deviation are
shown for localisation performance.

Metric A
Tag Identification Localisation
ID Mean Error
Precision Sensitivity
Std (m)
004 1 1 0.59 049
008 1 1 0.42 047
020 1 1 042 044
023 1 1 0.83 0.34
026 1 1 0.73 0.59
053 1 1 0.49 046
239 1 1 0.45 0.49
254 1 1 0.56 0.44
187* 1 1 0.11  0.05

Table 7.4: RTLS identification and localisation performances computed for each one of
the eight tags analysed and for the reference tag (ID 187), for the Metric A.

The average values of precision, sensitivity, and mean error  standard
deviation of the eight tags resulted about equal to the following values, re-
spectively:

Metric A: 1,1, 0.56  0.46,
Metric B: 0.98, 0.98, 0.52  0.36,
Metric C: 0.47, 0.47, 0.18  0.20.

From the analysis of these values a high improvement of the localisation
performance was observed for Metric C when compared with Metric A and
Metric B. On the contrary, identification performance worsened from Metric
A to Metric B and particularly in Metric C. The comparison between the
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Metric B
Tag Identification Localisation
ID Mean Error
Precision Sensitivity
Std (m)
004 0.97 0.97 0.53 0.38
008 0.98 0.98 0.39 041
020 0.98 0.98 0.38 0.34
023 0.96 0.96 0.79 0.27
026 0.97 0.97 0.66 0.39
053 0.98 0.98 0.45 0.35
239 0.98 0.98 0.41 040
254 0.96 0.96 0.51 0.32
187* 0.99 0.99 0.11  0.05

Table 7.5: RTLS identification and localisation performances computed for each one of
the eight tags analysed and for the reference tag (ID 187), for the Metric B.

system performances obtained by adopting the Metric A and those obtained
by adopting the Metric B showed that the best trade-off between localisation
and identification performances was achieved when Metric B was adopted.

Precision and sensitivity resulted almost equal in Metric A and Metric
B. In fact, the number of false positives and the number of false negatives
were set equal to 0 in Metric A, and these numbers resulted in an irrelevant
quantity equal to about 1.9% of all the detections performed by the RTLS in
the case where Metric B was adopted. Furthermore, localisation performance
was higher in Metric B than in Metric A since the value of mean error
standard deviation obtained with the Metric B was lower than that of Metric
A.

Similarly, the comparison between the performances obtained by adopting
the Metric B and those obtained by adopting the Metric C showed that
the best trade-off between localisation and identification performances was
obtained when Metric B was adopted. Although localisation performance
obtained with Metric C was better than that obtained with Metric B, the
number of false positives and the number of false negatives obtained with
the Metric C were much higher than those of Metric B since they were equal
to about the 39.7% of the RTLS detections.

On the basis of these considerations, the best trade-off between localisa-
tion and identification performances of the RTLS was obtained when adopt-
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ing Metric B.

Regarding the reference tag, precision and sensitivity resulted 1 for Metric
A and 0.99 for Metric B and Metric C, and the values of mean error
standard deviation resulted 0.11  0.05 for all the metrics (Tables 7.4, 7.5
and 7.6).

Therefore, excellent results were obtained for both localisation and iden-
tification performances, regardless of the metric adopted. This mean error is
in good agreement with the value of 0.1225 m declared by Ubisense.

Metric C
Tag Identification Localisation
ID Mean Error
Precision Sensitivity
Std (m)
004 0.42 0.42 0.18 0.20
008 0.61 0.61 0.12 0.19
020 0.61 0.61 0.17  0.20
023 0.11 0.11 0.31 0.20
026 0.32 0.32 0.24 0.20
053 0.53 0.53 0.20 0.21
239 0.61 0.61 0.15 0.20
254 0.54 0.54 0.20 0.20
187* 0.99 0.99 0.11  0.05

Table 7.6: RTLS identification and localisation performances computed for each one of
the eight tags analysed and for the reference tag (ID 187), for the Metric C.

7.2 THE AUTOMATIC AND REAL-TIME SOFT-
WARE TOOL FOR THE VISUAL ANAL-
YSIS OF THE COWS LOCATION DATA

7.2.1 Features of the software

As described in section 6.5, the software specially developed for the real-time
visual analysis of the cows’ location data in free-stall barns was principally
based on the implementation of two instruments: the CowHeatMap and the
CowSpeedGraph. The sections 7.2.1.1 and 7.2.1.2 describe the main features
offered by these tools, respectively.
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7.2.1.1 CowHeatMap

CowHeatMap contains an archive suitable to colorize the heatmap based on
relative data. It means that, if you are adding only a single datapoint to the
dataset it will be displayed as the hottest (red) spot, then adding another
point with a higher count, CowHeatMap will dynamically recalculate the
color intensity.

At the configuration phase it is possible to specify the following properties
in order to customize the heatmap instance:

radius (optional), Type: Number. It is the radius of a single datapoint
in the CowHeatMap (measured in pixels).

element (required), Type: String HTML Element. It either provide an
element’s id or the element itself which should contain the heatmap.

visible (optional), Type: Boolean. It specifies whether the CowHeatMap
is visible or not.

gradient (optional), Type: Object. It is an object which contains
colours ranging from 0 to 1.

opacity (optional), Type: Number [0-100]. It provide the opacity of

the CowHeatMap measured in percent.

7.2.1.2 CowSpeedGraph

In the CowSpeedGraph the chart is interactive. In fact, it is possible to
execute the following actions on the chart:

Mouse-over to highlight individual values.
Click and drag to zoom.
Double-clicking will execute a zoom (back) out.
Shift-drag will pan.

The main features of CowSpeedGraph are:

Handles huge data sets: dygraphs plots millions of points without
getting bogged down.

Interactive out of the box: zoom, pan and mouse-over are on by
default.
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Dygraphs is highly compatible: it works in all major browsers (in-
cluding IE8). It is possible even to pinch in order to zoom on mo-
bile/tablet devices.

7.2.2 Software User Interface

The UI of the software, at boot time, is shown in Figure 7.13.

Real-time software tool for the analysis of the cow’s location data

E,’

UNIVERSITY TEINE
o (f)iF CATANIA l)l( x( S \

Figure 7.13: A screenshot of the software Ul at boot time.

The main content of the UI is divided into two sections: the ’'controls’
section and the ’visualisation’ section.

The controls section contains two clickable elements that allow the selec-
tion of the type of function being performed (CowHeatMap or CowSpeed-
Graph), two text- eld for entering tag ID and the number of back hours from
now which can be chosen for carrying out the analysis and a setting panel

through which you can set a variety of parameters related to the CowSpeed-
Graph display, such as:

Show labels: it lets you choose whether or not display the value, on

the top right corner, of the point on the graph where the pointer is
located.
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Grid line color: it allows you to set the color of the grid lines.

Circle size: it allows you to set the size of the circle displayed at the
pointer location when positioned within the area of the chart.

Stroke width: it allows you to set the thickness of the line representing
the plotted curve.

Show roller: it lets you choose whether or not display the roller, i.e.
the value of the display scale.

Rolling Period: it allows you to set the value of the roller.

To view the CowHeatMap, relatively to the parameters selected, you must
click on the element, which is associated to a HeatMap icon, situated in
the controls section. Figure 7.14 shows an example of CowHeatMap. The
CowHeatMap will appear in the visualisation section. The number of events
distribution varies depending on the dataset of the CowHeatMap and the
color varies from red (maximum concentration of the location events in the
point) to transparent (null concentration of the location events). The mini-
mum concentration of events location is indicated by the blue color.

To view the CowSpeedGraph, related to the selected parameters, you
must click on the item which is associated to a SpeedGraph icon (in the
controls section). Figure 7.15 shows an example of CowSpeedGraph. As de-
scribed in section 7.2.1.2, the CowSpeedGraph is interactive. In Figure 7.15,
in fact, you can see the zoom operation performed on a region of the graph
through the combined click and drag actions. Figure 7.16 shows the view
obtained after the zoom operation carried out in the previous figures.
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Real-time software tool for the analysis of the cow’s location data
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Figure 7.14: An example of CowHeatMap displayed in the visualisation section of the
Ul
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Figure 7.15: An example of CowSpeedGraph displayed in the visualisation section of the
Ul
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Real time software tool for the analisys of the cow's location data
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Figure 7.16: CowSpeedGraph obtained after the zoom operation carried out in Figure
7.15.

7.2.3 Use case of the software tool

The results obtained from the use case of the the software tool, described in
section 7?7 are shown in Figures 7.17, 7.18 and 7.19.

Figure 7.17, in particular, shows the CowHeatMaps and the CowSpeed-
Graphs relative to the tag with ID 020 in the CFTime interval distinct by day.
As already introduced in section 6.5.4, seven days ranging from 10th August
2013 to 16th August 2013 were chosen since in one of these (12th August
2013), the cow having the tag in question showed the status of estrus, which
was visually observed by the farmer at around 9:30 am.

By observing the CowHeatMaps, the position of the location points in
the space maintained on average a pattern that was repeated nearly in a
systematic manner in each of the days selected for the analysis with the
exception of 12th August 2013, where a distribution of points in a much
wide area was observed.

In particular, since the data were related to the CFTime interval, the
most frequented zones, in the study area, by cow in question were mainly
located at the manger, as expected and, in particular, at the left passage
lane (probably due to the presence of the watering hole) and the cubicles
(in the middle or the left, on the resting area in particular), by referring
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Figure 7.17: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in

CFTime interval distinct by day (1/3).
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Figure 7.17: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in

CFTime interval distinct by day (2/3).
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Figure 7.17: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in
CFTime interval distinct by day (3/3).

the Figure 6.10. On 12th August 2013, instead the distribution of the points
in space mainly involved the manger, the service alley, the left and right
passage lanes and the feeding alley. In addition, by observing the coloration
of these points, it was clear that, in the CowHeatMap of 12th August 2013,
the percentage of red points cover the total number of points represented in
the CowHeatMap of that day, was significantly lower than the same quantity
measured in other days.

Furthermore, in Figure 7.17, on the right of each CowHeatMap, the rela-
tive CowSpeedGraphs are shown, where the instantaneous speeds calculated
by the software were plotted. By observing these graphs, also in this case,
on 12th August 2013 higher values of instantaneous speed over time were
recorded, especially in the time interval ranging from 8:00 am to 10:00 am,
compared to those recorded in other days. This proves to be a confirma-
tion that the motor activity manifested by the cow having tag ID 020 in
12th August 2013 was notable compared to that recorded in the other days
observed.

Similarly, Figure 7.18 shows CowHeatMaps and CowSpeedGraphs relative
to the tag with ID 020 in CLTime interval distinct by day.

Also in this case, the CowHeatMaps show that the distribution of the
location point in the space followed a pattern that on average was repeated
in all the days chosen for the test with the exception of 12th August 2013,
when, once again a distribution of points in a much wider area was observed.

In particular, as expected, in this case the most frequented zones in the



150 CHAPTER 7. RESULTS

Cow's Speed (mis)

Number of Location Events
1 ' ' 2 3

0200 0400 0600 0800 1000 120 1400
Time

[ o

(a) Tag Id: 020; Date: (b) Tag Id: 020; Date: 10/08/2013;
10/08/2013; Interval: CLTime. Interval: CLTime.

201308/11 00:00:02: COW SPEED: 0

d’ ; ‘
'
0.1 |
Number of Location Events
P T L
O ww e Ew e
Time

(¢) Tag Id: 020; Date: (d)TagId: 020; Date: 11/08/2013; In-
11/08,/2013; Interval: CLTime. terval: CLTime.

08 2013/08/12 0000:55: COW SPEED: 0

(e) Tag 1Id: 020; Date: (f) TagId: 020; Date: 12/08/2013; In-
12/08/2013; Interval: CLTime. terval: CLTime.

Figure 7.18: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in
CLTime interval distinct by day (1/3).
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Figure 7.18: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in

CLTime interval distinct by day (2/3).
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Figure 7.18: CowHeatMaps and CowSpeedGraphs relative to the tag with ID 020 in
CLTime interval distinct by day (3/3).

study area by the cow in question were mainly those corresponding to the
cubicles (in the middle or in the left, in particular) and in smaller quantities
at the manger referring, always, to the Figure 6.10. On the day of 12th August
2013, however, the distribution of points in the space mainly involved, as well
as at the manger, the service alley, the left and right passage lane and the
feeding alley, as already observed in the CFTime interval. Furthermore, also
in this case, by observing the coloration of these points, it was evident that
the animal to which the tag with ID 020 was associated on 12th August 2013
showed a motor activity more sustained than that recorded in the other days.

Furthermore, in Figure 7.18 the CowSpeedGraphs associated to the CowHeatMap
are shown. By observing these graphs, also in this case, especially in the time
interval ranging from 11:00 am and 11:30 am, when the CLI usually shows
maximum values, on 12th August 2013 higher values of instantaneous speed
were recorded, compared to those obtained in the other days.

Finally, figure 7.19 shows the CowSpeedGraphs relative to the tag with
ID 020, distinct by day, where the instantaneous velocities calculated by the
software in relation to all the 24 hours are represented.

By comparing these charts is even more evident that the curve of the
instantaneous velocity on 12th August 2013 shows higher values compared
to those recorded in other days, especially in the time interval ranging from
the 08:00 am to the 11:30 am.
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Chapter 8
DISCUSSION

The environment of the barn was characterised by the presence of slurry
accumulation in the alleys as the cleaning was not automated but it was
carried out once a day. This condition facilitates production of gases that
may enhance corrosion of materials. On the other hand, this effect is reduced
by ventilation which is higher in barns with open sides. In relation to the
analysed environment, the physical features of the Ubisense tags and the
technique adopted to protect them in this trial allowed a good usability
of the system. This demonstrates that some problems mainly due to the
dimensions and the weight of the RFID UHF tags, which were highlighted
in a previous study (Barbari et al., 2008), could be solved by using the type
of tag utilised in this trial. Since the application of tags in cow’s ears could
cause infections or modifications in cow’s behaviour due to the weight on
the ear, further improvement of the tag application methods regarded tag
positioning on cow’s collar. In fact, the application of the tags on cow’s
collar is a totally non-invasive method, offers the possibility to integrate
additional devices for other studies, guarantees a longer duration in time,
allow for an easier intervention in case of maintenance of tags due to the ease
of insertion/removal of the collars. Furthermore, the collars are accessories
easily commercially available and do not require high costs.

Although the outlier data cleaning was carried out for the eight tags and
the reference tag, the results related to the reference tag were not included
in the computation of the because this tag has lower errors due to its fixed
position and, therefore, this would lower the mean error of the tags as a
whole.

In the operative conditions considered in this research, the results proved
that the RTLS produced an error in computing reference tag positions, which
is comparable with that declared by Ubisense and smaller than that obtained
by Stephan et al. (2009) under optimal operating conditions and under re-
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alistic shop-floor conditions. The results related to the tags applied to the
cows showed that a higher error is achieved than that of the reference tag.
However, this error keeps under 1 m which is the threshold that Mok et al.
(2010) considered achievable by the system under adverse geometrical site
conditions.

As regards the localisation error of fixed tags in dairy houses, Tggersen et
al. (2010) obtained a precision of approximately 0.6 m by using the Bluetooth
wireless technology, Huhtala et al. (2007) obtained a precision of 1 m (for
the 70% of the measures) and 2 m (for the 90% of the measures) by using
a WLAN (Wireless Local Area Network). Very poor results were obtained
(Huhtala et al., 2007) for tags in motion since errors were higher than 3
m. Another feasibility study (Zhou & Shi, 2009) of localisation with passive
RFID tags using multilateration and Bayesian inference algorithms, which
was carried out in an open field, obtained mean localisation errors of 0.19 m
(with a standard deviation of 0.24 m) and 0.37 m (with a standard deviation
of 0.11 m) for the two algorithms, respectively.

The comparison between these research outcomes and those obtained by
the RTLS utilised in this study shows that the localisation performance of
the RTLS based on UWB technology for tags in movement is comparable to
that of other localisation systems for fixed tags.

Since the worst mean localisation error (tag ID 023), which was about 0.80
m, is small if compared with the average dimensions of a cow, the achieved
results led to affirm that the RTLS could be used for studying some spe-
cific aspects of cow behaviour. For instance, this error would not affect the
computation of some behavioural indices that do not require a high level
of precision on the position of the cow, such as cow standing index and cow
feeding index (Bava et al., 2012; Mattachini et al., 2011; Overton et al., 2002;
Provolo & Riva, 2009). Moreover, a relatively small localisation error shows
that the RTLS has the capability to give good description of the occupancy
level of the different functional areas of the barn as well as that it could be
utilised to track each animal of the herd with a good approximation.

Further improvements may contribute to the reduction of the mean lo-
calisation error through the application of predictive algorithms such as the
"Kalman filter’, which deal with the problem to reduce the amount of noise
present in a signal by comparison with an estimation of the desired noiseless
signal (Kalman, 1960).

From visual analysis of the video recordings it was observed that differ-
ent cow behaviours corresponded to similar values of mean error and error
distribution. For instance, the tag having ID 008, which corresponded to a
cow standing still in the area during the time interval considered, showed a
mean error equal to that of the tag having ID 020, which was associated to
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a cow in movement, and a similar error distribution (Figure 5). Therefore,
this would lead to affirm that RTLS performance is generally not dependent
on cow behaviour as it was observed for other systems (Porto et al., 2012;
Ipema et al., 2013).

The analysis of the behaviour of the two cows that were associated with
the highest localisation errors (tag ID 023 and tag ID 026) showed that,
especially in the second time interval (i. e., between 11h: 35m: 37s and 12h:
02m: 27s), the areas occupied by these two cows were almost equal in size
and location and close to the boundaries. Therefore, a possible explanation
of the higher errors obtained may be related to the low AoAs in that area
that could cause lower performances of the RTLS.

However, as regards the software tool specifically developed for the visual
analysis of the cows’ location data in free-stall barns promising results were
obtained with regard to both the performance of the implemented features
and its use for the purpose of estrus’ automatic identification.

The test, in fact, showed excellent performance in terms of:

Portability: it was able to work in different environments (it worked in
all major browsers, including IE8). This fundamental aspect allows you
to have economic advantages, as it can amortize the costs by transport-
ing the application in different environments. Being a web application,
this software provides a guarantee regarding this feature.

Real-time correctness: it ensured, at the same time, a satisfactory
logical consistency of the operations carried out and an acceptable time-
liness of results production. The system, considering its scope, can be
called a ’soft real-time system’ as it can tolerate an occasional viola-
tion of a deadline' causing, in the worst case, a irrelevant degradation
of performance, but not the failure (Oshana, 2006). In fact, regardless
of the chosen deadline value, the goal for which the system was designed
does not require response times in the order of milliseconds.

Reliability: when using the system, no serious malfunctions were ob-
served.

Robustness: the system behaved in a reasonable manner in unex-
pected situations which are not covered by the specifications. An ex-
ample of an unexpected situation was the presence of certain records in
the dataset containing the value of  in the instantaneous speed field

IThe results of the carried out processing in response to a certain event must be pro-
duced within a given time interval, said deadline.
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due to a control which was not originally planned during the program-
ming phase. The software computed the output correctly, discarding,
however, this exception only in the case of CowHeatMap, while the
CowSpeedGraph reported errors. The bug, however, was subsequently
solved.

E ciency: resources (memory, CPU, etc.) were used in a proportion-
ate way for the services that the software performed, i.e. no waste of
resources was encoured.

Usability: The Ul is very simple and user-friendly and does not require
the support of a user manual.

An important feature of this software is that it allows you to perform
the analysis for each animal. This property is particularly important for the
cases where the behavior of a cow must be analysed separately, i.e., not in
relation to the group it belongs. Martinez-Ortiz et al. (2013) calculated the
speeds of approximately 190 dairy cows inspected by a video tracking system
over a number of weeks. Moreover, the relative speed of a cow with respect
to the group on its own is not sufficient to detect lameness; a cow may be
consistently slower than the group due to old age or simply due to its own
preferred pace of walking. Therefore, they proposed to detect lameness by
monitoring each individual cow’s speed over a number of days to look for
consistent changes in mean speed.

Another important feature of this software is that, since data for all 24
hours for each day are available, you do not have the problem of lack of the
data, which may contain useful information to analyse. This type of problem,
for example, is often typical in cases where video tracking systems are used,
since they can record only during daytime hours.

The use case carried out in this work showed, also, that a pattern related
to the cow behavior analysed, i.e., when the state of estrus occurred, could
be identified in both CowHeatMap and CowSpeedGraph.

In particular, if the CowHeatMaps are considered, the test showed that in
general the cow occupied systematically nearly the same zones of the study
area in the same time intervals analysed in each of the days chosen for the
study, with the exception of the day where estrus occurred. In fact, during this
day, a distribution of points in a much wider area was observed. In addition,
by observing the color of these points, it was evident that the animal showed,
during the day of estrus, a more sustained motor activity than that recorded
in the other days. The use of CowSpeedGraphs confirmed this observation
as, in the range where the cow was in estrus, instantaneous velocities above
the average of those obtained on other days were recorded.
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From these considerations, it could be deduced that the behavior of the
cow during the week analysed took on average was ripetitive except for the
day when the state of estrus manifested.

With regard to cow estrus detection, Rorie et al. (2002) studied the ap-
plication of commercially available electronic estrus detection technologies to
reproductive management of cattle and demonstrated that pedometers are
the most applicable devices to lactating dairy cattle and have a higher ac-
curacy and efficiency when combined with visual observation. Also Roelofs
et al. (2005) adopted a pedometer for estrous 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. The estrus period, in fact, lasts for 11-16h on average (Firk et
al., 2002). To this aim, recent research (Brehme et al., 2008; Jonsson et al.,
2011) achieved excellent results by adopting real-time pedometers for estrus
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 lameness (Pastell et al.,
2009). The software developed in this study offers the ability to work in
real time to the user by monitoring the data acquired by the RTLS updated
at short time intervals. In fact, it can be launched during the execution of
both the location platform and the tools for recording data in the database,
and automatically takes constantly updated records from the database as
input. By adding new control modules, this feature would have the advantage
of being suitable to notify any inconvenience through alert messages as a
result of changes in dairy cow behavior and then instantly alert the farmer.
Furthermore, compared to pedometers that do not allow cow localisation, it
can be used to distinguish behavioural patterns.

A further improvement about the features offered by the software could
regard to the implementation of functions for the computation of some quan-
tities useful to perform statistical operations, such as the Maximum Speed,
Minimum Speed, Average Speed, Mazimum Acceleration, Minimum Accelera-
tion, Average Acceleration, Moving Duration, Moving Distance, Moving Av-
erage Speed, etc.
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Chapter 9

Conclusions

The main objective of this thesis work which consisted in the evaluation
of localisation and identification performances of a real-time location system
based on ultra wide band technology was achieved through a number of activ-
ities. The system was analysed by performing a requirements analysis which
includes functional and non-functional requirements analysis and hardware
and software requirements analysis. The performances of the RTLS based
on UWB technology considered in this research were assessed in operative
conditions typical of the harsh environment of a free-stall barn, which was
located in South-Eastern Sicily, Italy. A site survey was carried out to study
the environmental features of the barn under study and the sensor layout
was designed on the basis of the recommendations provided by the producer
of the system. The system was then calibrated and subject to a static test
to evaluate the performances in the specific breeding environment.

To perform the assessment of the RTLS, the installation of a multi-camera
video recording system was carried out to acquire the panoramic top-view
images of the barn area under study. Furthermore, specific software were
implemented to allow building and linking of two datasets composed of the
panoramic images obtained from video recordings and the tag positions mea-
sured by the RTLS, as well as allow visual recognition of tag position within
the panoramic images. This software allows an interactive, accurate and au-
tomatic selection and control of the datasets as well as image visualization
and labelling with the aim of the computation of the true tag positions.

Localisation and identification performances of RTLS were then computed
by using suitable indices and metrics also based on an outlier data cleaning
technique. On this basis, tag positions and identification errors as well as the
suitable trade-off between performances were provided. Significant improve-
ments of the results were achieved as the average localisation error reduced
of about 0.046 m in dynamic conditions. Trade-off of RTLS performances
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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.

Further improvement of this research could regard the evaluation of the
localisation error along the z direction in order to distinguish different be-
haviours, for instance, lying from perching with regard to the computation
of cow lying index.

In addition, an automatic and real-time software tool for the visual anal-
ysis of the cows’ location data acquired by the RTLS principally based on
the implementation of two tools, the CowHeatMap and the CowSpeedGraph,
was developed. This software uses the RTLS potentiality to provide the user
with a useful tool in order to perform specific analyses, such as the estrus
detection. Promising results with regard to both the performance of the im-
plemented features and their use were obtained in a use case, when useful
information related to the occurrence of the physiological state of estrus were
automatically achieved. This test showed that a pattern related to the behav-
ior of the analysed cow, when the state of estrus occurred, can be identified
both in CowHeatMap and in CowSpeedGraph.

The use cases carried out in this study, however, was only one way to test
the functionality of the software applied to real data to obtain significant
achievements about the use of the tool in order to find useful information re-
lated to the occurrence of the estrus physiological state. It is clear that a more
detailed study, carried out on a dataset composed of a greater number of data
concerning a larger period and a greater number of cows, is recommended in
order to ensure the scalability and the effectiveness of the software.

The results obtained in this test represent a starting point from which
take inspiration for a study aiming at defining rules capable of generalize
the potentiality offered by the software in multiple contexts such as, in addi-
tion to estrus detection, lameness detection, effects of cows mobility on milk
production, etc.
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