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ABSTRACT

Affordable tools with the ability to continuously monitor the growth rate of livestock
animals are highly sought after by the livestock industries. This demand is driven by
the potential for these tools to assist in improving animal welfare and production
efficiency. In a rapidly growing population the demand for meat is escalating,
especially in Asia, where the middle class is currently expanding. Meanwhile in the
western world there is growing consumer concern surrounding animal husbandry,
with certain organisations labelling some of the current husbandry practices cruel or
sub-standard. The environmental impacts of livestock farming are also increasingly
becoming scrutinised, pressuring researchers to find new methods to increase the
efficiency of livestock nutrition, and improve health (disease prevention),
reproductive and waste management practices. At the centre of these problems is the
ever-changing individual animal as it continuously adapts to its surrounding
environment and available resources.

Livestock growth is a fundamental measure which can be used for diagnostic
purposes in these areas, therefore the main objective of this study was to develop a
system to automatically determine the growth of individual and groups of livestock
animals (pigs) using welfare friendly and non-invasive methods. A machine vision
system was selected to undertake this weight estimation task, whereby pigs’ body
measurements are extracted from images and used to estimate their weight without
physical interference.

Reviews prompted the development of a methodology to determine the weight-
estimation equations as a function of not just the animals’ body measurements but
also their pose. Subsequently equations were generated from shapes that conformed
closely to a specified reference template shape. Thus, to enhance precision during
weight estimation the template shape was directly linked to the equation and pose
validation aspects of the system. Filters were developed to provide recognition via
the confirmation of the characteristic template shape and known body measurement
and weight relationships. The shape filter ensured that 94% of weight estimates that
passed through to output were within +5 kg of the actual weight of the pig. Using the
shape and limit filter in unison ensured that greater than 97% of the samples which
passed had an weight estimate within +5 kg of the actual weight of the pigs and 68%
of the total number of samples were within +2 kg. Statistical modelling was used to
determine the importance of different body measurements in estimating weight.
Subsequently a multivariate linear weight estimation equation was created to
estimate pigs’ weight using a stepwise selection of variables. The multivariate linear
equation estimated 2% more sample weights within +2 kg error and 3% less sample
weights greater than £5 kg error than the closest non-linear equation. Software was
written to automatically recognise pigs inside the field of view (FOV) of the camera
and to extract 16 body measurements from the pigs’ body contours. Height was
manually recorded from the back of a sample of pigs to determine its strength in
weight estimation. Including the pig’s height in the weight-estimation equation did
improve predictive performance with a 7.34 % improvement in the number of
samples estimated within +2 kg of the pigs’ actual weight compared to a multivariate
equation without the height parameter. Although, this improvement was not
significant enough to justify the additional practical development required to collect
the height information automatically during the weight estimation process.



Both off-line simulation and on-farm experiments were undertaken using data
collected from commercial facilities. During an off-line simulation, the shape and
dimension filters were applied across a dataset containing over 20,000 frame samples
of over 500 pigs. Gut fill was used as a guide to determine a practical error margin
for measuring the weight of individual pigs across the course of a day. The machine
vision system was found to operate within an acceptable error margin of 50 % of the
gut fill according to the equation and average shape template used during off-line
simulations. As on average pigs in the weight-range of 45 to 115 kg had their live
body weight estimated to within 3.16 % and 2.20 % of their actual live body weight,
respectively. For pigs less than 45 kg in weight the piGUI system operated, on
average, to within 67% of the weight attributed to gut fill (between £1.07 and +1.49
kg error). During off-line simulations, the percentage mean-relative error obtained by
the piGUI system was between 5.1 and 3.7% for pigs in the weaner to grower weight
range (15 to 45 kg) and less than or equal to 2.5% for grower finisher pigs between
45 and 115 kg. Thus, on average, the system was able to estimate the pig’s body
mass with practical precision.

The system labelled ‘piGUI’ was installed in pens at commercial facilities which
housed pigs in group-sizes of between 10 and 160 pigs. During testing, the system
determined the average weight of groups of pigs on a daily basis, tracking the
group’s growth rate. In some trials, the pig’s weights were also estimated along with
the weight deviation of the group. During a 22 day trial period the system estimated
the average weight of a group of finisher pigs within 2.1%, on the seven days when
the actual group weight was recorded from an electronic scale. No information was
passed between successive days by the system.

The diagnostic power of the piGUI system was also tested on-farm. A deflection
away from the standard growth curve was recorded during two successive batches of
grower pigs after reaching weights greater than ~45 kg. These growth deflections
were believed to be caused by stress related directly or indirectly to temperature, as
the summer temperatures reached over 38°C during these batches. The level of
animal activity recorded by the system, the temperatures leading up to the deflection
in growth and figures reported in literature support this theory.

The piGUI system was also tested to see whether it could estimate the weight of
sows in their early stages of pregnancy and whether it could detect changes in the
body measurements of individual sows before and after giving birth. A group of
eleven sows between day 71 and day 82 of pregnancy had their group weight
estimated to within 0.1 kg of their actual group weight. Eighty-two percent of their
individual weights were estimated within a practical range of +5 kg of their actual
weight. The metric body measurements of two Large White X Landrace sows were
also recovered by the vision system before and after giving birth. The widths and
lengths of the sows’ recorded by the vision system were consistent with those found
in literature. Indicating that the device may be used to monitor sow weight and body
morphology in future.

The developed device was also tested at various locations within the pen

environment. Radio Frequency Identification (RFID) was integrated into the system
to determine whether bias in group estimates could occur as a result of the sampling
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region observed within the pen. A layout bias was discovered, caused by certain pigs
visiting the FOV (containing the feeder) more frequently or for longer durations than
others. Subsequently, feeding behaviour was determined using the RFID information
collected and demand for the feeder was calculated for the pigs individually and as a
group. The number of social interactions between pigs at the feeder was also
determined, thus providing a method to identify social interaction and potentially the
competitive nature of pigs automatically.

A comparative study was undertaken between a commercial system ‘System-A’ and
the piGUI system. System-A failed to correctly estimate the group average weight of
the finisher pigs in the trials. It was apparent that necessary conversions were not
taking place within System-A’s software to normalise the extracted body
measurements to suit weight-estimation equation coefficients. It was found that,
System-A’s growth data would require a multiplication by a scalar factor to adjust
the growth data to valid weight ranges. Code within the piGUI software performed
the necessary conversions automatically during initialisation and was not burdened
by this limitation. The piGUI system estimated the group average weight to within
2.1% on each of the seven days when the actual weight of the pigs were determined
using the electronic scale. On these days, System-A reported group average weight
estimates in excess of 16 kg error of the actual group average weight. It was clear
that the distribution of weight data recorded daily by the piGUI system was far more
concentrated around a mean estimate value than system-A.

The results of this PhD study demonstrate that the average weight of groups of pigs
can be calculated with sufficient practical accuracy. The precision achieved during
this study was better than reported in the literature and the precision of the system
was also favourable compared to a commercially available system. Therefore the
developed system can be used for practical purposes on commercial farms to
determine the average weight and growth of groups of grower-finisher pigs.
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PREFACE

This thesis presents PhD research carried out during the 2/2/09 to the 8/2/12 at both
the University of South Australia and the National Centre for Engineering in
Agriculture, University of Southern Queensland. Experiments were undertaken at
three different commercial facilities during this time Rivalea, Corowa NSW,
Riverhaven Enterprises, Morgan SA and PPPI, Roseworthy SA. Early development
of this work was undertaken as part of a co-operative research centre program
“Measuring feed intake and pig weights in commercial situations” under the
subprogram “Practical and continuous measurement of feed intake and pig weight
(2A-103)” which was funded by the PORK CRC and collaborative partners South
Australian Research and Development Institute (SARDI) and Rivalea. This project
was concluded in 2009, however, the PORK CRC continued funding the
development of a system to estimate the weight of livestock (pigs) for the subsequent
3 years until early 2012.

This thesis presents the combined work from several published journal articles
conference papers and submitted manuscripts to academic journals and industry
organizations entitled;

1. Tscharke, M. & Banhazi, T. M. (2011). Review of methods to determine
weight, size and composition of livestock from images. In The Bi-annual
Conference of the Australian Society of Engineering in Agriculture (SEAg
2011), 465-483. (Eds C. Saunders and T. Banhazi). Gold Coast, Australia:
Australian Society of Engineering in Agriculture.

2. Banhazi, T. M. & Tscharke, M. (2011). Review of Image Analysis (IA)
technologies for the Australian pig industry. Final report for APL. (54 Pages).
Canberra, Australia

3. Tscharke, M. & Banhazi, T. M. (2011).Determining animal behaviour using
machine vision and artificial intelligence. In The Bi-annual Conference of the
Australian Society of Engineering in Agriculture (SEAg 2011), 55 (Eds C.
Saunders and T. Banhazi). Gold Coast, Australia: Australian Society of
Engineering in Agriculture.

4. Tscharke, M. &Banhazi, T. M. (2011).Growth recorded automatically and
continuously by a machine vision system for finisher pigs. In The Bi-annual
Conference of the Australian Society of Engineering in Agriculture (SEAg
2011), 454-464. (Eds C. Saunders and T. Banhazi). Gold Coast, Australia:
Australian Society of Engineering in Agriculture.

5. Banhazi, T. M., Tscharke, M., Ferdous, W. M., Saunders, C. &Lee, S.-H.
(2011). Improved image analysis based system to reliably predict the live
weight of pigs on farm: Preliminary results. Australian Journal of Multi-
disciplinary Engineering 8 (2): 107-119.

6. Banhazi, T. M., Tscharke, M., Ferdous, W. M., Saunders, C. &Lee, S.-H.
(2009).Using image analysis and statistical modelling to achieve improved
pig weight predictions. In The Bi-annual Conference of the Australian Society
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7.

of Engineering in Agriculture (SEAg 2009), p. CD publication. (Eds T. M.
Banhazi and C. Saunders). Brisbane, Australia: Australian Society of
Engineering in Agriculture.

Ferdous, W. M., Tscharke, M., Saunders, C., Lee, S.-H. &Banhazi, T. M.
(2011).Digital image processing methods for the identification of pigs posture
during weight estimation. In 5th European PLF Conference, 422-432.
Prague.

Banhazi, T. M., Tscharke, M., Lewis, B. &Broek, D. (2009). Practical and
continuous measurement of feed intake and pig weight. Final report for the
PORK CRC. (108 pages). Adelaide, Australia.

Banhazi, T. M., Lehr, H., Black, J. L., Crabtree, H., Schofield, P., Tscharke,
M. &Berckmans, D. (2011).Precision livestock farming: scientific concepts
and commercial reality. In ISAH conference proceedings, p:137-143.

A patent has also been submitted:

Banhazi. T. and Tscharke, M. Image analysis for size estimation. (Provisional
patent application number: 61346310)

During this time I attended four conferences on subjects directly related to this PhD
study and made two oral and one poster presentation. During this PhD study I was
also involved in the data collection and analysis of a sister component in the project
(2A-103) involving the development of an apparatus to determine the dispensed
weight of feed which is detailed in the following publication;

10. Banhazi, T. M., Lewis, B. &Tscharke, M. (2011). The development and

commercialisation aspects of a practical feed intake measurement
instrumentation to be used in livestock buildings. Australian Journal of
Multi-disciplinary Engineering 8(2): 131-138.
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AIMS AND THESIS OVERVIEW

The Chapters found in this thesis provide supporting evidence that relates to the
general hypothesis of this PhD study which aims to determine whether the live
weight of groups of livestock can be estimated reliably, efficiently, accurately and
automatically using two dimensional image analysis techniques.

These chapters aim to answer the following key questions.

e What methodical approaches could be used to tackle this problem?

e What equipment could be considered in the system design?

e How can an animal be identified and tracked reliably within images?

e How accurately and reliably can an animal’s weight be determined from its
appearance in two dimensional images?

Two literature reviews form Chapter I and Chapter 2 of this thesis. Chapter 1
involves a comprehensive investigation into the methodologies other researchers
have used to tackle the weight estimation problem. From all alternatives image
analysis was found to be the most attractive technique to automate the weight
estimation process. Subsequently studies using this technique are reviewed and the
performance of a number of research based systems involving the weight estimation
of several different livestock species is documented. The various modelling methods
used to describe the relationship between weight and different body measurements
are also determined. In the later part of Chapter 1 the image analysis techniques
relevant to identifying and extracting semantic information of the animal out of the
image for further analysis are presented, with specific attention given to techniques
that complement the systems application environment. Review findings prompt
further research related to the posture of the animal during weight estimation. As the
animals posture has close ties to behavioural recognition Chapter 2 shifts focus
slightly to review machine vision techniques and technologies used in the study of
animal behaviour. No behavioural recognition software was available which could
extract the required information of the animal out of images reliably. Consequently
our own software development was warranted in this study. Chapter 3 draws on the
findings of Chapter 1 and Chapter 2 to identify weak points in existing
methodologies for weight estimation using image analysis. Chapter 3 begins with a
description of the task at hand, followed by a breakdown of the generic attributes of
livestock-scales that provide insight into the various elements required in a livestock-
scale design. Potential equipment and the working environment is then reviewed and
equipment selection, configuration and installation positioning is justified. The
individual software methods that were created in support of a scale’s functioning
elements are explained and illustrated. These methods identified a pig, its posture
and determined its live weight from the body measurements extracted from images.
For enhanced control, an integrated equation and shape builder was also formed.
This builder configures and outputs a complementary shape and equation pair for
weight estimation and shape validation during system operation. After integration,
the combined segmentation, extraction, validation and estimation methods formed
the ‘piGUI’ system which was used to test the hypothesis of the project. Simulated
results of the performance of the piGUI system can be found at the end of Chapter 3.
Various field trials were undertaken during system development. Chapter 4 presents
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the first on-farm trial undertaken at a small commercial research piggery housing
finisher pigs. The ability of the piGUI system in estimating the live weight of finisher
pigs was determined through validations performed both on-farm and off-line. In
both validation trials the system estimated the average weight of groups of finisher
pigs to practical levels. Chapter 5 presents trail work undertaken to estimate the
weight of grower pigs. Both off-line and on-farm trials at a large Australian
commercial piggery were undertaken. In both trials the average weight of groups of
grower pigs were estimated to practical levels by the system. The piGUI system’s
analytical power was also explored in this chapter, with hot summer temperatures
appearing to adversely affect the activity level and growth of the grower pigs. In
Chapter 6 the system’s ability to estimate the weight of sows’ in early pregnancy is
determined and the morphological changes recorded before and after giving birth are
explored. The system estimated the average weight of a group of sows to practical
levels. Chapter 7 determined whether bias in group weight estimates could occur
from certain pigs feeding more frequently and for longer durations than others. The
system was installed above a feeder within a group of pigs’ pen and Radio Frequency
Identification (RFID) was integrated into the piGUI system to detect for any bias.
Bias was identified from certain pig’s body shapes and the sampling location of the
device within the pen. Chapter § contains a comparative study between two systems
running in parallel; the piGUI system and an existing commercial image-based
weighing system labelled ‘System-A’. In Chapter 9 conclusions are drawn from the
results of each chapter and future improvements and directions are discussed.
Technical detail can be found in the appendices when prompted.

viii



ACKNOWLEDGEMENTS

My study has involved a combined effort from many individuals which I am forever
grateful for.

Firstly I would like to gratefully acknowledge the financial assistance and support of
the PORK CRC and APL. In particular I extend my thanks to Roger, Pat, Emalyn,
Will, Darryl and Sue who worked behind the scenes to support and guide their
students. The workshops, industry events, conferences and meetings I was given the
opportunity to attend, gave me great insight into to the pork industry and the
livestock industry as a whole. Importantly, these events provided me with
background understanding of animal science and continue to allow me to identify
areas where engineering may be applicable in agriculture in future. I hope as I move
forward in my career I can continue to help the industry with its problems.

I would also like to sincerely thank the professional support received from the staff at
the University of Southern Queensland and the National Centre of Engineering in
Agriculture (NCEA). In particular I would like to extend a very big thank you to my
principal supervisor Associate Professor Thomas Banhazi for the many discussions
which have led to the current state of development of the vision system developed as
part of this thesis. It was a long and windy road but you have supported me the whole
way. Thank you. I hope to continue our work together to develop new PLF systems
in the future. I would also like to thank Professor John Billingsley for his insight and
Sandra Cochrane for her editorial advice and assistance.

I would also like to thank Kate whom has kept me sane and healthy during what has
often been a stressful time of my life and to my parents Brian and Bronwyn who
have gone out of their way to ensure that I have had the opportunity to obtain a good
education.

Many thanks are owed to Dr Sang-Heon Lee and Dr Chris Saunders for their
professionalism and assistance during the early months of this study and especially to
Dr Sang-Heon Lee for his mentoring during the final stages of my undergraduate
degree.

I would also like to acknowledge staff at the commercial facilities I attended,
including Dave, Chris, Paul, Wayne, Mark, Grant and Andre whom at various times
during my studies lent me a helping hand or equipment.

Lastly I would like to give a very big thank you to Wahid Ferdous who was a great
friend during the early stages of the project and made the unpleasant task of

manually weighing pigs, more enjoyable.

Thank you all.

X



Table of Contents

2 1 ¥ on N |
CERTIFICATE OF DISSERTATION. ..cuuttuuuruessraessrsnssrenssrsnssmsnssrenssssassssnssssasssrssssssssssssssssnsssenssssnnss v
2 X of Vv
AIMS AND THESIS OVERVIEW ...cuuiiuenirennsrenssrenssrensssrasssrsessrssssrssssresssssassssssssssssssssssssnssssnssssnnss vil
ACKNOWLEDGEMENTS ... teuuteeitasirastsesrsseraserassresssessassrasssssssestosssasssasssssssssrsserassrsssssssssssssssnsssns IX
LIST OF FIGURES .. ceuituuieeieeerenireirenisesioeirasieesisesiosstossrassssstsssrsserssssssssessssssasssasssnssasssasssnsses Xiv
LIST OF TABLES euuteuituuireteesrenerassrensresssesrassrasssesssestssssassrassssssssssssstsserasssssssssssssssssrnsssassens Xvii

CHAPTER1 REVIEW OF METHODS TO DETERMINE WEIGHT, SIZE AND COMPOSITION OF

LIVESTOCK FROM IMAGES. .......cccoiuieniuianianiasianiasiasiosiassaseassassassasesssssssssssosssssassassassassassas 1
1.1 INTRODUCTION.....uuueeeeeerrueeessersseeesesssnsesessssssessssssnsessssssssesssssssssessssssessssssssssssssnnsesessnns 2
1.2 LIVESTOCK WEIGHING IMIETHODS ...ceeeeuvvereeeerseeeesessssneesesssssesssssssseesssssssssssssnsessssssssessssnnns 4
1.2.1 ADDING FUNCTIONALITY AND VALUE TO WEIGHING IMEETHODS .....vvovveveereereereereeeneeneereeseeseeneens 5
1.3 MACHINE VISION SYSTEMS FOR WEIGHT ESTIMATION ...cccvvveeeeeerneneeeessuneeesessnneesssssseseesssnnns 7
1.3.1 LIVESTOCK BODY MEASUREMENTS AND THEIR CORRELATION TO WEIGHT....ccveverenreneereereerenens 8
1.3.2 MODELLING TECHNIQUES TO ESTIMATE THE WEIGHT OF ANIMALS «...ecvveveereerererenreneereeseereenes 11
1.3.3 BODY COMPOSITION, SCORING AND CLASSIFICATION ......ecveverrereeneereereereeseesessensensesseseeseeseenes 11
1.4 IDENTIFYING ANIMALS IN IMAGES ...eeeeeuereeeesrueeeesesssesesesssnnseessssssesssssssssssssssssesssssssasesans 12
1.4.1  SEGMENTATION TECHNIQUES ....veevievererenreneeseeseeseeseeseesessesessessessesesseesessessesensesseseesessesnes 12
1.5 DISCUSSION AND RECOMMENDATIONS. ...cceeeesrureereessseesessssseeessssssessssssssesssssnssesssssssassssns 16

CHAPTER 2 A REVIEW OF METHODS TO DETERMINE ANIMAL BEHAVIOUR USING

MACHINE VISION AND ARTIFICIAL INTELLIGENCE ........ccccotuieiieianiaiaioseaceaseaseaseasensansens 18
2.1 LIVESTOCK BEHAVIOUR AND VISION SYSTEMS .eutueerrereceerecenreressesaceerasesecassesassssassssasassesans 20
2.2  THE RECOGNITION PROCESS «eutueeeerecenrecererasensncesresessesassesassssssassasassssassssacsssesassnsnssasans 22
B R 1N 1YY Lo Y N 23
2.2.2  FEATURES AND CUES SELECTION. . .ctuuutiiittnteretneeeeeneeeeesnseresnnseeesnesseesnanserssnseessnseessnnneeres 24
B T 12V Yol {1 N 25
2.2.4 POSE ESTIMATION AND RECOGNITION .. .cuuuuiiietuiiiitieeeeeieeeeesaeeesaneseeessaseresnseeesnneeesnnseres 26
2.2.4.1 BEHAVIOURAL MODELLING IMETHODS ....vvvtteeesiseurunreeeeesssssursreseesssessssseseesssssssnssnseesssssssssseneesssessnnnes 26
2.2.5 COMMERCIALLY AVAILABLE VISION SYSTEMS THAT DETERMINE BEHAVIOUR.......ceeevvrunrerrnnnnennns 30
2.2.6 BIOMECHANICAL RECORDING SYSTEMS ..evvuniirrrieererineerreneeeresneeeresnneesssneessssneeesssnnserssnnnesses 30
2.2.7 BEHAVIOUR RECOGNITION SYSTEMS .uuuiivuruneirrrneeererineerrunneerssneeeressneesssssessssneeesesnnsesssnsneenes 30
2.2.7.1  ANIMAL SURVEILLANCE AND TRACKING SYSTEMS ...vvvvuuururerereresesesssssesssesessssssssssssssssssssssssssssssssrsmssenen 31
2.3  RESEARCH BASED VISION SYSTEMS THAT DETERMINE BEHAVIOUR ....cuvereeenreceerereeecacensecennens 35
2.4 DISCUSSION AND RECOMMENDATIONS...cccevererrecereracensacansenes ERROR! BOOKMARK NOT DEFINED.
CHAPTER3 METHODOLOGY: LINKING BODY POSE AND WEIGHT ESTIMATION ............ 41
3.1 ANINITIAL ASSESSMENT OF THE STATE OF THE ART euveuterecenrecenrereeeeresenrecasesassssassssesasesans 43
3.2  THE TASK AT HAND .eutuieiieieiiieeeeretenteceereresessacessesessesassssassssesassessssssassssassssesassssnssssans 43
3.3  SCALE DESIGN CONSIDERATIONS . c.tuteteereeenrereresacseresessecassesassssssassesassessssssassssesassssnssnsans 44
3.3.1 A BREAKDOWN OF THE SCALE AND ITS INTERACTION WITH LIVESTOCK ...cevveiiiieeeeeeeeeeeeeneees 44
3.3.2 SCALE POSITIONING AND BEHAVIOURAL INTERACTION ...cevuuniiinneeeeeieeeeeneerenneeeeennseeesnnnenes 48
3.3.3 PRACTICAL PRECISION OF THE WEIGHT ESTIMATION TASK ..evivvteeeieeiieeeeeieeeeeneeeeevn e eennneeees 49



3.3.3.1  THE EFFECT OF GUT FILL ..ovuiiiiiiiiiiiciicicnci s
3.3.3.2  POTENTIAL MORPHOLOGICAL EFFECT ON PRECISION
3.4 CAMERA SELECTION...cieetrenuesssnssrreensnnnsssssisisnmmsmassssssssseemssssssssssssssessnsssssssssssnesssansssssns

3.4. 1 SPECTRUNM SENSED ...uuuiiittuneieetnneertrieeeresineerssneesrssneeesssunsesssnsesssseeessssnsersssesessssneesrsnnneens
3.4.2 PERSPECTIVE VIEW AND CONFIGURATION. ...uuttrtueeeirtrieeeretieerrsneerrsneeeresnneerssneeessssneeessnnneens
3.4.3  HARDWARE SELECTION. .cceuuuitruueeeirttneeeretuneerreneeersrieeerssaneersssnsessssneeessssnsersssesessssneesssnnneens
3.5 OVERVIEW OF THE SYSTEM DEVELOPMENT PROCESS ...cuverererrececrerecenrecenresassesacsssacassesasnnes 57
3.5.1  SEGMENTATION DEVELOPMENT ..uuitttueerttinterrtieeerenieeeresnneerssnneessssneeessssnsersssanessssneeesssnneens 58
3.5.1.1 USING THE IMAGE GRADIENT TO DETERMINE THE FRAMES THAT CONTAINAPIG ...ccoeviiiiiiiiiiiiiiiieeee, 58
3.5.1.2  THE FINAL SEGMENTATION IMETHOD....ccciiiiiiiieecec e 62
3.5.1.3  CALCULATING THE GRADIENT OF THE BODY CONTOUR ....uvvtrieeeeeriiiitreeeeeessnirnreeeeessssnnsneesessssssnnnsenees 65
3.5.1.4 THE TRIMMING METHOD TO REMOVE THE HEAD AND TAIL ceveeiieiieiiiiieeeeeesicirrreeeeeeseeinnneeeeessesnnenenens 67
3.5.1.5 THE STITCHING METHOD TO ENCLOSE THE CONTOUR SHAPE ......uuuvviiieeeeeesiiirrreeeeeesssnnnreesesssessnnnsenes 69
3.5.2  FEATURE EXTRACTION DEVELOPIMENT ...evvtuniiriieeererieeeretieeresneeersnneeersssneerssseeessssneesssnnneens 70
3.5.2.1 EXTRACTING VERTICAL BODY MEASUREMENTS ...cciiiiiiiiiiiiiiiiiiieeeeceeee et e e eae e e e e e e e e e e e e e e e e e e e e e e 72
3.5.2.2 THE FINAL METHOD USED TO EXTRACT BODY MEASUREMENTS....ccciiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e e e e e e 73
3.5.3 PROJECTING EXTRACTED PIXEL DIMENSIONS TO METRIC AT GROUND LEVEL ...ccvvveviivinneenennnnens 83
3.5.4 FILTERING THE EXTRACTED BODY MIEASUREMENTS FOR WEIGHT VALIDATION ....cuuevviineerennnnens 85
3.5.5 FILTERING THE SHAPE FOR P1G RECOGNITION AND POSE VALIDATION ....ccvvvuniirirneeeriieeerennneens 87
3.5.5.1 BUILDING THE AVERAGE POSE BASED ON A TEMPLATE SHAPE ....ccceiiiiiiiiiiiiccccccceecceeeeeeeeeeeeeee e, 87
3.5.5.2  TESTING THE RESIDUAL AS A BASIS FOR SHAPE FILTERING ...eeeeeeiieieurrrreeeeeesnnirnneeeeessssnnnneesessssssnnnsenees 90
3.5.5.3  FORMING THE AVERAGE TEMPLATE SHAPE .....utttrteeeireiurrereeeseessntrereeesssssesnsseessesssssssssessesssssssssenees 94
3.5.5.4 DETERMINING THE WEIGHT DISTRIBUTION OF SAMPLES USED TO CREATE THE AVERAGE TEMPLATE SHAPE. 96
3.5.6  IVIODELLING ...iieeeiiiiiiieeeeeeettittieeseeeeeetasanaeeseeeseasannnnsssessessssnnnssesesssssssnnnasesesssnssnnnnesessenns 98
3.5.6.1 EXTRACTED BODY MEASUREMENTS AND THEIR CORRELATION TO WEIGHT: EARLY FINDINGS.................... 98
3.5.6.2  THE START OF THE VISION SYSTEM DEVELOPMENT: CRC PHD STUDY.....cceeviiiiiiiiiiiiiiiieeeeeeeee, 100
3.5.6.3  THE RESULTS FROM THE NEW DATASET .ciiiiiiiiiiiiceceeeeee e 102
3.5.6.4 BENCHMARKING THE EARLY PROTOTYPE ....uuuviirieeeeeiiirineeeeeessetnnreeeeessssssrsneesesssssssssseseessssssnssenees 105
3.5.7 FINAL MODEL BUILDING METHOD: LINKING THE POSE FILTER TO THE WEIGHT-ESTIMATION
EQUATION . ettt ettt e et et s e et e st e eaa e s b et b e aaessaasesaasersasessnsesnssrsnernnsennns 108
3.6 SIMULATION RESULTS tueeutereeenierereraeeerecessecseresasensasassesasssssssssacassesassssnssssesassasnssesassnne 110
K S0t R 1V, [0 o] =TT 110
3.6.1.1 MODELLING THE WEIGHT-ESTIMATION EQUATION ..ceeviiiiiiiiiiiiiiiiieeieeeeeeeeeceeeeeeeeeeeeeee e 112
3.6.1.2  SELECTING THE WEIGHT-ESTIMATION EQUATION....ccctiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee e e 116
3.6.1.3  THE EFFECT OF HEIGHT AS A VARIABLE INPUT INTO THE WEIGHT-ESTIMATION EQUATION ..........ccceeee.. 120
3.6.2  THE SHAPE FILTER «rttuiiiitiieeiiiiieeeeiiieeeeetieeesesieeresneesssnneessananeesssneeessssnsessssnnesrssnneesssnnes 122
3.6.2.1 TESTING THE TEMPLATE AS A SHAPE FILTER....cciiiiiiiiiie it 122
3.6.3 ADJUSTING THE BOUNDS OF THE SHAPE FILTER ..vuuivvteeeiiiieeereiieeeririeeeretieeerennneerenneeeresnnes 123
3.6.4 THE DIMENSION LIMITING FILTER....ceuuuiiiittiieeeteeeeeeeeeeetie e e et s e s ea e e s s e esaa s e sesa e enenans 126
3.6.5 COMBINING THE DIMENSION LIMITING FILTER AND SHAPE FILTER ...cevvueiiivieeeeeie e eeeenen, 129
3.6.6 DETERMINING THE APPEARANCE-BASED ATTRIBUTES OF PIGS FOR TRACKING ...cevvvvervvnnneennnn. 130
3.6.6.1 TRACKING AND RECORDING PIG ATTENDANCE AT THE FEEDER .....uuvvvreeeeeeirciirrreeeeeessnnnereneesssesnnssenens 132
3.6.7  SYSTEM PRECISION ..cuuuniiiiuiiiiete e e et e e ettt e ettt e e st e e e et e e eeaa s e s saa e esaaa s eesaansersranseenenass 133
3.7  CONCLUSIONS .eueuteeetrereceerecenrerasserasessesesssssssssassssessssssasssssssssasassesassssnsassasassssnssssasnsse 134

VISION SYSTEM FOR FINISHER PIGS .....ccccccceueuuiencensencensessencassessossassassassassassassassassassassas 138
4.1 INTRODUCTION .ieterececeeaceencneaceceseseesssesssesesesesesssssesssssssssssssssscsensnsnsssasssssassssssssssssases 140
4.2  MATERIALS AND IVIETHODS ...ceuverecenrecenrerecessecessesessessssssasassessssssassssasasssssssssasassassssasas 140
4.2.1 EXPERIMENTAL SETUP AND LOCATION OF THE PIGUI SYSTEM...uuuiiiiiieeiiiiiieieiieeeeeviieeeeeninns 142
A.2.1.1  OFF-LINE VALIDATION ..tuuuuuuuesesssssesssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssessmmmemmmen 142
4.,2.1.2  ON-FARM VALIDATION ...uuuuuuueuureseresssesssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssesesesessmeremmmmmmm 142

xi



4.3  RESULTS AND DISCUSSION...ccuuireuuireusirennsrensssrasssraessrasssrssssrssssssasssssssssassssssssssnssssnssses 145

4.3.1  OFF-LINE TRIAL RESULTS ceuieiteeieetieee et e e et e e ettt e e e eeae s e s eae e e e saa e s eaaanseseaanseesanaseessannseres 145
4.3.1.1 INDIVIDUAL AND GROUP AVERAGE WEIGHTS ....vveeeeieiscuirrreeeeessseirsreeeeesssssnnsseesesssssssnssessesssessnssenees 145
4.3.1.2  DISCUSSION OF OFF-LINE RESULTS ...vttteteieiieurrereeeeeesseirrreeseesssssrsreesesssssssssessessssssssssessesssesssssesees 147
4.3.2  ON-FARM TRIAL RESULTS ..vvvueiieiieeertineeretieeererieerreneeerssneeessssnsesssseessssnesessssneessssnesses 149
4.3.2. 1 GROUP GROWTH i iiiiiiiiiiiiee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaaaeas 149
4.3.2.2  INDIVIDUAL GROWTH ceiiiiiiiiiicee e a e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaas 150
4.4  CONCLUSIONS ..cuteurenrenranrenrastossassossassossassessssssssssssssssssssssssssssasssssassassassassassassassnnsans 151

CHAPTER5 DETERMINING THE GROWTH OF GROWER PIGS IN COMMERCIAL FACILITIES

USING MACHINE VISION: OFF-LINE AND ONLINE RESULTS......cccccoteieienranrenrarancanranans 152
5.1 INTRODUCTION. . cutututeeeeeeneecaearereseesesssssessesesesesesesssssssssssssssnsnsnsnsnsssasasssssssssssssssssase 154
5.2 IMIATERIALS AND IVIETHODS ...ueeutereneeracenrerenresaceeresensecsssesassssasessasassessssssassssessssasnssesans 154
5.2.1 EXPERIMENTAL SETUP AND LOCATION OF THE PIGUI SYSTEM ..cevuriiiiiiieieee e 154
5.2.1.1  ON-FARM VALIDATION ....ccstuutreteeeeeesiettereeesssssentsereeeessssssssseseeesssssssseseesssssssssssseesssssssssssneesesssns 154
5.2.1.2  OFF-LINE VALIDATION etttttieiuuureeeeeeesssntrereeesssssassnseeseesssssssssesseesssssssseseessssssssssssessssssssssssseesessss 155
5.3  RESULTS AND DISCUSSION....cceettereeeereceererereracsesesessacassesassssasassscassessssssassssasassssnssssans 155
5.3.1  ON-FARM TRIAL RESULTS 1uutitttuieiiitiieeeretiieertriieeretieeeresieerssneessssneeesssneserssnseesssseesssnnnees 155
5.3.1.1  SYSTEM PERFORMANCE ....uuuuuutuetuuesssesesesesesesssesssesssssssssssssssssssssssssssssssssssssssssssssssssssssessmesesemermmen 156
5.3.1.2 GROWTH RECORDS OF BATCHES OF GROWER PIGS ....uuvvvvuveverurerererererererererssssesessmsssreressrerermmmmemme 157
5.3.1.3 POSSIBLE TEMPERATURE EFFECTS ON BATCHES OF GROWER PIGS.....ccvvvveriiiiiiiieieirrererererererereresererenen 161
5.3.1.4 THE ACTIVITY OF GROWER PIGS IN RELATION TO TEMPERATURE ...cceeeetreurtrereeeeeessnrrereesesssssnnnnneeseesans 163
5.3.2  OFF-LINE TRIAL RESULTS ceuuuiittueiiitieeeeetiieeesaeeeseseessaasserssanssesssasssessnnserssnnsserssnesensnnnes 165
5.3.2.1  INDIVIDUAL AND GROUP AVERAGE WEIGHTS .eeiiiiiuiririeeeeeereirtreeeeessessnnnrereeesessssssnseesssesssnssnseeseesens 166
5.3.2.2  DISCUSSION OF OFF-LINE RESULTS .eeiiiiuuutirrieeseesseirereeseeessstrtreeseessssssnsseneessssssnssssseesesssssssnseeeessnns 168
5.4  CONCLUSIONS ...cuteireererrecrereectessscsessscsssssssssssssssassassassassassassassassassassassassassassnssassnnse 168
CHAPTER 6 WEIGHT ESTIMATION OF SOWS DURING PREGNANCY ......ccccoeeurenienrannenns 170
6.1 INTRODUCTION...cutueeereeeererecesrecererassssecessssassessssssassssasasssssssssassssasassssassssasassssnssssases 172
6.2 IMIATERIALS AND IVIETHODS ..cueureeeererenrerecrerecessecessesacsssecassosasssssssssasassesassssassssasassasnsss 173
6.2.1 EXPERIMENTAL SETUP AND LOCATION ....cuvuuiiiitiieeiiiieeerereeeretieeeeetiieeerenneeresneessaneeesennnes 173
6.3 RESULTS euieiiuiieiienieiientetiecressociosssctossscsssssssssssssssassassassassassassassassassassassassassassassassas 174
6.3.1  WEIGHT ESTIMATION OF SOWS AS A GROUP ....euuriiiiiieeireiieeriiiieeeetiieeereneerssneesssneeessnnnes 174
6.3.2  WEIGHT ESTIMATION OF INDIVIDUAL SOWS ...cevuuiiiiiieeireiieereiiieeeerieeerenneerssneesssseeessnnnees 175
6.3.3  SOW SHAPE BEFORE AND AFTER GIVING BIRTH ...uciviiiiiiiiiiieiiiiieeeeeiieeeeeneeeereieeeeeaneeernnnnees 176
6.4 DISCUSSION AND CONCLUSIONS .c.eurerenrereererecessacessesessssscsssesassssassssasassasassssassssassssasnsse 178

CHAPTER 7 INTEGRATING RFID INTO THE PIGUI SYSTEM TO DETECT FOR BIAS AND

FEEDING BEHAVIOUR ....coieuiiuueiuiiranseasionsiassrassenssonsronsrasssassssssosssossrasersssssssssssssssnsssnssens 180
7.1 INTRODUCTION. ..cututeurecairerasesracasrosassssasessosassssassssassssesassssassssasassssassesasassasassssassssasas 182
7.2 MATERIALS AND IVIETHODS ....cutuerenrecrenracreneacresescrossscsssssssscsscsssssssssnsssssassassassassassasses 182
7.2.1 EXPERIMENTAL SETUP AND LOCATION OF THE PIGUI SYSTEM ..cvvvuiiiieeieeeiiicee e 182
7.3  RESULTS AND DISCUSSION...c.teituererracreceacreneacrosescrossscsscsscsscssssssssssssassassassassassassassassas 184
7.3.1 PIGUI SYSTEM PERFORMANCE AND THE DATA COLLECTED ..cevvvvrrneeeeeererernnnneeeeeereernnnnnneeeeens 184
7.3.2  BIAS DETECTION cevttuuueieeeeeettttuieeeeereeessnnneseeeeessssssnnaesesssssssssnseessessssssnnnneseessssssnnnnneeeeens 185
7.3.2.1  DETECTING LAYOUT BIAS ..eiutiiiiieiiieeieesteeeteesteesteesbeesabeesabeesaseesabeesabeesabaesaseesnbeesaseesaseesaseenns 185
7.3.2.2  DETECTING APPEARANCE-BASED BIAS ......eeiiiiiiiieiiitteee ettt e ettt e e e e et e e e e e s e ineaeeeaeeeas 186
7.3.3  FEEDING BEHAVIOUR. ... cciieeititiiieeeeeeeetttitieeeeeeeeetatanaeeeesesastssanaseseessssssnnnsseeessssssnnnneesaans 188



7.3.3.1  ATTENDANCE AT THE FEEDER AND WEIGHT GAIN...ccetiiiiiinirieeeeeieeinrreeeeeeseenrreeeeessesnnnneeeeeesesnnnee 188

7.3.3.2  INDIVIDUAL AND GROUP FEEDING BEHAVIOUR ....eevvvevererererererererereresesesesesesesesssssssssesesssesssesssesesesen 190
7.3.3.3  COMPETITIVE BEHAVIOURS BETWEEN THE PIGS ..cevvvuuieeiieiiiiiiiieeeeeeertsteeeeeeesesssnnaeeeesesessnnnaeeessesesses 193
7.3.4 DISCUSSION ON FEEDING AND SOCIAL BEHAVIOUR.....uitvuniiunriiieeiiieineerieeenserneeesneeenneersnnes 196
7.4  CONCLUSIONS ..c.cuvueeerereeenreceereressesacsssesssssssssssassssasassssasssssssssssassssassssassssssassssnssssasnsse 196
CHAPTER8 COMPARISON BETWEEN PIGUI AND A COMMERCIAL SYSTEM .................. 200
8.1  INTRODUCTION .ueuvurerererererererereresesesesasasssssssssssssassssssssssssssssesesesesesesesssssasasasasnsnsnsnsns 202
8.2  IVIATERIALS AND IVIETHODS «.uvuverererererererecesesesesesessssssssssssssesesesesesesesasasasssssasasasasasasanas 202
8.2.1 EXPERIMENTAL SETUP AND LOCATION ..ivvuiiiuiiiniiiiieeetieeieetieeesserseesneesneessneersnserseeesneeens 203
8.2.1.1  SYSTEM-A INSTALLATION ...eevvruuueeeeerererrnnnaeeeererssssnaeeesssssssnnaaeeesssssssnneeesessssssssnseessssssssnnneeesssssssns 204
8.2.1.2  PIGUI INSTALLATION...eetrerrrrerrerrrererererereresssssesssesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesens 205
8.3  RESULTS AND DISCUSSION ..uturerererererereseresesssssessssssssssssssssasesesesesesesesssssssssssssssssassssssnss 205
2 0 A 1Y Ot R 205
T T A 111 R 207
T 0 T 111 N TR 209
8.4 DISCUSSION AND CONCLUSIONS «.eeereeeeereresesesesessssssesesesesesesesesesessssssssssssssssssssssssssssnsnss 210
CHAPTER 9 DISCUSSION AND CONCLUSIONS....cciutetieteeeurecenresessusassosesessasassesassssasansass 214
0.1  FUTURE WORK..eutueeerereeeereceerereseeracessesesssssssssacsssasassssasssssssssasassesassssassssasassssnssssasnsse 222
9.2  CONCLUDING REMARK «vuvererererererereresesesesesasesesessssssssssssssssesesesesesesesesssssssssasasasasasssasas 223
REFERENCES .euetereeeetereeresersecerereacesessaseresensessssssessssssessssssessssasessssnsessasesessssesessasessssnsesensnses 225
AAPPENDIX A ururererererererererereresesnsssnssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssasssssasans 243
APPENDIX Bouturerrererererererererereeneeenseresesesessssssssssssssssssesesssssssssasesssssssssssssssssssssssssssssssssssans 247
APPENDIX € uvurererererererererereresesnsssnsssssssessssssssssssssssssssssesssssssssasssssssssssssssssssssssasasssasssssssans 254
APPENDIX Dururererererererererererereenessnsesesesesessssssssssssssssssesesssssssssssssssssssssnssssssssssssssssssssssssnsns 256
APPENDIX E 1uvuverirererererererererereeneeresesesesesessssssssssssssssssesesssssssssasasesssssssnsssssssssssssssssassssssnnns 258

xiii



LIST OF FIGURES

FIGURE 1: BEHAVIOUR CYCLE ..cettiiiuiititteeeeeeeaititttee e e e s sttt eeesesaaaseeeeeeaesaasnsaeeeeaesaaannbbeeeeeesaannreeaeaeesannnreeaeas
FIGURE 2: THE RECOGNITION PROCESS
FIGURE 3: THE VALIDATION PROCESS: COMPARING A COMPUTER AND A HUMAN’S INTERPRETATION OF A BEHAVIOUR

FROM XUE AND HENDERSON (2006) ....uvtiiiurieeiierieeeeitieeeeetteeesreeeesssesesssssessssssssssssesesssssesssssssssssnseses 27
FIGURE 4: SUPERVISION: A CLASSIFICATION AND CLUSTERING PROCESS ...veveeveenresneesneeseeeseenseessesseesseesseessesssesnes 29
FIGURE 5: THE PROCESS INVOLVED IN ESTIMATING AN ANIMAL’S WEIGHT FROM IMAGES......veeveeerreereseeereeeseeeenennas 43
FIGURE 6: EXAMPLES OF DIFFERENT WEIGHING SYSTEM LAYOUTS/LOCATIONS IN PIGGERIES....c.veeveeeresrrerveeveeneennes 49

FIGURE 7: MORPHOLOGY IN PIG GROWTH WHEN EXPOSED TO EXTREME TEMPERATURES .
FIGURE 8: ELECTRO-IMAGNETIC SPECTRUM....ettttterererereeereeeseseseseseseseseseseseseseseseseseseseseseseseseseresesesereseserereremem
FIGURE 9: EXAMPLE IMAGE OF THE CROSS HAIR IMETHOD ....uveeiuvieereesieeeieeeieeeveeeteeesseesseessessnseesssessnsesssensns
FIGURE 10: PIXEL INTENSITY PROFILE ALONG THE LINE SEGMENTS OF FIGURE 9 ...cuveiiiiieieeiiieeieesieeeieesieesnee s
FIGURE 11: BACKGROUND IMAGE OF THE CROSS HAIR IMETHOD ...uuveiiutieeieesiieeieesieesieesieesteesbeesreesveesneesns
FIGURE 12: HISTOGRAM AND PIXEL INTENSITY PROFILES OF THE LINE SEGMENTS OF FIGURE 11
FIGURE 13: (A) PIG ENTERING THE FOV; (B) HISTOGRAMS OF THE LINE SEGMENTS IN (A); (C) PIXEL INTENSITY PROFILES

OF THE LINE SEGMENTS IN () 11eeeeeurtieeeiuteeeeitteeeeeitteeeetteeeeetteeeeesseeeeessseeseasseseeassaeseassesesansseseeasseessassenans 60
FIGURE 14: (A) PIG INSIDE THE FOV; (B) HISTOGRAMS OF THE LINE SEGMENTS IN (A); (C) PIXEL INTENSITY PROFILES OF

THE LINE SEGMENTS IN (A) 1eeteiutteeeeitiieeeitieeeetieeeeitteeeeetteeeeatseeeeesseeeessaeeeasseeeaassaeseasssaeeassesasassseeeansees 61
FIGURE 15: FLOW DIAGRAM OF OPERATIONS UNDERTAKEN TO RECOVER THE PIG’'S BODY CONTOUR .....eeeveeeerneennee. 62

FIGURE 16: ORIGINAL IMAGE OF A PIG'S BODY...ccccvtiieeeiieeeciieeeetreeeecteeesseveeeestaeessnaeeesnneeens
FIGURE 17: IMAGE GRADIENT OF A PIG’S BoDY
FIGURE 18: ASSESSMENT OF THE MIDDLE PORTION OF THE PlIG...ciicuviiiieeeeeirciiirieee e e seitrenee e e sssinrneeeeessesnnnnneeeas 63
FIGURE 19: LOCATING STARTING POINTS ALONG THE EDGE OF THE PIG'S BODY ....vevvieiieeiiiiieeeee et 63
FIGURE 20: TOP AND BOTTOM STARTING POINTS ..cetvtitiiiietiiiierererererereseseseseseseseseseseseseseseseserererererereseseresemem.

FIGURE 21: FLOW OF FOUR LOCALISED GRADIENT DETECTION FILTERS
FIGURE 22: 7X1 FILTER MOVEMENT IN RESPECT TO LOCATED MAXIMUM GRADIENT IN THE IMAGE COLUMNS A—E ...64
FIGURE 23: THE BODY CONTOUR RECOVERED AFTER GRADIENT DETECTION ...uuvvvvrieeeeeirseiiiereeeeeesenrreeeeessesnnnnnenens 64
FIGURE 24: DETERMINING THE ORIENTATION OF THE PIG'S BODY ...uvviieiiiieeeciieeeeeiee e eeteee e siveeeesieae e e snaeeesnneee s

FIGURE 25: THE BODY CONTOUR AFTER TRIMMING THE OPERATION ...vvteveeeireerereeeeeesrsenerereessssssnnsseseeessessnssenees

FIGURE 26: THE FINAL BODY CONTOUR: AN ENCLOSED SPLINE CURVE .
FIGURE 27: DETERMINING THE APPROPRIATE GRADIENT CALCULATION WITHIN THE FILTERS .evvvvvevererererererererererenenens 66

FIGURE 28: THE CONTOUR INCORRECTLY IDENTIFIED USING A SINGLE GRADIENT CALCULATION ON BOTH SIDES OF THE
[Ty = 1] 0 ) PP SPURRN 66
FIGURE 29: FINAL METHOD USED TO DETERMINE THE CONTOUR FROM THE GRADIENT ....uvvvrereeeeerrenrreeeeeseesenenenens 67
FIGURE 30: USING THE SUMMATED COLUMNS OF THE PIG’S BODY CONTOUR TO TRIM THE HEAD ......cvvvverreeeeneeen. 67
FIGURE 31: DETERMINING THE WIDTH PROFILE WITHOUT ROTATING THE BODY CONTOUR.....ceeevierirnirireeneennns ...68
FIGURE 32: CONSTRUCTING AND FITTING POLYNOMIAL CURVES TO ENCLOSE THE ENDS OF THE BODY CONTOUR.......... 69
FIGURE 33: PERFORMING A TRACE TO DETERMINE THE CURVES AT THE ENDS OF THE BODY CONTOUR......ccvvvverererennns 70
FIGURE 34: THE BODY MEASUREMENTS EXTRACTED FROM THE PIG’S BODY CONTOUR......uuvtirieeeieciirieeeeeeeeeineveeen 71
FIGURE 35: ORIGINAL VERTICLE MEASURMENTS EXTRACTED ..eevveverererererererererereresesesesesesessseseseseserereressssmeressmenen 72
FIGURE 36: AN EXAMPLE OF THE VERTICLE MEASURMENTS EXTRACTED FROM A PIG’S BODY ......cceeeuvveennee .73
FIGURE 37: SIDE (A) AND ANGULAR VIEW (B) OF THE EUCLIDEAN DISTANCE MATRIX OF THE BODY CONTOUR............. 74
FIGURE 38: ORIGINAL BODY CONTOUR (A) AND MAXIMUM ANGULAR LENGTH (B) ceuvvveeererieeeeireeeeeiveeeseeeeeseveeens 74
FIGURE 39: (A) DIVISIONS OF THE BODY CONTOUR; (B) IDENTIFYING POINTS OF MINIMUM CURVATURE........ccceuveen.. 75
FIGURE 40: TOP VIEW OF THE EUCLIDEAN DISTANCE MATRIX OF THE BODY CONTOUR .....cuvvvireeeeeeeiiiieeeeeeeeecinevenens 76
FIGURE 41: SLICES OF THE EUCLIDEAN DISTANCE MATRIX THAT CONTAIN THE ABSOLUTE ANGULAR MINIMUMS ......... 76
FIGURE 42: THE CURVATURE WIDTH MEASUREMENTS WF_ AND WR, (RED) AND MINIMUM WIDTH MEASUREMENTS
MW F, AND MWR , (LIGHT BLUE) «.veeeeuttieeeitieeeeiteeeeetteeeeeiteeeeetteeeeetreeeeeasaeeeeasaeasesseseeansaeseanseeseasseeans 77
FIGURE 43: THE LOCATION OF EXTRACTED BODY MEASUREMENTS WITHIN THE MATRIX .evvvvvereeeeeriinrreeeeeesesenneenens 77
FIGURE 44: DISTANCES FOUND BETWEEN POINTS ON THE PIG’S BODY CONTOUR AS EXTRACTED ALONG THE LINE
SEGMENT OF THE EUCLIDEAN DISTANCE IMIATRIX ..vvvteeeieeiitrereeseeessntrnreesesssssnsssseesesessssssseesesssssssnsseeseessns 78
FIGURE 45: SEQUENCE OF FRAMES WITH THE 15 EXTRACTED BODY MEASUREMENTS OVERLAYED ON THE PIG’S BODY.79
FIGURE 46: MINIMUM VALUE ALONG EACH DIAGONAL OF THE EUCLIDEAN DISTANCE MATRIX......cceeiurrereeeeeeeinnneenens 80
FIGURE 47: REMAINING ARRAY OF MINIMUM VALUES AFTER APPLYING A THRESHOLD BASED ON VARIANCE ALONG EACH
DIAGONAL ettt naannann 80

Xiv



FIGURE 48: THE LEAST SQUARES LINE OF THE CO-ORDINATES OF THE ARRAY OF MINIMUM VALUES......uuuueeenennnnnnnnns 81
FIGURE 49: THE DISTANCES EXTRACTED ALONG THE LEAST SQUARES LINE SECTION .....evvieieeeiiriiieeieeeeesrneeeeeeenas 81
FIGURE 50: FINAL METHOD USED TO FIND THE MEEASUREMENTS, MWF, AND MWR ,....ceieeiiiiiiiiiiieeeeeeeiirreee e 81
FIGURE 51: SECTIONS OF THE CONTOUR USED TO DETERMINE THE MAXIMUM AND MINIMUM POINTS OF CURVATURE82

FIGURE 52: FINAL METHOD USED TO DETERMINE THE MAXIMUM AND MINIMUM POINTS OF CURVATURE.. ... 82
FIGURE 53: BASIC DIAGRAM OF A TYPICAL INSTALLATION OF THE SYSTEM ..uuuuuuuuuunununnnnnnnnnnnannnnnnnnnnnnnnnnnnnnnnnnnnnannns 83
FIGURE 54: DETERMINING THE REAL WORLD CO-ORDINATES USING THE LENS AND SENSOR CHARACTERISTICS........... 84
FIGURE 55: CALCULATING THE REAL WORLD IMAGE DIMENSIONS AT GROUND LEVEL....vvvieeeiiiinriireeeeeesicinereeeeeens 84
FIGURE 56: SETTING THE CONFIDENCE LIMITS ON BODY MEASUREMENT DATA FOR VALIDATING EACH BODY

VI EASUREMENT .1t tteteessutttteeeeesssetarseeeeessasssssseseesssasssnsseseeessesssssnseessssssassssseesssessnnsssseesessssnssssseseeesns 87
FIGURE 57: THE SPECIFIED TEMPLATE SHAPE OF A PIG’S BODY POSE .. ... 88
FIGURE 58: THE CHARACTERISTIC PROFILE OF THE POLAR CO-ORDINATES OF THE TEMPLATE SHAPE ....uuuuenennnnnennnannn. 88

FIGURE 59: COMPARING THE CONTOURS OF DIFFERENT PIGS .. .uuuuuuuuiuiinniniiiee e aaan
FIGURE 60: ALIGNING THE CONTOURS «...uuuvttreeeeeessurrareeeeeessssrsseesesssassssssesesessssssssssssessssssasssseesssessssssssenseesnns
FIGURE 61: SCALING THE CONTOURS ....cuuttttteeeeeesiutrtreeeeeesssussseseesssssssssseseesssesssssessesssssssssssseesssssssssssseesessnns
FIGURE 62: THE RESIDUAL DIFFERENCE BETWEEN THE SAMPLE AND THE TEMPLATE SHAPE
FIGURE 63: SORTING CONTOUR SAMPLES BASED ON THE ABSOLUTE VARIANCE OF THE RESIDUAL BETWEEN THE SAMPLE

AND TEMPLATE SHAPE ... it i i et e e e e e e e e e e e e e e e e aaaaa s 90
FIGURE 64: USING THE ABSOLUTE VARIANCE OF THE RESIDUALS TO DETERMINE THE (A) BEST AND (B) WORST FITTING

CONTOURS TO THE TEMPLATE SHAPE ..uuuuuuuuuuunuuuniuunnunannenanenannnnnannnannnannnannnnsnnnnnnnnnnnnnnnnnsnnnnnnnnnnnnnnnnnnn 91
FIGURE 65: USING THE TEMPLATE SHAPE TO IDENTIFY ERRORS IN CONTOURS ....uuuuuuuenenennnnnnnnnnnnnnnanannnnnnnnnnnnnnnannns 91

FIGURE 66: AVERAGE SHAPE OF ALL 22419 SAMPLES .
FIGURE 67: THE (A) WORST FITTING RHO AND (B) THETA VECTORS TO THE TEMPLATE SHAPE (BLACK) OUT OF ALL

224719 CONTOUR SAMPLES ...vtetteeeieeurrreeeeessessnsrereesssssssssnsessessssassssseessessssssssseesessssssssssessesssssssssenees 92
FIGURE 68: BEST FITTING RHO (A) AND THETA (B) VECTORS TO THE TEMPLATE SHAPE FROM ALL 22419 CONTOUR
SAIMIPLES ...ttt n i nnnananann 93
FIGURE 69: ALL 22419 CONTOUR SAMPLES SORTED IN ORDER OF HIGHEST TO LOWEST R” BASED ON THETA AND RHO
.................................................................................................................................................... 93
FIGURE 70: THE AVERAGE TEMPLATE SHAPE ITERATIVELY BUILT FROM THE BEST FITTING CONTOUR SHAPES.............. 94
FIGURE 71: THE (A) MAGNITUDE AND (B) ANGLE VECTORS WITH DEVIATION LIMITS ...evveeeeeeireeeeieeeeeiveeeeeeenee e 95
FIGURE 72: DETERMINING THE NUMBER OF CONTOUR POINTS (RED) WITHIN THE DEVIATION LIMITS (GREEN) .......... 95
FIGURE 73: THE AVERAGE TEMPLATE SHAPE BUILT FROM THE CONTOURS WHICH HAD THE HIGHEST RATE OF POINTS
PASSING WITHIN A CERTAIN DEVIATION OF THE TEMPLATE SHAPE.....cciiiiiiiiieiicecececececeeeeeeeeeeee e, 96
FIGURE 74: FREQUENCY OF PIG WEIGHTS INCLUDED IN THE AVERAGE TEMPLATE SHAPE ...cceceeeiiiiiiieeeeeeeirrreeeeee s 97
FIGURE 75: VARIATION IN THE MAXIMUM WIDTH MEASUREMENT AS RECORDED BY THE ORIGINAL VISION SYSTEM
DEVELOPED IN THE CRC PROJECT ..uutvtiiietesieeiitieeeeeseesiitreeeeessesnstsaeeeeesesssssssnesassessnsssneasessssnsssnesseesnns 99
FIGURE 76: IMAGES COLLECTED FROM TESTING THE FIRST PROTOTYPE ...uuuvvvreeeeeeiieirereeeeeeesnnrnneeeesessennnnneesesenns 106
FIGURE 77: THE PROCESS USED TO BUILD THE TEMPLATE SHAPE AND WEIGHT-ESTIMATION EQUATION ... ... 109
FIGURE 78: THE WEIGHT VS. MLgyo RELATIONSHIP....uvvtiieeieeiiieteeeeeesstreeeeeesessntrereesessssnssnneesesessansssseeseeenns 111
FIGURE 79: THE WEIGHT VS. AT RELATIONSHIP ...uuuuuuuii e anaan 112
FIGURE 80: CUMULATIVE WEIGHT ESTIMATE ERROR OF CONTOUR SAMPLES USING A LINEAR MODEL.......ccccunnnnnen. 113
FIGURE 81: CUMULATIVE WEIGHT ESTIMATE ERROR OF CONTOUR SAMPLES USING A POWER MODEL .........uuuunne.. 114
FIGURE 82: CUMULATIVE WEIGHT ESTIMATE ERROR OF CONTOUR SAMPLES USING THE MULTIVARIATE MODEL
LAY =30 0 1= USRS 115
FIGURE 83: CUMULATIVE WEIGHT ESTIMATE ERROR OF CONTOUR SAMPLES USING THE POWER MODEL AFTER SORTING
THE CONTOUR SAMPLES BASED ON R” FIT (LEFT TO RIGHT) TO THE AVERAGE TEMPLATE SHAPE .........veeen.ee.. 117
FIGURE 84: SORTING CONTOUR SAMPLES BASED ON THE NUMBER OF POINTS THAT PASSED THE WITHIN A CERTAIN
DEVIATION OF THE AVERAGE TEMPLATE SHAPE ...ceeeieeiiititieeeeeeeeeitteteeeeeeseessssesssesesassnsseessesseasssssessaasann 118
FIGURE 85: WEIGHT ESTIMATION RESULTS USING A MULTIVARIATE MODEL AND SORTING BASED ON (A) R’ AND (B) THE
NUMBER OF POINTS PASSING WITHIN A CERTAIN DEVIATION OF THE AVERAGE TEMPLATE SHAPE ................. 118
FIGURE 86: COMPARING THE CUMULATIVE WEIGHT ESTIMATE ERROR GREATER THAN +5 KG FOR THE TWO SORTING
1Y 1 T 0 LSRR 120
FIGURE 87: MULTIVARIATE EQUATION (A) WITHOUT HEIGHT AND (B) WITH HEIGHT ..eevuviiiiieeiee e 121
FIGURE 88: CUMULATIVE WEIGHT ESTIMATE ERROR OF THE MULTIVARIATE EQUATION WITH AND WITHOUT THE HEIGHT
PARAMETER 1. 121
FIGURE 89: THE TOTAL BODY AREA MEASUREMENT (AT,) WITH AND WITHOUT USING A SHAPE FILTER ................ 123

XV



FIGURE 90: RANDOMNESS OF THE PIXEL AREA IN RESPECT TO ACTUAL WEIGHT AS ACQUIRED BY THE ORIGINAL VISION
SYSTEM DEVELOPED IN THE CRC PROJECT .. uitieeeiiieeeeitee e siiee e et ee et e e st ee e st essinneessnneeesmnneesnnees 123
FIGURE 91: SELECTING DIFFERENT FILTER BOUNDARIES (A) 2.8, (B) 3.2 AND (4) TIMES THE DEVIATION FROM THE MEAN
FIGURE 92: THE AVERAGE TEMPLATE SHAPE CONSTRUCTED WITH WEIGHT RANGES FROM 13 TO 249KG
FIGURE 93: SETTING THE CONFIDENCE BOUNDS TO 95% FOR THE TOTAL BODY AREA MEEASUREMENT (AT,) OVER THE

N N =5 PP UPSRPRRN 127
FIGURE 94: PERCENTAGE WEIGHT ERROR OF THE SAMPLES THAT PASSED AT 10 PERCENT CONFIDENCE BOUNDS THE
BLACK LINE INDICATES THE MEAN-RELATIVE ERROR (%) OF ALL THE SAMPLES THAT PASSED .....cccevvveeeennneenn. 128
FIGURE 95: THE REGION FROM WHICH THE PIG WAS RE-IDENTIFIED ...uuvvvreeeeeeeseerrreeeeeseesiennreeeesessssnssnseseeessnnnnes 133
FIGURE 96: THE MAIN STEPS USED DURING THE IMAGE ANALYSIS AND THE WEIGHT ESTIMATION PROCESS .............141
FIGURE 97: (A) THE EXPERIMENTAL SETUP AT THE FACILITY; (B) THE EQUIPMENT INTERFACE ....veerveeireerereesiveenenenn 143
FIGURE 98: (A) AN IMAGE RECORDED BY THE SYSTEM; (B) AN IMAGE WITH THE EXTRACTED BODY MEASUREMENTS
OVERLAYED ... uuttttttteeeeesietteeeeeesessansseseesesesasssssaeseesssssssssnssesssessssssnseasesssssssssseesesssssssssseesesssnssssssenees 143
FIGURE 99: (A) THE LOCATIONS OF THE VARIOUS BODY MEASUREMENTS WHICH WERE EXTRACTED FROM THE IMAGES OF
PiGs; (B) A KEY GIVING FURTHER DETAIL ON THE NAME OF EACH DIMENSION.......vvveeeeiieeeeireeeeeeeeeeeeeenns 144
FIGURE 100: COMPARISON BETWEEN THE ESTIMATED GROUP AVERAGE WEIGHT DETERMINED BY THE PIGUI SYSTEM
AND THE ACTUAL WEIGHTS OBTAINED FROM THE ELECTRONIC SCALE.......uuvviieeeeeeeeiinrieeeeeeeeeinrsereeeeeesnnnns 149
FIGURE 101: ACTUAL GROWTH OF PIG 7 AND ITS ESTIMATED WEIGHT ACCORDING TO THE PIGUI SYSTEM.............. 150
FIGURE 102: THE EXPERIMENTAL SETUP AT THE COMMERCIAL FACILITY c.cveviiiririieierererereresesesesesereresereseseseseserenen 155
FIGURE 103: DIFFERENCE IN SIZE OF P1GS CAPTURED IN CONSECUTIVE DAYS WITHIN THE SAME PEN....cccvvvvvviererenne 156
FIGURE 104: IMAGES RECORDED BY THE SYSTEM; (A) A SPOTTED P1G WITH PARTIAL ERROR CIRCLED; (B) CORRECT
CAPTURE IN LARGELY VARIABLE LIGHTING 1eeteiiiutttteeeeeeeesieitteeeeeseessnsrnneesesessensnsneesessssssssseesesssssssnssnnees 156
FIGURE 105. SEQUENCE OF SUCCESSFUL CAPTURES AVOIDING OCCLUSION OF SURROUNDING PIGS .....cccvvveverererennne 157
FIGURE 106: COMPARISON BETWEEN STANDARD GROWTH AND THE GROWTH RECORDED BY THE PIGUI SYSTEM FOR THE
FIRST BATCH OF GROWER PIGS ...vvtiiiiieiiiiiieeee e e ettt e e e e eee ittt e e e e e e e ettt s e e e e seenaataaseeaeeeesansseseeaasessnnses 157
FIGURE 107: COMPARISON BETWEEN STANDARD GROWTH AND THE GROWTH RECORDED BY THE PIGUI SYSTEM FOR THE
SECOND BATCH OF GROWER PIGS (BANHAZI ET AL., 2011B) ...uviieeeiiiieeiiie et eeteee et e 158
FIGURE 108: COMPARISON BETWEEN STANDARD GROWTH AND THE GROWTH RECORDED BY THE PIGUI SYSTEM FOR THE
THIRD BATCH OF GROWER PIGS (BANHAZI ET AL, 2011B)..cceeieiieeeeiieeeeiiieeecieeeeeiveeeeeeeeesneeeesereeeenes 159
FIGURE 109: WEIGHT DISTRIBUTION ACCORDING TO THE WEIGHT SAMPLES ACQUIRED ON: (A) THE 27/10/09 (B) THE
29/10/09 (c) THE 31/10/09 AND (D) THE 4/11/09. ...oeieveeereeereeereeeeteeetee e eree et eveeens ....159

FIGURE 110: WEIGHT DISTRIBUTION ACCORDING TO ACQUIRED WEIGHT SAMPLES ON (A) THE 18/11/09
FIGURE 111: COMPARISON BETWEEN STANDARD GROWTH AND THE GROWTH RECORDED BY THE PIGUI SYSTEM FOR THE

FOURTH BATCH OF GROWER PIGS (BANHAZI ET AL, 2011B) ..ceiiuiiieeeiieeeeeiiee et e eeitee et eeaaee e e 160
FIGURE 112: MAXIMUM TEMPERATURE AND GROWTH DURING THE 3" AND 4™ BATCHES OF PIGS ....vveveveeereeenene. 161
FIGURE 113: MAXIMUM TEMPERATURE AND GROWTH DURING THE 2"° AND 3" BATCHES OF PIGS ......vovevevereeenene. 162

FIGURE 114: MAXIMUM TEMPERATURE AND GROWTH DURING THE 2"° AND 4™ BATCHES OF PIGS
FIGURE 115: COMPARING THE TOTAL NUMBER OF SAMPLES RECORDED BY THE PIGUI SYSTEM DAILY (ACTIVITY) TO THE

MAXIMUM DAILY TEMPERATURE OF THE 3"° AND 4™ BATCHES OF GROWER PIGS.....vvvveveeererererereesesnennn. 163
FIGURE 116: COMPARING THE TOTAL NUMBER OF SAMPLES RECORDED BY THE PIGUI SYSTEM DAILY (ACTIVITY) TO THE

MAXIMUM DAILY TEMPERATURE OF THE 4™ BATCH OF GROWER PIGS ........vcveveveeeeeeieiiseseeeeseeesesessesseens 164
FIGURE 117: THE AMOUNT OF FEED DELIVERED VS. THERMAL CONDITIONS AT A COMMERCIAL PIGGERY (BANHAZI ET

Y X i 7 PR 165
FIGURE 118: THE EXPERIMENTAL SETUP AT THE FACILITY ..eeiiiiiiieeeiteeeerieeeesieeeeeireeesireeesineeessnbneessnneeesnneeens 174
FIGURE 119: AN ANALYSED VIDEO FRAME WITH THE BODY MEASUREMENTS EXTRACTED OVERLAYED........ceverueneenn. 174

FIGURE 120: CHANGE IN SOW BODY SHAPE BEFORE (1) AND AFTER GIVING BIRTH (11); (A) SUPERIMPOSED
TRANSPARENCY ON THE ORIGINAL IMAGE AND REGION INFORMATION; (B) THE SOW SEGMENTED FROM THE

IMAGE i ee e 176
FIGURE 121: (A) THE RFID READER AND ANTENNA; (B) AN IMAGE RECORDED BY THE SYSTEM AND THE RFID READER
(@117 1= ) SRS 183
FIGURE 122: ALLFLEX EAR-TAG TRANSPONDER USED ....ccueuviiiieeeeeeiiiiiieeeeeessiinreeeeeessssnnsseneessssssnnssnseeessssnnnnes 183
FIGURE 123: TOTAL WEIGHT ESTIMATE SAMPLES (VISION SYSTEM) VERSUS TOTAL TIME (MINUTES) SPENT AT THE
FEEDER (RFID READER) ... .utieeiittieeeeitteeeeiteeeeeiteeeeetteeeeeateeeeeatasaeentbeeeeaasaeseassaseeesbeseeansaeeeannseaeensseaann 185
FIGURE 124: HISTOGRAM OF THE MINUTES TAKEN FOR THE PIGUI SYSTEM TO OBTAIN A WEIGHT ESTIMATE SAMPLES OF
EACH OF THE L6 PIGS. .. it aaaan 187

xvi



FIGURE 125: (A, B) PIG 4906777 (‘+" MARKING) TRYING TO GAIN ACCESS TO THE FEEDER; (C) PIG 4906678 WITH
DUROC APPEARANCE BEING CAPTURED BY THE SYSTEM ...veeeiuieeeeetreeeeereeesnreesssssresssnsnnsesnssesssssssesssnnnes 187

FIGURE 126: WEIGHT GAIN AND MINUTES SPENT AT THE FEEDER VS. STARTING WEIGHT (29/3/11 10 7/4/11) ... 189

FIGURE 127: WEIGHT GAIN AND MINUTES SPENT AT THE FEEDER VERSUS STARTING WEIGHT (29/3/11 10 21/4/11)

FIGURE 132: (A) OBSERVING THE MINUTE BY MINUTE ATTENDANCE AT THE FEEDER BETWEEN PIGS; (B) CLOSE-UP OF
THE RECTANGULAR SECTION SHOWN IN (A) c.vvveeeeiiieeeiiieeeeeieeeeereeeeevveee e
FIGURE 133: PLOT OF POTENTIAL PASSIVE AND AGGRESSIVE ACTIONS OF THE GROUP
FIGURE 134: COMPARISON BETWEEN EQUIPTMENT SIZE, PC FOR PIGUI SYSTEM (LEFT), SYSTEM-A’S FRAME GRABBER
BOARD (RIGHT) 1eeeuttteeeiuteeeestreeestteeesassseessssaeesassseeeassseesassasesansseseasssssessssssesssssesessssssesssesessnsseenanes 203
FIGURE 135: COMPARISON BETWEEN EQUIPTMENT SIZE; PIGUI SYSTEM (LEFT TOP); SYSTEM-A (RIGHT, FRAME GRABBER
LOCATION DASHED); SYSTEM-A’S CAMERA (TOP CENTRE)
FIGURE 136: THE EXPERIMENTAL SETUP AT THE FACILITY 1etieiititteeeeeeeititteee e e e sttt e e e e e s ensneeeeeeesennnneeeeeaeas

FIGURE 137: (A) EXAMPLE OF SYSTEM-A’S CALIBRATION SETUP AND BONE-SHAPED TEMPLATE (A AND B) .............. 204
FIGURE 138: SETTING THE AVERAGE WEIGHT OF THE GROUP OF PIGS FOR SYSTEM-A ...ccoiiiiiiiiiiieeeeeneieieeeeenne 205
FIGURE 139: SETTING THE INSTALLATION HEIGHT AMONG OTHER PARAMETERS IN THE PIGUI SYSTEM.....cccvvveeennee 205
FIGURE 140: WEIGHT ESTIMATES REPORTED BY THE PIGUI SYSTEM AND SYSTEM-A FOR FINISHER PIGS...........c...... 206
FIGURE 141: COMPARING HISTOGRAMS OF THE PIGUI SYSTEM (A) AND SYSTEM=-A (B) ..veeeevrereeiireeerireeesireeennns 206
FIGURE 142: SCATTER PLOT WEIGHT ESTIMATE SAMPLES OBTAINED BY PIGUI (A) AND SYSTEM-A (B) ...vveeeeurreeennee 207
FIGURE 143: A CONSIDERABLY SMALLER P1G IDENTIFIED BY THE PIGUI SYSTEM WITHIN THE PEN...ccccoiiiniiiiienennnn. 207
FIGURE 144: EXAMPLES OF P1GS CAPTURED BY THE (A) PIGUI SYSTEM AND (B) SYSTEM-A......ccceeiuiieeiiieeeerreeenns 208
FIGURE 145: COMPARATIVE DATA RECORDED BY THE PIGUI SYSTEM AND SYSTEM-A BETWEEN THE 24/1/11 AND THE
.................................................................................................................................................. 209
FIGURE 146: COMPARATIVE DATA RECORDED BY THE PIGUI SYSTEM AND SYSTEM-A BETWEEN THE 22/2/11 AND THE
S T U 209
FIGURE 147: INCORRECT CONTOUR RECOGNITION BY SYSTEM-A AND OPTIONS TO ADJUST THE WEIGHT OR DELETE THE
SAMPLE <.ttt et et e ettt et e e ettt e e e e e e et b et et e e e e e aae et et e e e e e aabeeeeeeeeea nbbeteeeeeaaanbeeaeeeeeaaanbreaeeeeeeaaannes 211
FIGURE 148: AN EXAMPLE OF AN ARTIFICIAL NEURAL NETWORK STRUCTURE. .....uvvteesrureeeesireeessnereesnareeeessveeeenan 245

FIGURE 149: LAYERS OF THE BALL MAZE CONCEPT
FIGURE 150: THE SEQUENCE OF PATTERN REPRESENTATION, PATTERN DEFINITION AND CLUSTERING (GROUPING) (JAIN

AND DUBES, 1988) ... utieieciiieeiiieee sttt e eette e e tte e e s stteeeesataeeeentaeesssaeeesssseeeanssaeesanseeeesnsseeeanssaeenansees 248
FIGURE 151: EXAMPLE OF MINIMAL SPANNING TREE (MST) CLUSTERING ...vvvveeuereeerereeeesereeesnereeesnsneeessssesennns 250
FIGURE 152: HIERARCHICAL CLUSTERING USING THE DISTANCE FROM THE CLUSTERS CENTROIDS ....eeveeerrnvrrreneeennns 250
FIGURE 153: FRACTAL WEIGHTING (MEMBERSHIP) BETWEEN SURROUNDING CLUSTERS ...cccuvveeeeivreeeeveeeeerreeeenns 250
LT i R T o ] N 252
FIGURE 155: PROCESS TO EXTRACT THE BODY CONTOUR OUT OF THE RECORDED SAMPLE IMAGES ......uuuuuenennnnnnnnn. 254
FIGURE 156: THE RECOVERED BODY CONTOUR AND GEOMETRIC CENTRE OF THE PIG IN RED......vvvieeeeeiriiiieeeeennn, 255
FIGURE 157: STANDARD GROWTH CURVE FOR PIGS BRED FOR THEIR MEAT ACCORDING TO CARR (1998) ............. 258

Xvil



LIST OF TABLES

TABLE 1: SUMMARY OF SCALE SELECTION CHARACTERISTICS 1eiiiiiiieiiiiiiiiiiieieieieieeeeeeeeeeeeeaaeeaeeaaeeaaaaaaaaaaeaeaaaaaaaaaaaaas 7
TABLE 2: ALLOWABLE ERROR IN INDIVIDUAL WEIGHT ESTIMATES BASED ON THE PREDICTIVE GUT FILL EQUATION
PRESENTED BY DE LANGE ET AL, (2003) . .uveiieeiitieeeeiieeeeieee e eeiteeeeette e eeetteeeeetteeeeeeteeaeeaseeeenasaeaeesseaennns 50
TABLE 3: WEIGHT LOSS FROM SOLID WASTE OF THREE GROUPS OF FINISHER P1GS OVER A 40 MINUTE PERIOD .......... 51
TABLE 4: WEIGHT LOSS OF A GROUP OF 17 GROWER PIGS OVER A 40 MINUTE PERIOD......ccveeeeeeiriirrieeeeeeeennenenen 51
TABLE 5: THE 15 BODY MEASUREMENTS RECORDED FROM THE VIDEO SEQUENCE IN FIGURE 45........uvvvieeeeeeeienennen. 79
TABLE 6: EQUATIONS USED TO DETERMINE THE ANGLES OF THE CAMERAS FIELD OF VIEW ..ceeeiviiiiiiieiiieieeececeeeee, 84
TABLE 7: FREQUENCY OF P1G WEIGHTS INCLUDED INTO THE AVERAGE TEMPLATE SHAPE...... .97
TABLE 8: NOMENCLATURE FOR ABBREVIATIONS USED FOR EQUATION BUILDING AND SELECTION ....eeeeevieereeeeeineeeenn 98

TABLE 9: STATISTICS OF DATASET OBTAINED FROM THE ORIGINAL VISION SYSTEM DEVELOPED IN THE CRC PROJECT....98
TABLE 10: DIVISION OF DATA USED FOR MODELLING AND TESTING THE DATA OBTAINED FROM THE ORIGINAL VISION

SYSTEM DEVELOPED IN THE CRC PROJECT et iiiiiieeiee s seeitreeee e e s e st e e e e s e sstaaaeeae e e sennnnneeaeesssnnnnnsnnens 100
TABLE 11: WEIGHT ESTIMATION PERFORMANCE OF EQUATIONS DERIVED FROM THE DATA OBTAINED FROM THE

ORIGINAL VISION SYSTEM DEVELOPED IN THE CRC PROJECT ...vvveieiieeintiireeeeeessirereeeeeesssnneneeeeessesnnnseneas 100
TABLE 12: OFF-LINE ESTIMATION PERFORMANCE OF EQUATIONS DERIVED FROM EARLY IMAGE ANALYSIS TECHNIQUES

DEVELOPED IN THIS PHD STUDY ..ttt s 101
TABLE 13: STATISTICS AND OF THE GOODNESS OF FIT FOR THE 12 BODY MEASUREMENTS EXTRACTED FROM THE CRC

P ROJECT DATASET .uuttteeeeeeeeeiutttteeeesessenreteeeeeeessasstsaeeeeessasssssaeeeesssassssseseesssesssssseneeesssssssssnseeeesessnnnes 101
TABLE 14: THE GOODNESS OF FIT BETWEEN VERTICAL BODY MEASUREMENTS AND ANGULAR BASED BODY

MEASUREMENTS (LINEAR REGRESSION) ... .uvvveeierieeeetreeeesuteeesseseeeessseesssnsseessnssseessseessssssesssnssssesnsseeenn 103
TABLE 15: ESTIMATION PERFORMANCE OF LINEAR EQUATIONS TAILORED FOR SPECIFIC WEIGHT RANGES ................ 104

TABLE 16: ESTIMATION PERFORMANCE OF LINEAR EQUATIONS TAILORED FOR SPECIFIC WEIGHT RANGES FOR PIGS
BETWEEN O AND 45 KG..oiiii i i i e

TABLE 17: TESTING THE FIRST SYSTEM PROTOTYPE

TABLE 18: RESULTS WITH ERRONEOUS CONTOURS AND FALSE POSITIVES REMOVED FROM THE GROUP WEIGHT

ESTIMATE ..ttt ittt ettt et e e e e sttt e e e e s e e e et e e e s s mn et e e e e e s e nnnaeeeeeeseannnnneeeeeeennnres 107
TABLE 19: THE PRECISION OF INDIVIDUAL WEIGHT ESTIMATES MADE DURING TESTING OF THE FIRST PROTOTYPE...... 107
TABLE 20: THE GOODNESS OF FIT BETWEEN ANGULAR BASED MEASUREMENTS (LINEAR REGRESSION)......ceeruvenee. 112

TABLE 21: COMPARISON OF RESULTS BETWEEN 5 DIFFERENT MODELLING METHODS

................................................................................................................................................... 116
TABLE 23: THE DIFFERENCES BETWEEN SORTING METHODS TO DETERMINE SAMPLES APPROPRIATE FOR WEIGHT
ESTIMATION. 1eeittiiettteeteeeeessetttteeeeeessettereeeeeessassresaeaeessaassssaaaeaeesaassnssaneeessassssssaneeasesssnsssnseeesssssnnses 119
TABLE 24: CONTOUR SAMPLES APPROPRIATE FOR WEIGHT ESTIMATION: RESULTS BETWEEN TWO METHODS........... 119
TABLE 25: WEIGHT ESTIMATE ERROR OF THE TWO METHODS AFTER SORTING THE ENTIRE DATASET (OBSERVATION AT
3500 SAMPLES)..tveeeetreeeiureeeassreeesasseeesssseeeasssesassseeeasssesesassssesssssssssnssessanssssesssssesssssssesssssseessseeen 120
TABLE 26: COMPARISON BETWEEN THE OUTPUT OF THE MULTIVARIATE EQUATION WITH HEIGHT AND WITHOUT HEIGHT
USING THE SHAPE FILTER SET TO 2.8 DEVIATIONS FROM THE IMEEAN. ...uuuuuuiiniiininie e 122
TABLE 27: FILTERED WEIGHT ESTIMATE QUTPUT BASED ON THE SELECTION OF CONTOURS WITHIN DIFFERENT
DEVIATIONS FROM THE AVERAGE TEMPLATE SHAPE ....vvveeeeeeireertreeeeesesssnneereessssssnsseneessssssssssnsessssssssnnes 125
TABLE 28: WEIGHT ESTIMATE OUTPUT AFTER SETTING THE DIMENSION LIMITING FILTER TO DIFFERENT CONFIDENCE
2 T0 U0 PP PUUPPPN 127
TABLE 29: THE DIMENSION LIMITING FILTERS ACTIONS FOR EACH OF THE 16 BODY MEASUREMENTS AT 10%
CONFIDENCE BOUNDS ...ccetttiiiitieiiteitetteteseteeesesesesesesestsesesessseseseseseseseserererereteseserererererererererererererereren 129
TABLE 30: ENHANCING THE LIMITS FILTER BY EXCLUDING CERTAIN BODY MEASUREMENTS ..cceveviieiiieieieieeeeeeeeeeenen, 129
TABLE 31: WEIGHT ESTIMATE OUTPUT AFTER FILTERING THE CONTOUR SAMPLES BASED ON SHAPE AND BODY
IVIEASUREMENTS ....uttteteeeeeeeiutteseeeeeessansssseeseeesaassssssssaessaassssssssaasseassssssssessessassssssesssessnssssseesssensnnses

TABLE 32: IMAGE-BASED DESCRIPTORS OF A PIG FOR EARLY IDENTIFICATION ...uvvveereeeirierrreeeeesernnnereeeesssessnnnsenees
TABLE 33: COMPARING SIMULATED PRECISION WITH ACCEPTABLE ERROR.....uuvviriereeeiririieeeeeeseninnreeeesesesanenenens
TABLE 34: LIST OF EQUATIONS AND RESPECTIVE VARIABLE INPUT DIMENSION(S) .eeuvvveeeeeieeeeiieeeesireeesnnneessaveeens
TABLE 35: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 1
TABLE 36: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 1...146
TABLE 37: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 2 ...cceeveiiieieiiieieeeeeceeeeee, 146
TABLE 38: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 2 ...147

xviii



TABLE 39: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 3......uvviviiieeeeeeinneeeeeens 147
TABLE 40: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 3 .. 147
TABLE 41: ESTIMATED AND SCALE WEIGHT DATA OBTAINED FROM THE TRIAL; VALUES COINCIDE WITH FIGURE 100 150

TABLE 42: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 1 .....cvvvviviirerereiererernnnnnnens 166
TABLE 43: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 1 .. 166
TABLE 44: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 2......cvvvvivvererererererereeesenens 167
TABLE 45: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 2 .. 167
TABLE 46: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF GROUP 3......vvviiiiieeeeeeiiieeeeeeens 167
TABLE 47: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE PIGS IN GROUP 3 .. 167
TABLE 48: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE WEIGHT OF THE SOWS......evvviiieeeeesriirrreeeeeenns 174
TABLE 49: ERROR IN WEIGHT ESTIMATION OF THE GROUP OF SOWS USING THE PIGUI FILTERS ... ... 175
TABLE 50: PERFORMANCE OF THE PIGUI SYSTEM ESTIMATING THE INDIVIDUAL WEIGHTS OF THE SOWS .....ccvvvvvenens 176
TABLE 51: CHANGES IN THE BODY MEASUREMENTS OF TWO SOWS BEFORE AND AFTER GIVING BIRTH AS DETERMINED
BY THE MACHINE VISION SYSTEM ...ueitiirieeeesiieirrteeeeeessasrereeeeessssssssessessssssssssessesssesssssseseesssesssssesees 177

TABLE 52: RFID DATA COLLECTED OF EACH PIG: NUMBER OF SUCCESSFUL READS AND UNIQUE READ-SECONDS ..... 184
TABLE 53: AGGREGATED DATA OF THE RFID AND PIGUI VISION SYSTEM
TABLE 54: DURATION REQUIRED TO OBTAIN A WEIGHT ESTIMATE USING THE PIGUI SYSTEM
TABLE 55: WEIGHTS (KG) OF THE 16 PIGS THROUGHOUT THE TRIAL.....vveveneereereeeseeteseseeresseseesesseseesessenseseesns
TABLE 56: INTERACTION MATRIX BETWEEN THE 16 PIGS.....cuecveeeuietereriereeeseeteseseeteseneeresseseesesseseesessenseseesens

TABLE 57: DEFENSIVE AND AGGRESSIVE ACTIONS BETWEEN THE 16 PIGS ....ueviieiieeiiiiirieeeeeeiiieeeeeeeeecivrreeee e 194
TABLE 58: POTENTIALLY PASSIVE AND AGGRESSIVE ACTIONS FROM EACH PIG WITHIN THE PEN ....ccevveeeecciiiieeennn. 195
TABLE 59: SUMMARY OF DATA COLLECTED BY SYSTEM-A AND THE PIGUI SYSTEM FROM 9/1/10T7011/1/10....... 206
TABLE 60: WEIGHT ESTIMATES CALCULATED BY SYSTEM-A AND THE PIGUI SYSTEM BETWEEN THE 24/1/11 AND

Y A o USSR 208
TABLE 61: COMPARATIVE DATA OBTAINED OF THE PIGUI SYSTEM AND SYSTEM-A BETWEEN THE 22/2/11 AND THE

L8/3/ Lt e e ae e e be e eaeeeteeebeeebe e e beeaareeereeatreeeareenareas 210
TABLE 62: METRIC DISTANCES AND THEIR VALUES FOR THREE IDENTICALLY POSITIONED POINTS IN SPACE... . 252
TABLE 63: WEIGHT-ESTIMATION EQUATIONS BUILT FROM A STEPWISE SELECTION OF PARAMETERS......cvvvvverererenens 256
TABLE 64: STANDARD GROWTH OF PIGS PRODUCED FOR THEIR MEAT OBTAINED FROM CARR (1998)..........cc....... 258

Xix



	ABSTRACT
	CERTIFICATE OF DISSERTATION
	PREFACE
	AIMS AND THESIS OVERVIEW
	ACKNOWLEDGEMENTS
	LIST OF FIGURES
	LIST OF TABLES
	Chapter 1         Review of Methods to Determine Weight, Size and Composition of Livestock from Images
	ABSTRACT
	1.1 INTRODUCTION 
	1.2 LIVESTOCK WEIGHING METHODS
	1.2.1 Adding Functionality and Value to Weighing Methods

	1.3 MACHINE VISION SYSTEMS FOR WEIGHT ESTIMATION
	1.3.1 Livestock Body Measurements and Their Correlation to Weight
	1.3.2 Modelling Techniques to Estimate the Weight of Animals 
	1.3.3 Body Composition, Scoring and Classification

	1.4 IDENTIFYING ANIMALS IN IMAGES
	1.4.1 Segmentation Techniques

	1.5 DISCUSSION AND RECOMMENDATIONS

	Chapter 2  A Review of Methods to Determine Animal Behaviour Using Machine Vision and Artificial Intelligence
	ABSTRACT
	2.1 LIVESTOCK BEHAVIOUR AND VISION SYSTEMS
	2.2 THE RECOGNITION PROCESS
	2.2.1 Initialisation
	2.2.2 Features and Cues Selection
	2.2.3 Tracking
	2.2.4 Pose Estimation and Recognition
	2.2.4.1 Behavioural Modelling Methods

	2.2.5 Commercially Available Vision Systems that Determine Behaviour
	2.2.6 Biomechanical Recording Systems
	2.2.7 Behaviour Recognition Systems
	2.2.7.1 Animal Surveillance and Tracking Systems


	2.3 RESEARCH BASED VISION SYSTEMS THAT DETERMINE BEHAVIOUR
	2.4 FUTURE RESEARCH POSSIBILITIES
	2.5 CONCLUSION

	Chapter 3  Methodology: Linking Body Pose and Weight Estimation
	ABSTRACT
	3.1 AN INITIAL ASSESSMENT OF THE STATE OF THE ART 
	3.2 THE TASK AT HAND
	3.3 SCALE DESIGN CONSIDERATIONS
	3.3.1 A Breakdown of the Scale and its Interaction with Livestock 
	3.3.2 Scale Positioning and Behavioural Interaction
	3.3.3 Practical Precision of the Weight Estimation Task
	3.3.3.1 The Effect of Gut Fill
	3.3.3.2 Potential Morphological Effect on Precision


	3.4 CAMERA SELECTION
	3.4.1 Spectrum Sensed
	3.4.2 Perspective View and Configuration 
	3.4.3 Hardware Selection

	3.5 OVERVIEW OF THE SYSTEM DEVELOPMENT PROCESS 
	3.5.1 Segmentation Development
	3.5.1.1 Using the Image Gradient to Determine the Frames that Contain a Pig 
	3.5.1.2 The Final Segmentation Method
	3.5.1.3 Calculating the Gradient of the Body Contour 
	3.5.1.4 The Trimming Method to Remove the Head and Tail
	3.5.1.5 The Stitching Method to Enclose the Contour Shape

	3.5.2 Feature Extraction Development 
	3.5.2.1 Extracting Vertical Body Measurements
	3.5.2.2 The Final Method Used to Extract Body Measurements 
	3.5.2.2.1 Initial Method to Find the Points of Curvature on the Pig’s Body Contour
	3.5.2.2.2 Finding the Minimum Widths of the Pig’s Body
	3.5.2.2.3 Finding the Maximum Widths of the Pig’s Body
	3.5.2.2.4 Final Method Used to Find the Minimum Widths of the Pig’s Body
	3.5.2.2.5 Final Method Used to Find the Points of Curvature on the Pig’s Body Contour


	3.5.3 Projecting Extracted Pixel Dimensions to Metric at Ground Level
	3.5.4 Filtering the Extracted Body Measurements for Weight Validation
	3.5.5 Filtering the Shape for Pig Recognition and Pose Validation
	3.5.5.1 Building the Average Pose Based on a Template Shape
	3.5.5.2 Testing the Residual as a Basis for Shape Filtering
	3.5.5.3 Forming the Average Template Shape
	3.5.5.3.1 Method 1: Determining the Average Template Shape Iteratively
	3.5.5.3.2 Method 2: Determining the Average Template Shape on a Point by Point Basis

	3.5.5.4 Determining the Weight Distribution of Samples Used to Create the Average Template Shape

	3.5.6 Modelling
	3.5.6.1 Extracted Body Measurements and their Correlation to Weight: Early Findings
	3.5.6.2 The Start of the Vision System Development: CRC PhD Study
	3.5.6.3 The Results from the New Dataset
	3.5.6.4 Benchmarking the Early Prototype

	3.5.7 Final Model Building Method: Linking the Pose Filter to the Weight-Estimation Equation

	3.6 SIMULATION RESULTS
	3.6.1 Modelling
	3.6.1.1 Modelling the Weight-Estimation Equation
	3.6.1.1.1 Linear Model
	3.6.1.1.2 Non-Linear Model: Power Equation
	3.6.1.1.3  Multivariate Linear Model

	3.6.1.2 Selecting the Weight-Estimation Equation
	3.6.1.2.1 Ranking and Selecting Estimates Based on their Contour Shape

	3.6.1.3 The Effect of Height as a Variable Input into the Weight-Estimation Equation

	3.6.2 The Shape Filter
	3.6.2.1 Testing the Template as a Shape Filter

	3.6.3 Adjusting the Bounds of the Shape Filter 
	3.6.4 The Dimension Limiting Filter
	3.6.5 Combining the Dimension Limiting Filter and Shape Filter
	3.6.6 Determining the Appearance-Based Attributes of Pigs for Tracking 
	3.6.6.1 Tracking and Recording Pig Attendance at the Feeder

	3.6.7 System Precision

	3.7 CONCLUSIONS

	Chapter 4  Growth Recorded Automatically and Continuously by a Machine Vision System for Finisher Pigs
	ABSTRACT
	4.1 INTRODUCTION
	4.2 MATERIALS AND METHODS 
	4.2.1 Experimental Setup and Location of the PiGUI System
	4.2.1.1 Off-line Validation
	4.2.1.2 On-farm Validation


	4.3 RESULTS AND DISCUSSION
	4.3.1 Off-line Trial Results
	4.3.1.1 Individual and Group Average Weights
	4.3.1.2 Discussion of Off-line Results

	4.3.2 On-Farm Trial Results
	4.3.2.1 Group Growth
	4.3.2.2 Individual Growth


	4.4 CONCLUSIONS

	Chapter 5   Determining the Growth of Grower Pigs in Commercial Facilities Using Machine Vision: Off-line and On-line Results
	ABSTRACT
	5.1 INTRODUCTION
	5.2 MATERIALS AND METHODS
	5.2.1 Experimental Setup and Location of the PiGUI System
	5.2.1.1 On-Farm Validation 
	5.2.1.2 Off-line Validation


	5.3 RESULTS AND DISCUSSION
	5.3.1 On-Farm Trial Results
	5.3.1.1 System Performance
	5.3.1.2 Growth Records of Batches of Grower Pigs
	5.3.1.2.1 Batch 1
	5.3.1.2.2 Batch 2
	5.3.1.2.3 Batch 3
	5.3.1.2.4 Batch 4

	5.3.1.3 Possible Temperature Effects on Batches of Grower Pigs
	5.3.1.4 The Activity of Grower Pigs in Relation to Temperature 

	5.3.2 Off-line Trial Results
	5.3.2.1 Individual and Group Average Weights
	5.3.2.2 Discussion of Off-line Results


	5.4 CONCLUSIONS

	Chapter 6  Weight Estimation of Sows during Pregnancy
	ABSTRACT
	6.1 INTRODUCTION
	6.2 MATERIALS AND METHODS 
	6.2.1 Experimental Setup and Location

	6.3 RESULTS
	6.3.1 Weight Estimation of Sows as a Group
	6.3.2 Weight Estimation of Individual Sows
	6.3.3 Sow Shape Before and After Giving Birth

	6.4 DISCUSSION AND CONCLUSIONS

	Chapter 7  Integrating RFID into the PiGUI System to Detect for Bias and Feeding Behaviour 
	ABSTRACT
	7.1 INTRODUCTION
	7.2 MATERIALS AND METHODS
	7.2.1 Experimental Setup and Location of the PiGUI System

	7.3 RESULTS AND DISCUSSION
	7.3.1 PiGUI System Performance and the Data Collected
	7.3.2 Bias Detection
	7.3.2.1 Detecting Layout Bias
	7.3.2.2 Detecting Appearance-Based Bias

	7.3.3 Feeding Behaviour
	7.3.3.1 Attendance at the Feeder and Weight Gain
	7.3.3.2 Individual and Group Feeding Behaviour
	7.3.3.3 Competitive Behaviours between the Pigs

	7.3.4 Discussion on Feeding and Social Behaviour 

	7.4 CONCLUSIONS

	Chapter 8  Comparison between PiGUI and a Commercial System 
	ABSTRACT
	8.1 INTRODUCTION
	8.2 MATERIALS AND METHODS
	8.2.1 Experimental Setup and Location
	8.2.1.1 System-A Installation
	8.2.1.2 PiGUI Installation


	8.3 RESULTS AND DISCUSSION
	8.3.1 Trial 1 
	8.3.2 Trial 2
	8.3.3 Trial 3

	8.4 DISCUSSION AND CONCLUSIONS

	Chapter 9  Discussion and Conclusions
	9.1 FUTURE WORK
	9.2 CONCLUDING REMARK
	REFERENCES
	APPENDIX A
	APPENDIX B
	APPENDIX C
	APPENDIX D
	APPENDIX E
	APPENDIX F


