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“It doesn’t prove anything much except that the awesome splendour of the universe is much easier to deal 
with if you think of it as a series of small chunks.”  
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Abstract 
 

This research examines a number of aspects of 
position tracking in complex environments.  It 
postulates that configuring the receivers of the 
system in a regular fashion does not give opti-
mum results when obstructions are present 
(especially moving obstructions).  The tracking 
of rugby players is used as a primary example 
of position tracking in a complex environment.  
Other applications are considered. 

The current literature in the field of position 
tracking and synchronisation was examined to 
find the state of the art.  This suggests that the 
method best suited to the research goals is a 
time-based positioning method using unsyn-
chronised transmitters attached to the players 
coupled with time-synchronised receivers. 

Specifications were generated that defined the 
minimum operating requirements for a position 
tracking system that is suitable for use in a 
sporting application.  These specifications are 
used to create and assess a minimalist tracking 
system. 

A suitable system is characterised and the re-
sults are used to derive a model predicting the 
visibility of a player to the tracking system.  For 
given player positions, and system components, 
the model determines the visibility of the play-
ers.  It is designed to be fully configurable to 
handle any position tracking system and operat-
ing environment.  The model is used as part of 
an expert system for performance assessment.   

Configuration of the receivers is an important 
optimisation parameter for the tracking sys-
tem’s performance.  A genetic-algorithm 
optimisation process was tested with several 
objective functions to find the optimal place-

ment of receivers in both open-field and static-
obstruction situations.  Calculated optimum 
solutions are shown to be superior to solutions-
by-inspection.  Furthermore, the optimisations 
confirm the premise regarding regular receiver 
configurations. 

Test results show that some loss of visibility is 
inevitable in a minimalist system and that miss-
ing data can be recovered by software, thus 
increasing system performance while maintain-
ing minimal equipment.  A reconstruction 
algorithm was developed to handle missing 
data.  The known behaviour of objects (specifi-
cally rugby players) was characterised into a 
series of rules to reconstruct missing data from 
data nearby in both time and space. 

Finally, a simulation was performed using game 
data provided by the Industrial Partner and 
bringing together the various, disparate threads 
of research.  The system as a whole achieved 93-
99.5% player visibility with the use of optimum 
receiver placements and application of the re-
construction algorithm.  

It is concluded that eight is the optimum num-
ber of receivers to satisfy the specifications of a 
minimalist system and that the expert system 
was successful. 

The knowledge created by this research can be 
applied to any tracking system in order to 
maximise its efficiency in a given environment.  
It also demonstrates that the required volume of 
equipment can be reduced through the use of 
software tools. 
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1 Introduction 

In which we learn of the context, aim, and research contributions –

publications – nomenclature for the thesis – and introduce the Industrial 

Partner. 

The ability to track, with a high degree of ac-
curacy, the positions of multiple moving 
objects within a given area is very useful, and 
in some cases necessary to many disciplines.  
Examples of this would include:  tracking the 
locations of the elderly or the infirm as they 
move about their home or a care facility, track-
ing the positions of robots moving about a 
warehouse and tracking the movements of 
soldiers on a battle field.  There are several 
choices available when it comes to selecting a 
position-tracking system for a particular ap-
plication.  The selection will depend on the 
nature and constraints of the application.   

This thesis aims to answer several questions 
concerning position tracking. 

The first question is: ‘how best can a minimalist 
tracking system be implemented?’  A minimalist 
system is defined as one that uses the least 
equipment to achieve the desired results.  The 
desired result is further defined as a system 
that can perform to the specifications of visi-
bility and timeliness (discussed further in the 
specifications chapter) with sufficient robust-
ness. This question will require summary and 
evaluation of the different methods of position 
tracking and the current technologies avail-
able including assessment of any deficiencies.  
Rugby has been identified as a viable com-
mercial application of tracking technology and 
as such will be used as the primary example in 
this research and hence, the specification of 
‘desired results’ will be based on this applica-
tion.  Where possible the developments will be 

kept sufficiently general so that they can be 
applied to other situations.  

By definition, a minimalist system will operate 
with little to no redundant equipment and 
thus the configuration of the system must be 
carefully planned.  Hardware characterisation, 
modelling and optimisation will be performed 
to maximise the effectiveness of the equip-
ment in order to realise the goal. 

The second question is: ‘does an irregular con-
figuration of receivers give superior results?’  It 
can be proven mathematically that the most 
precise results for any given position-tracking 
system can be found when the object is in the 
centre of a regular, n-sided polygon of receiv-
ers, where ‘n’ is the number of receivers (the 
measure of the change in precision based on 
receiver geometry is called geometric dilution 
of precision[1]) and there are no obstructions.  
One premise of this research is that this con-
figuration will not provide the best results in 
situations with complex obstructions (where 
obstructions are anything that prevents a posi-
tion measurement).  This premise builds on 
the work of Gillette, et al.[2] who discovered 
that a linear, closed-form solution existed for 
time distance of arrival (TDOA) calculations 
that was previously unknown because of the 
belief that a regular receiver configuration 
would give the best results; this caused critical 
matrices to become singular in the calculations 
which prevented linear calculations.  Model-
ling of the factors affecting tracking system 
performance and optimisation of receiver con-
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figurations will be used to test the premise.  It 
will be shown visually that regular receiver 
configurations give poor precision in such ar-
eas. 

Finally we ask: ‘can a software model be devel-
oped as an expert system for position-tracking 
systems?’  The term ‘expert system’ is used 
here to describe a collection of algorithms that 
can be run with situation data and will give 
results that could otherwise only be obtained 
from consultation with an expert in the field.  
The premise of this development is that it 
should be possible to provide an algorithm 
with data relating to the tracking system (sig-
nal reception characteristics, signal 
penetration, receiver ranges, number of re-
ceivers) and the area to be tracked (any 
obstructions and their shielding effects, 
tracked areas, etc) and have it calculate the 
expected performance of the system and sug-
gest the optimum configuration to maximise 
performance. 

1.1 Contributions 

This project makes several contributions to 
expand knowledge in the field of position 
tracking both locally in New Zealand and in-
ternationally.   

The Multispectral Solutions, Sapphire tracking 
system (the hardware used for this research) 
has been characterised in terms of range and 
performance.  The resulting data are used as a 
basis for development of visibility models, 
optimisations and reconstruction algorithms.  
In the process, a number of key facts about the 
use of ultra wideband equipment on and 
around the human body are confirmed. 

Significant work has been done on modelling 
the player visibility that can be expected dur-
ing a game of rugby.  This model focuses on 
the attenuating effects of the human body on 
radio frequencies in the 5-7GHz frequency 
band, and an analysis of the range of the 
equipment at various angles.  This model is 

applied to the game of rugby; however, the 
concepts used make it applicable to any sport 
played on an open field.  The model is further 
adapted to situations where static obstructions 
exist within the area of interest making it ap-
plicable to a wide range of other applications 
including, but not limited to, the wireless 
network coverage in an industrial setting or 
the monitoring and tracking of patients and 
equipment in a hospital.  This model stands by 
itself as a performance predictor (especially 
applicable to minimalist systems) and as a 
component of the expert system. 

Several optimisation objective functions have 
been developed to find the best placement for 
receivers within a given field of interest to 
maximise the performance of a particular 
tracking system in that field.  These optimisa-
tions, and the validation and verification tests,  
test the premise that irregular configurations 
of receivers have superior performance com-
pared with regular configurations in complex 
environments in terms of availability of posi-
tions and precision of said measurements.  
The optimisations are also key to the expert 
system.  

In situations where signal obstruction has oc-
curred and positions cannot be calculated by 
the tracking system, a predictive model has 
been developed that can reconstruct missing 
positions from the past and present positions 
of the objects.  Reconstruction techniques have 
been developed for the tracking of general 
objects and situations specific to rugby.  The 
reconstruction algorithm is shown to be capa-
ble of significantly increasing the performance 
of minimalist tracking systems. 

Sports-player position analysis has been iden-
tified as a valid real world application for this 
research.  The aim of research in this area is to 
decrease significantly the time required to per-
form statistical analysis by automating the 
position tracking part of the analysis process.   
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The ultra wide band (UWB) tracking system 
introduced here employs the first low-data-
rate, UWB-communications system that has 
been allowed in New Zealand.  Because of this 
research, the New Zealand regulatory body 
for radio spectrum – the Radio Spectrum 
Management (RSM) branch of the Ministry of 
Economic Development – has had to address 
the issue of the use of UWB technology in 
New Zealand and how it is to coexist with 
contemporary services. 

1.2 Publications 

The following is a list of the author’s publica-
tions relating to this research. 

 Brooks, T.T.J., et al. "A review of position 
tracking methods", Proceedings 1st Inter-
national Conference on Sensing 
Technology Palmerston North, New Zea-
land, pp 54-59, (2005) 

 Brooks, T.T.J., et al. "A review of synchro-
nization methods in wireless sensor 
networks", Proceedings First International 
Conference on Sensing Technology Palm-
erston North, New Zealand, pp 338-343, 
(2005) 

 Brooks, T.T.J., et al. "Field coverage opti-
misation using genetic algorithms", 
Proceedings ENZCon 2006 Christchurch, 
pp 272-277, (2006). 

1.3 Nomenclature 

Within this thesis, definitions of symbols in 
equations will be given following the first use 
of that equation.  A summary of the symbols 
and their units is given in Appendix D: No-
menclature.  

All units will be given adjacent to the meas-
urement to which they apply.  SI units are 
used unless otherwise stated.   

Two numbers, separated by a point will label 
each equation.  The number to the left of the 
point indicates the chapter in which that equa-
tion first appeared and the number to the right 
indicates the placement of that equation 
within the chapter relative to other equations.  
No equation will be given two identifications, 
thus the result of derivations given in the ap-
pendices will be given the same identification 
as the first time it was used in the text.  

Figures will be labelled in a similar fashion to 
equations.  Figures may be reproduced in dif-
ferent sections to aid in the understanding of a 
particular concept.  However, all figures will 
be labelled based on the first appearance in 
the text. 

The technical nature of this research necessi-
tates the use of many acronyms.  For 
reference, a table summarising the acronyms 
used in this thesis is given in Appendix D: 
Nomenclature. 

1.4 Industrial Partner 

The company Verusco provides player statis-
tics and predictions for events occurring in 
various situations, but mostly involving sport-
ing events, specifically rugby and soccer.  
Verusco was identified as a leader in the field 
of sports analysis.  They are the Industrial 
Partner for the real-world application of this 
research and will be referred to as such hereaf-
ter. 

The Industrial Partner currently uses video as 
the source of player data.  Trained operators 
(known as coders) manually track players and 
input data from the video into proprietary 
software that performs the statistical analysis.  
This process requires anything from 50-600 
man-hours per event, depending on the level 
of analysis required by the customer.  Because 
of the high degree of human involvement re-
quired in order to input these data, there is a 
high error rate and significant time must be 
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dedicated to checking the results, thus adding 
a further labour and time component. 

A particularly labour intensive part of the 
analysis is deciding where in a given area a 
player is.  This task is made difficult by sev-
eral factors: 

 Image closeness: If the image of the player 
is too close then there are fewer reference 
points to identify that player’s location.  
Conversely, if the image is too far away 
then it is difficult to identify the individ-
ual players.  Also, given that the coders 
have multiple visual angles at their dis-
posal for tracking objects, it is hard to 
reconcile an object between a wide and a 
narrow angle shot. 

 Occlusion: Some of the camera angles 
used in the Industrial Partner’s video 
analysis are low angle.  Thus there is the 

possibility that one object can occlude an-
other.  The best example of this is during a 
rugby game when an event occurs at the 
opposite side of the field from the sideline 
camera that is filming.  If a player closer to 
the camera runs in front of the camera the 
image of the player of interest will be oc-
cluded. 

 Out of Frame: There are some situations 
where one or more players are outside the 
field-of-view of the current image.  There 
are several potential causes: a sudden 
change in velocity of a player in a narrow 
angle shot; cameras not covering the en-
tire field; or television feeds showing 
something other than the game (replays 
for example).  A significant number of 
frames can pass before the camera can be 
retrained on the players.  While the play-
ers are out of the shot, their positions can 
only be roughly estimated.  
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2 Background 

In which we learn of triangulation – video tracking – time-based tracking 

– combined methods – the tracking of multiple objects – a comparative 

summary of methods is made – we further learn of the need for 

synchronisation and methods of achieving synchronisation. 

In any research, it is essential that the re-
searcher understand fully the current state of 
the art within their field. 

This research requires a detailed knowledge of 
the various position-tracking methods and an 
understanding of the directions that other re-
searchers are taking towards the next 
generation of position tracking.  A significant 
portion of this chapter will be given over to 
the clarification of the characteristics of the 
major position-tracking methods.  The results 
will be used to find the best architecture for 
the minimalist system. 

A cursory examination of the existing body of 
research highlighted the fact that all position-
tracking implementations require multiple 
receivers and that the clocks of the receivers 
must be time synchronised[3-5].  Some time 
will therefore be taken to outline the different 
methods of achieving synchronisation and 
how this affects the final system accuracy.   

2.1 Position Tracking 

Methods of finding the position of a remote 
object with respect to a known location have 
been required for several thousand years. 
Early applications of these methods included: 
road surveying, target ranging for artillery, 
map making and in large-scale construction 
projects. 

Today the applications for accurate position-
ing are wide and varied. Examples include: 
personal navigation, smart weapon guidance, 
location of nodes in a distributed sensor net-
work, tracing the origin of emergency calls 
made from mobile phones, and locating the 
positions of emergency beacons. 

The most prevalent position-tracking methods 
found in the literature are summarised here: 
manual triangulation, video-based tracking, 
time of flight, time difference of arrival and 
angle of arrival.  However, first it is prudent to 
discuss a source of uncertainty that applies to 
all position tracking methods:  Geometric dilu-
tion of precision (GDOP). 

2.1.1 Geometric Dilution of 
Precision (GDOP) 

In the simplest terms, GDOP is the uncertainty 
introduced to a position measurement caused 
by the physical arrangement of the position 
location network.  It is without units and 
higher values denote greater uncertainty. 

Levanon[1], Zhu[6] and Yarlagadda, et al. [7] 
all explain the process for calculating GDOP 
(see section 13.1 for derivations).  Yarlagadda 
cites Lee [8] as one of the original research 
contributors in the field of GDOP however, 
earlier research exists such as Marchand [9] 
who examines error distribution in time-
difference hyperbolic networks.  A more con-
temporary examination of the relationship 
between geometry and position accuracy is 
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performed by Bronk, et al.[10] with the focus 
being on wireless networks. 

Consider the following situation in order to 
visualise the effects of GDOP.  Assume that 
there are two receivers placed at a known dis-
tance from one another.  Each receiver is 
capable of calculating the range; where the 
resulting range circles intersect is the position 
of the object.  Assume also that each receiver 
has an inherent ranging uncertainty that can-
not be mitigated.  Given this uncertainty, there 
will be an upper and a lower range circle for 
each receiver and the circles from each re-
ceiver will overlap, creating an uncertainty 
area for the object’s location.   

Figure 2.1 illustrates the position uncertainty 
region when the object is directly between the 
two receivers (blue shaded region).  Note that 
positional uncertainty is increased in the di-
rection perpendicular to the line of the 
receivers.  

 

Figure 2.1: Positional uncertainty caused by 
uncertainty in the range loci for a system of two 
receivers with the object on the line connecting 

them. 

A complementary situation occurs where the 
receivers are placed close together and the 
object is far away in a line perpendicular to 
the line connecting them (Figure 2.2). The po-
sition uncertainty is large parallel to the 
receivers and low perpendicular to this.  

 

Figure 2.2: Positional uncertainty region of a 
two receiver time-of-flight where the object is 

far from the line connecting the receivers. 

Figure 2.3 illustrates the sum-of-squares posi-
tional error in this simple positioning system 
as the object moves away from a receiver pair 
in the perpendicular direction.  In this particu-
lar plot, the receivers have a 20m separation; 
the object is equidistant to both receivers; and 
each receiver has a maximum range uncer-
tainty of 2m1.  

 

Figure 2.3: The sum of squares position uncer-
tainty perpendicular to a pair of TOF receivers.  

It is clear from this figure that there is an ex-
ponential decrease in the positional 
uncertainty as the object initially moves away 
from the receiver pair then has a gradual in-

                                               
1 This error value was chosen for the example as it makes 
the trend of the position error easier to see.  Changing 
either the timing uncertainty or the separation of the re-
ceiver pair has the effect of scaling the error plot; 
however, the relative shape will remain constant.  
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crease in uncertainty as it moves beyond the 
distance equal to half the separation between 
the receiver pair.   

This confirms that the uncertainty in the per-
pendicular dimension is dominant when the 
object is near to the receiver pair and the par-
allel uncertainty is dominant when the object 
is far from the receiver pair.  It is also interest-
ing to note that GDOP calculated using 
Levanon’s method, for the same situation, will 
produce exactly the same trend.  

GDOP affects all positioning systems in simi-
lar ways.  Given this common source of 
uncertainty in all types of positioning system, 
much work has gone into reducing GDOP as a 
component of overall uncertainty.  Work in 
this field is a subset of Geomatics Engineering 
(a discipline focusing on spatial information).  
For the purposes of mitigating GDOP, Le-
vanon[1] has conducted a number of 
simulations that show that the lowest GDOP is 
obtained when the object is at the centre of an 
N-sided regular polygon (where N is the 
number of receivers in the system).  The re-
sults of one of these simulations are shown in 
Figure 2.4.  Here the lowest GDOP is realised 
in the centre of the receiver formation. 

 

Figure 2.4: GDOP with three receivers in a tri-
angle formation. 

Given that GPS is currently one of the most 
popular implementations of position tracking, 
it is natural that research is being conducted to 
increase its precision.  Yarlagadda, et al.[7] 
review the GDOP metric as it applies to GPS 
applications.  Zhong, et al.[11] have produced 
a fast algorithm for calculating GDOP in GPS 
calculations.  The use of fast algorithms for 
obtaining GDOP figures opens the door for 
systems that can select which receivers to use 
in a given position calculation to get the high-
est precision for any given position 
calculation.  Bo[12] proposes such a system to 
allow a navigation using multiple position 
location networks (in this case GPS and Gali-
leo).  

Moving away from GPS and into pure 
mathematics, Chaffee, et al.[13] link the GDOP 
matrix to the Cramer-Rao bound (CRB or 
sometimes CRLB for Cramer-Rao lower 
bound).  The CRB is a part of estimation the-
ory in statistics that can be used to measure 
the ‘efficiency’ of a measurement.  A solution 
that is efficient and hence approaches the 
CRLB achieves the lowest possible mean 
squared error.  Reference to the CRB appears 
often in the field of position location. 

2.1.2 Basic Triangulation 

At the heart of many positioning methods is 
the idea of triangulation: the use of the proper-
ties of triangles to calculate distances and 
hence find the positions of objects. Credit for 
the discovery of the underlying theory of tri-
angulation goes to the Ancient Greek 
philosopher Thales (Lahanas [14]).  Because of 
the ubiquitous nature of Thales’ theorems in 
modern positioning methods, a basic descrip-
tion of triangulation is given here.  

Given any two reference points, knowledge of 
the angles between both references and the 
object, and the distance between the reference 
points, it is possible to calculate the distance 
from one reference point to the object.  Figure 
2.5 illustrates this. 
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Figure 2.5: Mathematical approach to triangu-
lation. 

The distance B can be found by using the sine 
rule for triangles[15]. Equation (2.1) shows the 
formula rearranged to find this distance. Note 
that a, b, and C must all be known. 

)180sin(
sin

ba
bCB  

  
(2.1) 

Where: 

 B and C are distances shown in Figure 2.5 
measured in metres. 

 a and b are the angles shown in Figure 2.5 
measured in degrees. 

Originally, triangulation was used for naviga-
tion, surveying and civil engineering 
purposes, such as cartography, and later for 
finding the range of targets for artillery 
strikes.  Tools of the time include the astro-
labe, sextant and theodolite. 

In modern times, the applications of triangula-
tion remain the same but the methods of 
calculating positions have evolved to take ad-
vantage of better technology to increase the 
accuracy or speed of measurements.   

2.1.3 Video position tracking 

In general, the term video position tracking 
can be applied to any system in which the po-
sitions of objects are located using video 
footage of the area of interest.  An example of 
such a system is presented by Charlton, et 
al.[16] who present a system that provides 
tracking information to a two-degree-of-
freedom actuator by means of a monochrome 
video image. 

If placed appropriately, a video tracking sys-
tem requires only one calibrated camera to 
calculate positions in two dimensions.  The 
ideal location for placement of the camera is 
orthogonal to the area of interest.  For exam-
ple, in a game of rugby the best location for 
the camera would be in the zenith direction 
above the field looking down, as this will 
minimise the distortion and obstruction in the 
image.  Unfortunately, it is seldom possible to 
mount a camera in this location.  In these 
situations, it is desirable to place the camera as 
close to the zenith as possible. As the camera 
moves away from the zenith the distortion 
present in the video image increases. 

All automated video-tracking systems rely on 
the objects being identifiable in each of the 
video frames.  So long as the objects to be 
tracked can be seen by the camera, then the 
positions of those objects can be calculated.  If 
an object is occluded, then a model-based ap-
proximation can be applied to give the object a 
valid position.  

When considering multiple moving objects, 
the probability of one or more objects being 
occluded becomes significant.  Here multiple 
cameras can be used to decrease the probabil-
ity of occlusion. 

Identification of objects in an image is a critical 
issue for video-based tracking systems.  The 
objects must have some identifying feature 
that is visible in enough images for the analy-
sis algorithm to be able to lock on.  In the 
game of rugby, unique identification of each 

a 

B 

b 

C 

Reference 

Object 
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player would be very difficult.  It is a contact 
sport where groups of as many as 16 players 
will be in close physical contact.  Since teams 
of players wear uniforms whose most promi-
nent distinguishing feature is the number on 
the back, expecting any one player to be iden-
tifiable by one or more cameras at all times is 
unrealistic.  A level of human intervention is 
required to positively identify players. 

The accuracy of the position measurements 
from this type of system is dependent on fac-
tors such as the number of cameras, the 
accuracy of their placement and the ability of 
the processing algorithm to correct for the dis-
tortion present in the images and calculate a 
position at any point in the entire field of in-
terest.  If more than one camera is used then 
the streams from each must be synchronised 
so that the processing algorithm can combine 
data from each stream. 

Research in the area of vision-based tracking 
has wide ranging applications that highlight 
the flexibility of this kind of tracking.  Vision-
based tracking appears to be popular in appli-
cations where non-invasive tracking is 
required and where there is little to no known 
information regarding the environment.  Some 
of the general areas of research and the pro-
jects being conducted are summarised below.  

The use of vision type systems to give auton-
omy to robots or production machinery is a 
popular research area.  The following para-
graphs give examples of this type of research. 

Work by Kais, et al. [17] on using Geographic 
Information System to allow mobile robots to 
locate themselves in an urban environment.   

Cevher, et al.[18] and Chellappa, et al.[19] pre-
sent systems that use a combination of video 
and acoustic sensors to track objects.    

There has been much research into the secu-
rity applications of video tracking.  Yang, et 
al.[20] propose a new system for automatically 

moving a gimballed camera to keep an object 
in the centre of the image.  The aim of this re-
search is to increase the effectiveness of 
security systems.  As an extension to this, 
Kakiuchi, et al[21] discuss a system for track-
ing an object as it moves across multiple 
sensors (they refer to these as neighbour 
nodes) to allow a tracking system to automati-
cally pursue the object.  Similarly, Li, et al.[22] 
propose to use an interval recursive least-
squares filter to produce a tracking algorithm 
for objects in an image.  Li, et al.[23] discuss an 
efficient way to track an object moving 
through a crowd in real time.  They deal with 
the problem of occlusion by employing what 
they call a dominant colour histogram.   

Head tracking is another important area of 
research.  As the name implies, head tracking 
is concerned with the location of a person’s 
head relative to their body.  Crowley, et al.[24] 
identify the need for accurate object tracking 
when performing facial recognition and en-
coding operations; the person’s face must be 
held steady in the image if critical features are 
to be extracted.  Yu, et al.[25] also use the con-
cept of head tracking in order to detect when 
elderly or infirm people fall down.  This is a 
non-invasive way to monitor someone’s 
health. 

Combining data from multiple sensors is a 
challenge in video tracking and research con-
tinues to progress in this area.  Snidaro, et 
al[26] have successfully performed experi-
ments that fuse the data from multiple video 
streams.  This has allowed them to better iden-
tify and classify individual objects in the area 
of interest.  Snidaro, et al.[27] extended this 
work two years later to include automated 
classification of objects where the classification 
is a learned response from analysis of the het-
erogeneous features of the tracked objects.   
Combining multiple video streams can be a 
complex task, Akazawa, et al.[28] suggest a 
simplified video tracking that uses a maxi-
mum of two cameras and can generate 
position information in real time. 
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Biological observation is another application 
of video-based tracking.  It is particularly use-
ful because it is non-invasive thus allowing 
the organism to interact with its environment 
in the most natural way.  A video tracking 
system is proposed by Wang, et al.[29] that can 
be used to measure the body deformation of a 
swimming fish.  Structured light is used to 
allow measurements to be made from the im-
ages and a control module orients the vision 
system to track the movements of the fish.  
Brooks Zurn, et al.[30] describe a system that is 
similarly non-invasive for tracking rodents 
under near-infrared illumination.  The system 
can distinguish rodents from their background 
(which is a similar colour in near infrared) and 
classify their basic actions. 

Vision-based tracking can be used to track, 
identify and classify events occurring in pre-
recorded situations as well as be used in real-
time applications.  The advent of the ‘visual 
database’ can save time on classification of 
film or images and increase the efficiency and 
accuracy of searches for particular events.   
There are a number of projects going on in this 
area.  Schonfeld, et al.[31] created a visual 
search engine called Vortex that can retrieve 
video from a compressed multimedia data-
base.  The search engine takes a template 
image as input and finds video sequences 
based on the objects in the input.  Mokhtarian, 
et al.[32] propose a similar system that they 
refer to as content-based video retrieval in 
which an object, specified by the user, is 
tracked both forwards and backwards in the 
video via the extraction of corners from each 
frame.  Jiang, et al.[33] take the novel approach 
of examining any text (such as closed cap-
tions) embedded within a video to highlight 
events occurring within that image. 

In addition to research relating to the applica-
tions of video-based tracking there are projects 
aimed at improving the sensor systems and 
controls.  The mechanics of producing a 
higher resolution sensor are beyond the scope 
of this thesis but the research these sensors 

encourage is not.  As stated previously, 
mounting a sensor at a low azimuth angle 
with respect to the area of interest leads to 
distortion in the image.  The method for deal-
ing with this distortion is to warp the image 
using a matrix transformation which com-
presses the near part of the image, and 
expands the far part and the depth of the im-
age.  Choe, et al.[34] propose a new and more 
efficient way of warping high resolution im-
ages to allow the required transformation of 
video in real time. 

An obstacle to position tracking through video 
is low frame rate.  Many systems use the 
mean-shift algorithm which relies on tracked 
objects not moving too far between frames.  
Mean shift does not perform well in low-
frame-rate environments.  Li, et al.[35] address 
this problem by enhancing the mean shift-
algorithm to use prediction about where the 
object will appear next.  The idea of tracking 
using prediction is not uncommon and is also 
suggested by Bouttefroy, et al.[36] in their par-
ticle filtering approach to object tracking.  
Here the object trajectory is transformed from 
the real world to the camera plane to increase 
the accuracy of position measurements. 

Work is also being done to allow single sen-
sors to perceive depth within an image.  This 
further increases the effectiveness of video-
based tracking system.  Seal, et al.[37] propose 
a compact vision system for calculating the 
depth of an object using a single camera and 
two sets of planar mirrors to provide an offset 
image.  The intended application for this sys-
tem is on an asparagus canning line where the 
size of each stalk must be classified to cor-
rectly fill each can. 

Orchard[38] examines the location uncertainty 
in images and shows that linear decomposi-
tions such as transformations cannot fully  
mitigate this uncertainty.  Based on these ob-
servations, Orchard proposes improved image 
processing tools for minimising uncertainty.  
Modelling of such uncertainty is what has al-
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lowed advances in the areas of software cor-
rection of distortion and adaptive optics for 
telescopes as reported by Bikkannavar[39]. 

Video-based tracking is also used in various 
sporting applications where knowing the posi-
tions of objects on the field is advantageous 
without interfering with them.   

Various robot sports leagues now exist as a 
spur to further research in this area.  One of 
the most prevalent is the Federation of Inter-
national Robot-soccer Association (FIRA).  In 
MiroSot, a game type supported by FIRA, a 
single video sensor is mounted at the zenith of 
the pitch and it is the job of the competi-
tors/researchers to use the information that 
can be gleaned from the video.  Jiang et al.[40] 
describes a particular algorithm for locating 
the ball and the robots within the video 
stream. 

There is similar interest in video-based track-
ing for sports played by humans, especially 
soccer (the likely reason for this is soccer’s 
level of financial backing).  There is a large 
body of research on tracking both the players 
and the ball in both real-time and previously 
recorded games. 

The work of Zhang, et al.[41] and Utsumi, et 
al.[42] plumb the depths of recoded soccer 
games to extract positions and trajectories of 
players and balls.  Each is specifically de-
signed to deal with the shortfalls of broadcast 
video (such as blur, camera motion and noise).  
Mya, et al.[43] and Zhu, et al.[44] both describe 
systems with similar aims of tracking multiple 
players.  Intille, et al.[45] discuss a new ap-
proach for tracking what they refer to as 
‘weakly modelled objects’.  They have the aim 
of semi-automatic annotation of sports videos. 

The following two research groups have com-
bined aspects of previously discussed research 
and applied them to tracking players during a 
soccer match.  Han, et al.[46] have developed a 
sports-video analyser to extract key events 

from a video stream and use these as markers 
for a video database.  Saito, et al.[47] use a 
multi-angle, multi-camera system.  Data fu-
sion techniques are used to combine the 
streams and track the players.   

In a sport other than soccer, Li, et al.[48] pre-
sent a system that can extract pertinent details 
of a competitor from video streams in which 
there is a moving background.  The system 
was tested on competitors in diving and jump 
games.   

As an offshoot of sports tracking, research has 
been conducted into the generation of three-
dimensional scenarios where a consumer can 
view a sports game from any angle, including 
the players’ point of view. While this applica-
tion is not strictly video tracking, it does use 
many of the same techniques such as vector 
predictions and some form of player tracking.  
Kasuya, et al.[49] propose a system that can 
automatically generate a player’s view based 
on an actual game of soccer.  The system de-
scribed by Saito, et al.[47] above is also capable 
of generating a player’s view. 

2.1.4 Time of Flight (TOF) 

This method, interchangeably known as Time 
of Arrival (TOA), uses the time taken for a 
signal to travel between the object and a re-
ceiver to calculate the range of the object from 
the receiver.  With multiple receivers and 
knowledge of their locations, multilateration 
can be used to find the position of the object.   

The range is calculated using the time, dis-
tance and velocity relationship.  With only one 
receiver the position can be defined only as a 
circular locus.  Three receivers are required to 
fix a position uniquely in two dimensions and 
four are required for a position in three di-
mensions.   

An example of a three-receiver network calcu-
lating a two dimensional position is given in 
Figure 2.6. 
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Figure 2.6: TOF positioning method. 

In Figure 2.6 the solid circles are the receivers 
(whose locations are known), the solid dia-
mond is the object of unknown position and 
the dotted circles represent the circles defined 
by the range calculated from time-of-flight 
measurements.   

In a TOF-tracking system using multiple re-
ceivers, the position of the object is found 
directly as the intersection of a number of cir-
cular loci, centred on each receiver.  Solving 
the equations simultaneously yields the 
unique intersection point common to all loci. 
The general form of an equation for a circle is 
given in equation (2.2).   

222 )()( trrr RYyXx    

(2.2) 
 

Where:   

 x and y are the co-ordinates of the 
point of intersection that is to be 
found. 

 Xr and Yr are the coordinates of a par-
ticular receiver. 

 Rtr is the radius of the circle, which 
represents the TOF path of the signal 
between object and the receiver. 

This simultaneous-equation solution relies on 
there being a single point of intersection of all 

loci.  It is a certainty that noise, at some level, 
will appear in the measurements, resulting in 
no single point of intersection.  Such noise 
might have a number of sources including: 
poor synchronisation, limited timing precision 
at the receiver, or multi-path interference.  The 
likelihood of a situation like this occurring 
increases with more receivers.  Using a direct 
calculation method in this case is much more 
difficult. 

An alternative, iterative approach is com-
monly used.  For a given set of time-of-flight 
measurements and knowledge of the receiver 
locations it is possible to find a position that 
best fits the measured loci in a least-squares 
sense.  Equation (2.3) represents the objective 
function of this iterative calculation[50]. 
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(2.3) 
Where: 

 e is the sum of squares error of the current 
iteration. 

 N is the total number of receivers. 

 x and y are the current coordinates of the 
position to be evaluated. 

 Xr and Yr are the receiver coordinates. 

 v is the velocity of the signal. 

 Tr is the observed time of flight of the sig-
nal. 

 t0 is the absolute time of the start of this 
sample or epoch. 

The term within the square root is the current 
estimate of the distance between the object 
and the receiver, while the second term repre-
sents the distance based on the time-of-flight 
measurement for the current sample, or epoch. 
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The value of t0 may be non-zero in TOF-
tracking systems where the start time of 
transmission is unknown.  An example of this 
type of system would be a tag-based TOF-
tracking system where the tags transmit on a 
pseudo-random basis.  In these cases, the 
value of t0 is calculated as another variable to 
be optimised in the iterative process. 

The level of synchronisation in this type of 
system is dependent on the exact way in 
which transmissions are triggered.  If the sys-
tem uses an out and return method or a 
pseudo-random transmission, then there need 
only be synchronisation among the receivers.  
If however, the transmitters output at regular 
intervals then there must be synchronisation 
between receivers and transmitters.  The accu-
racy of time measurements across the receiver 
network will strongly affect the accuracy of 
calculated positions. 

Multi-path interference must be considered in 
any time-of-flight system, for it represents a 
potentially crippling source of error. This type 
of interference is seen when the signal from 
the transmitter reflects off a nearby object be-
fore arriving at the receiver (see Figure 2.7).  
When a signal is thus reflected, the path 
length is longer than the line-of-sight path.  
The two or more signals arriving at the re-
ceiver will have a phase difference, which can 
cause destructive interference, reducing to 
zero the signal strength at the receiver.  

 

 

 

Figure 2.7: Base station experiencing multi-path 
fading. 

A more detrimental effect on positioning sys-
tems occurs when the line-of-sight path signal 
is dominated by one of the indirect paths.  In 
this situation the positioning system will cal-
culate the time of flight based on the longer, 
indirect path resulting in an incorrect position 
estimate.   

Note how in Figure 2.7 the reflected paths are 
longer than the direct path.  If the line-of-sight 
path is obstructed, then the receiver will see a 
signal from the object that has an erroneously 
high time of flight. 

There are several methods currently being 
investigated to combat the problem of multi-
path interference: shaping the transmitted 
pulse so that the available bandwidth is used 
more completely as proposed by Runtz, et 
al.[51].  Grosicki, et al.[52], Li, et al.[53] and 
Mathias, et al.[54] include, as part of their tri-
lateration algorithm, a measure of non-line-of-
sight and near-far-effect in order to select only 
the most reliable sources of time data.  By us-
ing the ultra short transmissions of Ultra Wide 
Band (UWB) the effects of multi-path interfer-
ence can be partially mitigated since it is less 
likely that extremely short transmissions will 
overlap[55].  Some decision must still be 
made, however, on which signal arrived on 
the direct path from the object. 

BS 

Direct path 

Signal reflected 
off nearby objects 
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Any signal whose propagation speed can be 
modelled is suitable for use in a time-of-flight 
tracking system.  Examples of signals suitable 
for use in a TOF system include:  

 Sound waves[56],  

 Electromagnetic waves, specifically radio 
and microwave frequencies, and 

 Laser, a coherent subset of electromag-
netic waves in the visual or near visual 
band.  Buzinski, et al.[57] give an example 
of a laser based TOF tracking system.  

The suitability of a particular signal would be 
governed by the requirements of the applica-
tion. For example, the laser and ultrasonic are 
best suited to applications where the objects 
need not be individually identified.  Radio 
and microwave transmissions are ideally 
suited to applications with multiple moving 
objects that must be tracked individually.  

Applications of TOF tracking include:  

 Surveying for road, bridge, tunnel and 
other civil engineering applications; 

 Finding the range to target in either rec-
reational hunting or military applications,  

 Airborne surveying[58], and 

 Range finding of objects to increase the 
functionality of both autonomous and 
teleoperated robots[59]. 

There are a number of different tracking sys-
tems that use TOF.  Chadwick, et al.[60] 
discusses a vehicle location system to track 
one or more asynchronous and aperiodic 
transmitters.  The system is over defined and 
uses GDOP measurements to select the best 
receivers with which to calculate positions.   
Manolakis, et al.[61] define a generic TOF sys-
tem that can calculate positions in three 
dimensions.  They describe the system as be-
ing simple and efficient and provide 

performance analyses under various condi-
tions.  A system that is similarly described as 
being efficient at calculating positions in three 
dimensions is presented by Farve-Bulle, et 
al.[62] for tracking robots. 

Distributed wireless sensor networks have, in 
recent years, become popular methods for 
making measurements over wide areas.  This 
project, the tracking of multiple moving ob-
jects over a contained area, is a subset of 
wireless sensor networks and as such, re-
search in this area has an impact on this 
project.  The problem of quickly and accu-
rately calculating the positions of each node 
has sparked new research.  Cai, et al.[63] and 
Yu, et al.[64] both suggest algorithms for de-
termining the positions of nodes in a wireless 
sensor network using a technique called alter-
nating combination trilateration: a form of 
trilateration that uses a varying number of 
triangles to calculate a position.  Once again in 
the area of wireless sensor networks, Yang, et 
al.[65] have studied the limitations of using 
trilateration and have proposed a novel and 
elegant system that improves the performance 
of the system over the original.  Another high 
precision, low cost tracking system is pre-
sented by Tian, et al.[66] 

A subset of wireless sensor networks is the 
swarm system.  Biologically inspired, this type 
of system uses a number of separate robots 
working collaboratively towards a common 
goal.  Like wireless sensor networks, it is vital 
for the swarm to know the positions of each 
robot if they are to work effectively.  Sun, et 
al.[67] use multiple, energy-efficient antennae 
to address this problem in the swarm.  

2.1.5 Time Difference of Arrival 
(TDOA) 

The TDOA positioning method is similar to 
the TOF method in that both use the signal 
travel time to infer a range based on a meas-
urement of time.  Both methods are referred to 
as multilateration.  Also the same signalling 
techniques are applicable.  The measurement 
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of time used in a TDOA position-tracking sys-
tem is taken as the difference of an incident 
signal arriving at two receivers that have a 
spatial separation.  A TDOA system only ever 
requires synchronisation between the receiv-
ers since it is not necessary for the time of 
transmission of the signal to be known. 

Dong-Ho, et al.[68] present a comparison be-
tween TOF and TDOA systems, focusing on 
GDOP, position estimates and error covari-
ance. 

For a position in two dimensions, a TDOA 
system requires a minimum of three receivers.  
The calculations to find the position, however, 
are complex and require significant knowl-
edge of the approximate location of the object 
(see Appendix A: Equation Derivations for a 
derivation of the three-receiver solution).  
There is a body of research that deals with this 
issue.  For example, Chaffee, et al.[69] discuss 
the situation in which there are multiple solu-
tions to a set of pseudo-range equations and 
methods for determination.  Conversely, 
Gayer, et al.[70] constrain their TDOA system 
so that only one solution will be valid. 

If four receivers are used then the calculations 
become much simpler (see Appendix A: Equa-
tion Derivations for derivation of the four-
receiver solution)[71].    Gillette, et al.[2] de-
veloped a simple, closed-form solution to 
localisation using TDOA data from five mi-
crophones.  Yang, et al.[72] describe a direct 
approach to derive target positions from 
TDOA measurements over a wide area.  Chan, 
et al.[73] analyse another system whose per-
formance approaches the Cramer-Rao lower 
bound. 

For each time-difference value, a locus of posi-
tions can be defined which lies on a 
hyperbola.  The total number of hyperbolae 
available for use in position calculations 
equals the combinations of ways the receivers 
can be split into pairs.  This is summarised in 
equation (2.4) 

2Ch r    

(2.4) 
Where: 

 h is the number of hyperbolae avail-
able. 

 r is the number of receivers involved 
in calculation. 

 C is a representation of the statistical-
combinations function. 

As with TOF, either a direct or an iterative 
solution can be employed to calculate the ob-
ject’s position. The derivation of the direct 
solution for a four-receiver system can be 
found in Appendix A: Equation Derivations.  
Fontana gives an equation that can be used for 
the iterative solution[50].  Ho, et al.[74] pro-
vide an alternate, iterative solution. 

A TDOA system requires receiver level syn-
chronisation so that measurement of time 
difference between the arrival times of the 
signals at the various receivers has meaning.  
The transmitters need not be synchronised 
since the epoch start for any given transmis-
sion is irrelevant. As well as describing a 
direct TDOA solution, Yang, et al.[72] and 
Chaoshu[75] also extol the virtues of using 
satellite clocks to synchronise their widely-
spread receiver network. 

The most widely known example of a TODA 
positioning system is the Global Positioning 
System (GPS).  In this architecture, there are a 
number of orbiting satellites and each user has 
a receiver. Each satellite transmits a signal that 
is encoded with the current time and the posi-
tion of that particular satellite.  With a signal 
from three or more satellites, the receiver is 
able to use multilateration to calculate its posi-
tion.  GPS uses a system that is the reverse of 
what has been described previously (multiple, 
known transmitters used to locate a single, 
unknown receiver) but the process is the 
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same.  Braasch, et al.[76] give a review of GPS 
and its associated hardware. 

As discussed in the previous subsection, local-
isation of nodes in wireless sensor networks, 
such as the ones that would be applicable to 
this project, is very desirable.  Some research-
ers have chosen to implement TDOA in order 
to achieve this.  Zhao, et al.[77] propose a prac-
tical implementation of such a system.  Their 
major claim is that it minimises assumptions 
on architecture in order to realise a generic 
localisation method that can be applied to a 
wide range of networks.  Cheng, et al.[78] have 
also produced research in this field.  Their 
work uses local signals to identify and localize 
the nodes in the network. 

There are some applications of multilateration 
in sporting applications.  Guizzo[79] reports 
on the use of TDOA to track a soccer-ball on 
the field of play.  This particular system uses 
receivers mounted on stadium light posts that 
are fibre-optically connected to a central 
server to get 0.1m accuracy. 

Examination of the body of research suggests 
that the use of TDOA tracking systems is very 
popular as a form of secondary radar at air-
ports.  The term secondary radar is in 
common usage in the aviation industry and 
refers to the method for tracking aircraft 
movements that is the alternative to conven-
tional radar.  Secondary radar involves a 
transponder on the aircraft transmitting 
(known as ‘squawking’) an ID code as in-
structed by an air traffic controller.  Stations 
on the ground compute the position of the 
aircraft from these transmissions.  Transpond-
ers that are ‘Mode-C’ enabled embed altitude 
information in the transmission, giving the air 
traffic controllers situational awareness in 
three dimensions.  The advantages of secon-
dary radar over primary are so great that in 
many places (e.g. Ohakea Air Force Base in 
New Zealand) the primary radar site has been 
decommissioned. 

Anyone who has flown from a busy airport 
knows how many movements there are and 
how important it is that air traffic controllers 
have accurate, real-time information on those 
movements.  The work of Geyer, et al.[70], 
Chaoshu[75] and Wood[80] has been aimed at 
increasing situational awareness at airports.   

An extension of secondary radar research is 
‘Mode-S’ that allows controllers to track the 
movements of aircraft that are approaching or 
leaving the terminal.  Leonardi, et al.[81] dis-
cusses the use of multilateration in this setting.  

Position tracking of mobile-phone users is an-
other application that has sparked research.  
Government regulation has been a driving 
force for this; it will soon be a requirement 
that an emergency call made from a mobile 
phone be localized to at least 150m[82].  
Spirito[83] discusses a method for enhancing 
the existing GSM (Global System for Mobile 
communications) to achieve this.  It uses the 
existing, synchronised cellular network to im-
plement multilateration positioning.  Wylie-
Green, et al.[84, 85] have written an algorithm 
that can simulate the accuracy of such a sys-
tem.  Laitinen, et al.[86] highlight the difficulty 
of localisation in a Non-Line-of-Site (NLOS), 
urban environment and discusses alternate 
methods of positioning in such situations.  
Zhao[87] reports on the progress of standard-
ising position tracking in the 3G cellular 
network. 

2.1.6 Angle of Arrival (AOA) 

This method of position tracking involves us-
ing several receivers that can calculate the 
angle of incidence of an incoming signal with 
respect to a reference and the principles of 
basic triangulation (see section 2.1.2).  Figure 
2.8 illustrates operation of a two-receiver, 
AOA, position-tracking system. 
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Figure 2.8: Basic operation of a two receiver 
AOA positioning system. 

In RF applications, measuring the angle of 
incidence of a signal is accomplished by using 
some form of directional antenna array.  

One example of such an antenna is the phased 
array antenna (PAA) in which the angle of 
incidence is calculated by measuring the 
phase difference of the signal at several receiv-
ing elements aligned in a known pattern. 
PAAs are generally used to control the direc-
tion of a transmission rather than measure the 
angle of incidence of a signal but the process is 
commutative. 

PAAs are becoming more popular in many 
disciplines because, with no moving parts, the 
antennae have a long useful life and are very 
resilient to extreme conditions.  As an example 
of an application where the resilience of this 
type of antenna is desired, NASA’s Messenger 
space probe has been fitted with a PAA for its 
voyage around the inner solar system where it 
was deemed that the standard gimballed an-
tenna would not tolerate the harsh 
conditions[88].  This use of PAAs highlights 
the robustness of the solution event though it 
is not an example of positioning. 

Another directional antenna type is the Dop-
pler antenna in which the Doppler shift of an 
incoming signal is measured with respect to 
an antenna array that simulates a single ele-
ment moving in a circle[89].  While in 
principle a Doppler shift antenna can be con-
structed by mounting a single receiving 

element on a rotating base, in practice it is in-
feasible to operate in this manner, because of 
the high rotational speed required for opera-
tion.   

Consider an antenna constructed in this way 
(shown in Figure 2.9).  In order to observe a 
change in the frequency of the signal at the 
receiving element, that element must be 
moved fast enough to produce a Doppler shift 
great enough to overcome any noise or modu-
lation present within the signal.  Driving the 
antenna element to this speed is inefficient, the 
antenna would have to be able to handle being 
rotated at speed and the rotation would re-
quire hardware to transport the signal from 
the antenna to the electronics.  This hardware 
might be some kind of rotating mechanical 
connection similar to the commutator in a DC 
electric motor or a wireless transmission sys-
tem.  Either would increase the complexity of 
the antenna system. 

 

Figure 2.9: A single element rotating Doppler 
antenna. 

In order to construct a functional Doppler an-
tenna, it is possible and advantageous, to use 
an array of static receiving elements mounted 
around the circumference of a circle, as shown 
in Figure 2.10.  The signals on these antennae 
are sampled in turn by the electronics of the 
system that calculates the angle of incidence.  
This emulates the characteristics of a single 
rotating element.  Sampling the signals at suf-
ficient speed and without adding noise 
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requires specialized, high-frequency switching 
components. 

 

Figure 2.10: A multi-element antenna array that 
operates as a Doppler antenna. 

By observing the change in frequency of the 
signal seen by the simulated rotating antenna, 
it is possible to determine the signal’s angle of 
incidence. 

When using a purely angle-based position-
tracking system, there is less need for time 
synchronisation in the system.  The receivers 
need only be time synchronised to a level 
where angle measurements can be identified 
as applying to a single object.  

It is possible to have an AOA system that is 
self-configuring even if the positions of only 
two receivers are known.  If two receivers are 
set up a known distance from each other and a 
number of other receivers in the system 
transmit an identifying signal, then the posi-
tions of these extra stations can calculated as 
though the receivers were objects.  A central-
ised management unit would then be able to 
keep track of all of the objects and receivers in 
the system.  An AOA system of this type 
would enjoy the benefits of minimal configu-
ration time.  The concept of a self-configuring 
AOA system was presented by Kirchner[90]. 

A common reference of direction is required 
across the entire AOA receiver network for the 

angle measurements to have any meaning. 
This implies that AOA antennas must either 
be static or employ some way of measuring 
the orientation of the station with respect to a 
reference.   

A minimum of two receivers is required to 
calculate a two-dimensional position using the 
AOA method.  More would increase the accu-
racy of measurement but they would not 
necessarily allow for calculation of a three-
dimensional position.  It is assumed that the 
receiving stations are able to calculate the 
AOA in only one plane.  An antenna array 
that could measure the AOA in two planes 
would be required to calculate a position with 
a third dimension.   

More receivers in the network will result in 
more accurate position measurements.  As 
with other position-tracking methods, there 
exists an iterative solution that lends itself to 
over-defined situations such as this.  The itera-
tive solution minimises the sum of squares 
error between the measured AOA and the 
AOA calculated for the current position esti-
mation.  The objective to be minimised is 
shown below in equation (2.5). 

N

r
rr ae

1

2)(    (2.5) 

Where: 

 e is the error of the current iteration. 

 r is the number of the receiver from 1 
to the total number of receivers N. 

 r is the calculated angle between the 
object and a given reference for the 
current iteration variables. 

 ar is the measured angle from the 
hardware. 

A minimal case, two-receiver AOA system 
will fail when the object is in line with both 

 Antenna element 

Static mount 
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receivers, as the denominator of equation (2.1) 
sums to zero.   To avoid this, the receivers 
could be configured such that no valid posi-
tion will ever appear on the connecting line, or 
to include more receivers to compensate. 

Like other positioning methods, investigations 
are in progress to advance knowledge in the 
area of AOA positioning.  AOA has been ap-
plied to a number of wireless sensor networks 
such as the one proposed by Kirchner[90] or 
the one by Niclescu, et al.[91] that exploits the 
AOA capabilities of some wireless network 
nodes. 

The effects of mulitpath interference are not 
mitigated by using AOA.  Curry, et al.[92] ad-
dress this issue in their filtering system 
applied to an AOA positioning system.  The 
filter is designed to remove incident signals 
that are likely to be other than the direct path.  
Similarly, Wang, et al.[93] investigate the effect 
of special fading on the symbol error rate of a 
transmission. Both Lo, et al.[94] and Dai, et 
al.[95] have implemented neural networks as a 
means of performing AOA calculations in 
multipath environments. 

2.1.7 Combined angle and time-
based methods 

A combination of the angle and time-based 
methods of positioning described in the previ-
ous sections could result in a compact and 
powerful system for position tracking. 

With the ability for an angle-based system to 
calculate the angle of incidence and a time-
based system to calculate range, a complete 
position-tracking system could be realized 
with a single receiver.  However, careful de-
sign of such a system would be required to 
ensure that the limitations of the individual 
methods do not adversely affect the system.   

In a single receiver realization of a combined 
system, any obstruction of the objects would 
result in a failure to calculate a position, thus 
reducing the reliability of the system. This 

limitation renders the single-receiver, com-
bined solution unacceptable for tracking 
multiple, moving objects where the probabil-
ity of occlusion is significant.  Adding 
redundant receivers would make the system 
feasible for this type of situation.   

Regardless of this, the advantages offered by 
hybrid systems have been explored by some 
researchers.  Cong, et al. [96] use a hybrid 
TDOA/AOA system to locate mobile users of a 
code-division-multiple-access (CDMA) net-
work.  A similar hybrid system is proposed by 
Li, et al.[97] to provide support to military 
surveillance. 

The use of multiple techniques for positioning 
requires methods for combining the results 
from each component of a given system to 
give the best results.  Kleine-Ostmann, et 
al.[98] present a model for efficiently combin-
ing position data from both time and angle-
based positioning methods for both military 
and civilian applications. 

Yang, et al.[99] use a hybrid TDOA/AOA that 
uses information in the AOA calculation to 
estimate multipath effects.  Their tests show 
that accuracy is increased when using this sys-
tem. 

2.1.8 Tracking Multiple Objects 

Many present day applications of position 
calculations require that the positions of mul-
tiple objects be tracked. Examples of the 
applications of multiple object position track-
ing include:  

 Finding positions of sensors in a distrib-
uted wireless sensor network, tracking 
animal movements and biometric 
data[100].  

 Increasing the safety and security of the 
elderly or infirm by facilitating their re-
maining in their own home, while 
remotely monitoring their move-
ments[101].   
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 Tracking product shipments, assets or 
employees in businesses[55]. 

 Sports analysis to help train players in 
both general and specific tactics in order 
to increase their performance[44-48]. 

Vermaak, et al.[102] have proposed a unifying 
framework for tracking multiple objects.  This 
framework deals with some of the issues asso-
ciated with tracking multiple targets such as 
the, sometimes, invalid assumption that the 
number of objects will be constant (or that 
they will be the same objects).  The group uses 
the idea of existence (a concept also used by 
Musicki, et al.[103, 104]), data relating to the 
birth and death of objects, in the area of inter-
est to the time horizon.  Vermaak’s group 
have used probabilistic methods to achieve 
this goal.  Emphasis is placed on making a 
system that can be used in conjunction with 
existing position-tracking architectures. 

All of the position-tracking methods described 
could be used to track the positions of multi-
ple objects, but they would require some 
modification.  The most important of these is 
that each object to be tracked must have some 
uniquely identifiable characteristic.  

In a reflected signal system, individually iden-
tifying each object appears to be relatively 

easy since the transmitter is directed towards 
the object whose position is required. Prob-
lems arise when the objects are moving, the 
system must predict the movement to keep 
that object aligned with the beam. When there 
are multiple objects that converge and di-
verge, the system can no longer distinguish 
which is which. 

Radio-tag based systems are ideally suited to 
tracking multiple objects since they transmit a 
unique ID as part of the position-tracking sig-
nal.  This neatly circumvents issues of 
multiple objects requiring unique identifica-
tion and existence. 

2.1.9 Position Tracking Literature 
Conclusions 

Several methods for position tracking of ob-
jects have been described and discussed.  All 
methods have been shown to be compatible 
with either a direct or iterative solution. The 
range capability of each system will be en-
tirely hardware specific. The systems have 
also been shown to be suitable for use in most 
distributed wireless sensor networks.  A com-
parative summary of the characteristics of 
each position-tracking method is given in Ta-
ble 2.1. 
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2.2 Synchronisation 

Time synchronisation of electronic systems 
has gained in importance as the requirement 
for more accurate time measurements has in-
creased.  This is especially true for systems 
where distributed nodes must collaborate to 
perform a task, such as sensor-data fusion op-

erations, coordinated actuation and power-
efficient duty cycling. 

As the requirement for greater accuracy has 
increased, so too has the difficulty.  A calcula-
tion requiring the measurement of 
nanosecond-scale events between multiple 
nodes also requires those nodes to be syn-
chronised within a nanosecond with sufficient 

Table 2.1: Comparative summary of position tracking methods. 

Positioning 
method 

Receivers 
required 
for a 2D 
position 

Level of 
synchronisation 
required 

Potential sources of 
error 

Special 
requirements 

Video-based 
tracking 

1 Frame 
synchronisation 
when using multiple 
cameras. 

Image distortion, 
occlusion. 

Lens distortion 
characteristics 
should be 
known. 

Time of 
Flight 

3 Receiver level time 
synchronisation plus 
some knowledge of 
the sample or epoch 
start. 

Poor time 
synchronisation or 
precision, multi-
path interference, 
configuration 
geometry. 

 

Time 
Difference of 
Arrival 

4 Receiver level time 
synchronisation. 

Poor time 
synchronisation or 
precision, multi-
path interference, 
configuration 
geometry. 

 

Angle of 
Arrival 

2 None Low angular 
resolution, 
configuration 
geometry. 

Receivers must 
have angle 
sensitive 
components 

Combined 
Angle and 
Time-based 
system 

1 Receiver and 
transmitter 
synchronisation for 
single receiver 
configuration. 

Dependent on the 
configuration of the 
system.  
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stability to retain synchronisation for all 
measurements. 

2.2.1 The Need for 
Synchronisation 

Some examples of the need for time synchro-
nisation are given below. 

In a time-division-multiple-access (TDMA) 
system, each device is given a time slot in 
which it is allowed to transmit data.  Occa-
sionally all the local clocks must be 
synchronised to ensure that a device does not 
transmit out of turn, thereby interfering with 
other transmitters.  GSM mobile equipment is 
an example of such a TDMA system[105, 106].  

Another example is a position-location net-
work (PLN) in which a number of receivers, of 
known location, track the position of mobile 
nodes using a time-based positioning method 
(TOF or TDOA)[107].  GPS is an example of 
such a PLN, and its method of keeping accu-
rate synchronisation will be discussed later in 
this section.  Since the subject of this thesis is 
concerned with a PLN it is vital that there is 
an understanding of synchronisation methods.  
Of particular interest within the scope of this 
project is the synchronisation of distributed 
networks and synchronisation for the purpose 
of accurate event timing. 

It should be noted that synchronisation is only 
required in applications where several nodes 
in a network must collaborate.  In other situa-
tions it may be possible to perform operations 
in an asynchronous fashion, such as in fre-
quency division multiplexed communication 
systems or asynchronous communication pro-
tocols. 

The predominant cause of timing errors, and 
the need for frequency synchronisation, is jit-
ter.  This affects the oscillators (usually quartz 
crystals) that control the speed of the local 
clocks leading to random fluctuations in their 
output. 

Many things cause jitter, including: supply 
and substrate noise[108], temperature fluctua-
tions, analogue signal jitter[109], and 
variations in the manufacturing process[110].  
Jitter causes the local clocks to advance at dif-
ferent rates and become unsynchronised.  
Zamek, et al. [111] propose a more accurate 
method for estimating jitter in oscillators.  
Their research can be applied to increase the 
accuracy and stability of all time-based PLNs. 

Conversely, Doherty, et al.[3] and Lisoweic, et 
al.[112] suggest that Loran-C and GPS respec-
tively could be used to synchronise less stable 
oscillators such as those that would be found 
in a low-cost, quickly-deployable PLN.  The 
concept of using such a system for synchroni-
sation is not new; Doherty’s group published  
their work in 1961. 

Kim, et al.[113] discuss Binary Offset Carrier 
signal synchronisation as being an important 
step in recovering information from a global 
navigation system (they give Galileo and GPS 
as examples).  Kim’s group extends earlier 
work on reducing error from this synchronisa-
tion which could be used to increase the 
position accuracy of these, and other, naviga-
tion systems. 

2.2.2 Synchronisation Difficulties 

One of the major difficulties involved in syn-
chronising components of a distributed 
network is the time it takes for a synchronisa-
tion signal to reach the outlying components.  
Consider a network of three nodes on a line, 
as in Figure 2.11. 

Further consider the situation where node 1, 
the master clock, sends out a synchronising 
reset signal to nodes 2 and 3.  A signal travel-
ling at the speed of light will arrive at node 3 
when node 2 shows 1ns and the master clock 
shows 2ns.  A global accuracy of better than 
2ns is clearly not possible when synchronising 
in this manner.  However, it is the aim of this 
review to show that techniques exist to in-
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crease the global accuracy in systems such as 
this. 

 

Figure 2.11: Three node, distributed network. 

Gershenfeld, et al.[114] describe the advan-
tages of having a bit size greater than the 
physical size of a network, where bit size is 
defined as the length of time required to 
transmit one data bit.  Adapting this argument 
it can be said that, in general, if the required 
global synchronisation is shorter in time than 
the time it takes for a synchronisation signal to 
reach all of the nodes in the network, then 
synchronisation based purely on transmission 
of a reset signal is not effective, and it is neces-
sary to use a more intelligent form of 
synchronisation.  

Another major difficulty in synchronising 
networks to a high degree is the non-
deterministic delay in instructions being exe-
cuted at a node.  This will affect the time it 
takes to implement a synchronisation op-
eration and can result in nodes in the network 
being out of synchronisation with other nodes.  
Temperature, humidity, power supply fluc-
tuations and manufacturing differences 
between the nodes all have a random effect on 
the speed of execution.   

2.2.3 Reference Broadcast 
Synchronisation (RBS) 

In this scheme a signal is broadcast to all 
nodes.  The signal’s time of arrival is used as a 
reference by all of the nodes in the net-
work[115].  The local time of arrival of this 
reference at each node is retransmitted to all 
surrounding nodes.  An average time is then 
computed at each node, which can be used as 
a local time reference for any operations that 

the network must perform.  Since all of the 
nodes have the time of arrival information 
data from the whole network, the average 
value calculated is the same at each node.  
Figure 2.12 illustrates this. 

 

(a) 

 

 (b) 

  

(c) 

Figure 2.12: (a) Rx1 sends a synchronization 
command.  (b) Other stations transmit local 

TOA.  (c) All clocks updated with the average 
signals. 

RBS has been described here in an implemen-
tation for a single hop network.  That is, a 

 

30cm 30cm 

Node 1 Node 2 Node 3 

 

Rx2 
Local TOA = 4 
Rx1 TOA = 0 
Rx3 TOA = 5 

Rx3  
Local TOA = 5 
Rx1 TOA = 0 
Rx3 TOA = 4 

Rx1 
Local TOA = 0 
Rx2 TOA = 4 
Rx3 TOA = 5 

 

Rx2 
Updated 
time = 3 

Rx3  
Updated 
time = 3 

Rx1 
Updated 
time = 3 
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network where each node can communicate 
with any other directly.  The RBS method can 
also be used in networks where multiple re-
transmissions of a signal are required in order 
for the signal to reach all of the nodes in the 
network (referred to as a multi-hop network).  
RBS is implemented in multi-hop on a hop-by-
hop basis, so long as each pair of nodes along 
the chain have a reference to which they can 
synchronise[115]. 

The major advantage of this RBS is that all of 
the nodes in the network are able to automati-
cally come to a consensus about 
synchronisation.  The nodes are also able to 
synchronise regardless of the distance be-
tween nodes.  RBS can also be applied to 
mobile sensor networks so long as a consensus 
regarding synchronisation can be reached fast 
enough to ensure that the movement of the 
nodes relative to each other does not ad-
versely affect the accuracy of synchronisation. 

The limitation of RBS is that while events 
within the network will be synchronised they 
cannot be time stamped with a reference that 
has meaning outside the network. 

Elson, et al.[116] describe a reference broadcast 
system that can be used in distributed wireless 
sensor networks that has an accuracy of ap-
proximately 2 microseconds.   

Maróti, et al[117] propose a similar protocol 
called the Flooding Time Synchronization Pro-
tocol (FTSP), which has a reported accuracy of 
1 microsecond which they claim is ideally 
suited to wireless sensor networks that have 
limited resources. 

Palchaudhuri, et al.[118]  present an adaptive 
synchronisation protocol that can be tuned to 
the specific requirement of the application and 
the resource constraints. 

2.2.4 Measured Propagation Delay 
Synchronisation 

This method employs a synchronisation com-
mand as described earlier.  However, this 
method also includes some calculation to in-
crease the accuracy of synchronisation. 

Each node in the network must know its dis-
tance from the source of the synchronisation 
signal.  When the node receives the signal it 
can then adjust its local time taking into ac-
count the time of flight of the signal over the 
known distance.  The effectiveness of this 
method will be based on the accuracy of the 
measured distance.  

The advantage of this method is that it is sim-
ple to implement.  Once the distance to each 
node is known the propagation delay will be 
approximately constant.  If the network is 
spread over a large area then other factors 
such as temperature, humidity and line of 
sight obstructions affect the propagation delay 
of the synchronisation signal.  This variation 
may not be significant, depending on the syn-
chronisation requirements and the distance 
between the nodes. 

The major limitation of this method is that, 
unless the nodes are stationary, the distance of 
each node from the synchronising node must 
be recalculated before each synchronisation 
event to ensure that the correct offset is incor-
porated.  This may be infeasible if the method 
of calculating the distance is done using a 
manual ranging method.  This limitation will 
not affect the system if the overhead in recal-
culating the distance is low enough to allow 
the system to remain viable. 

2.2.5 Atomic Clock 

It has been stated that one of the major disad-
vantages of local oscillators is that they have a 
component of jitter, which causes the various 
clocks in a network to get out of synchronisa-
tion.  One solution to improving this level of 
synchronisation is to use a more stable oscilla-
tor.  One such oscillator is a cesium atomic 
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clock.  These are significantly more stable than 
conventional quartz crystal oscillators and 
therefore stay in synchronisation longer. 

Greater stability reduces the need for syn-
chronisation events, thus synchronisation 
methods with higher overhead are acceptable.  

However, currently available atomic clocks 
are too bulky and expensive to be used effi-
ciently in distributed networks.  Atomic clocks 
are priced between $50,000US and $100,000US 
each[119], but research is in progress to minia-
turise these atomic clocks to fit on an 
integrated circuit.  One such small atomic 
clock is pictured in Figure 2.13 and is the ap-
proximate size of a grain of rice[120].  This 
type of small-scale atomic clock is reportedly 
accurate to less than 0.5μs per day (compared 
with a quartz oscillator’s 0.5s per day accu-
racy). 

 

Figure 2.13: Atomic clock suitable for use at the 
circuit level. 

Chip-scale atomic clocks are still some way 
from mass commercial use however, as the 
cost per unit is approximately $1500US[121]. 

2.2.6 GPS timing 

There are several methods of GPS timing.  
One is to use the time signal present in GPS 

satellite transmissions to synchronise the node 
of a distributed network.  Installing a GPS re-
ceiver in each node of the network does this; 
the receiver uses the redundant information in 
the satellite transmissions to synchronise the 
clock at the node with GPS time.  The accuracy 
of such a system is reported to be on the order 
of 110ns for stationary, commercially-available 
GPS receivers[122]. 

The major advantage of this GPS timing is that 
the only cost involved is that of the receivers 
and integration; it is free to use any non-en-
crypted signals transmitted by the GPS 
satellites.  The other advantage is that this sys-
tem can be implemented anywhere in the 
world with the same equipment.  It should be 
noted though, that the precision of GPS meas-
urements is dependent on the receiver’s 
distance from the equator.  As the receiver 
moves away from the equator, the incident 
signals from the satellites appear from the 
same part of the sky, reducing precision (the 
effect of the spread of transmitters and receiv-
ers is called geometric dilution of precision 
and is fully explained in section 2.1.1). 

The major limitations of using GPS signals to 
synchronise a network are that the GPS re-
ceiver will increase the size and cost of each 
node and each node must be able to receive a 
signal from the GPS satellites.  Because of this, 
GPS time synchronisation may not be suitable 
for applications where the size and cost of 
each node must be kept to a minimum, and 
also, applications where the nodes are not in 
view of at least four satellites. 

One of the major disadvantages of the GPS 
system itself is that corrections must be made 
for issues arising from relativity.  The first is-
sue is that the GPS satellite is moving with a 
high velocity relative to a base station, this 
causes the satellite’s onboard clock to run ap-
proximately 7 s slower per day compared 
with a ground clock.  The second issue is that 
the satellite experiences less gravity, which 
causes the clock to run approximately 45 s 
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faster each day compared with a ground clock.  
Therefore the total correction that must be ap-
plied to the clocks in the satellites is –38 s 
over the course of each day [123]. 

Zhao[87] discusses the advantages of includ-
ing a position location function in 3G mobile 
equipment.  With position data, there are 
many services that can be provided to the 
equipment and hence it is currently a very 
lucrative market. 

Martin[124], Pflieger[125], Dierks[126] and 
Houlei[127] each describe GPS synchronized 
systems for taking measurements from mains 
power grids.  These measurements are aimed 
at improving the efficiency and robustness of 
mains power systems.  

D'Antona, et al.[56] suggest GPS timing for 
synchronising nodes placed around a lake.  
The method used here could be applied to any 
wireless sensor network and by extension, any 
PLN. 

Lewandowski, et al.[128] propose a GPS tim-
ing system with an accuracy of 4 nanoseconds.   
The system uses measurements of the delay 
caused by the ionosphere to increase the accu-
racy of calculations.  This work is aimed at 
achieving timing accuracy for events occur-
ring at intercontinental distances. 

2.2.7 Network timing protocol 
(NTP) 

This protocol is often used in network servers 
to ensure that the time stamps on log entries 
are correct[129].  This is advantageous in the 
event of a security breach or power failure, as 
it allows accurate reconstruction of the events 
that led to the failure. 

In NTP a server is coupled to an atomic time 
standard.  This server is defined as the pri-
mary server or ‘stratum 1’.  This server is used 
to synchronise another level of computers, 
called ‘stratum 2’.  This can continue until 
stratum 16.  Computers further down the hi-

erarchy are less accurate compared with those 
higher up.  

Figure 2.14[129] shows an example of this. 
Stratum 1 comprises several servers connected 
to atomic clocks. These servers can be used to 
synchronise either client computers (labelled 
as ‘BX’ and ‘BY’) or another layer of servers 
(labelled as ‘B1’ and ‘B2’).  This figure can be 
extended to the last stratum with synchronisa-
tion precision dropping with each stratum.  
Multiple strata of servers are used to allow a 
much greater number of client computers to 
synchronise (servers can only process so much 
traffic, limiting the number of clients that can 
connect and synchronise). 

 

Figure 2.14: Network timing protocol hierarchy. 

The actual synchronisation process involves 
multiple packets of data being sent back and 
forth between the computers.  These packets 
are used to update the clock on the computer 
that is querying the NTP server.  The synchro-
nisation continues until the two clocks are in 
agreement. 

The level of accuracy that can be attained us-
ing NTP depends heavily on the real time 
property of the operating system that is being 
used[130].  Approximations of the accuracy of 
clocks on machines running NTP software 
suggest that accuracy is of the order of milli-
seconds[131], however research is in progress 
to increase this level of accuracy, including 
that of Mills[132] who proposes changes to the 
Unix operating system kernel to realise sub-
millisecond accuracy. 
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It is interesting to note that NTP does not aim 
to synchronise individual computers to one 
another but instead to synchronise all clients 
to the Universal Coordinated Time (UTC).  
Synchronisation of machines to one another is 
a serendipitous effect.  

The advantage of NTP is that it can be used to 
synchronise the internal clocks of a large 
number of computers over a wide area.  Each 
computer will automatically attempt to syn-
chronise with an NTP server that is as close to 
the UTC as possible (defined by its stratum 
number). 

The major limitation of NTP is the time re-
quired for the client’s clock to converge with 
the server.  NTP requires several hours to a 
day for the various clocks to synchronise with 
UTC, hence NTP is inappropriate in situations 
where nodes must be synchronised often (on 
the order of more than once in a week).  How-
ever, Butner[133] proposes a system that can 
be used for timing nanosecond scale events 
that is able to converge to synchronisation in 
approximately one minute. 

For further reading on NTP and its applica-
tions see Gurewitz[134] and Nakashima[135]. 

2.2.8 Ultra Wide Band 
Synchronisation 

Ultra wide band (UWB) is a special class of 
radio communication system with some 
unique synchronisation requirements.  A 
UWB transmitter works by sending pulses 
with duration on the order of hundreds of pi-
coseconds to tens of nanoseconds.  These 
transmissions occur at specific times.  In order 
for the receiver to correctly receive one of 
these signals it must sample the input from 
the antenna at the specified time.  Because of 
the short duration of the pulses, the nodes of a 
UWB network must have a high level of syn-
chronisation so that the window can be kept to 
a minimum to reduce interference. 

Successful implementations of UWB synchro-
nisation schemes lead to communications 
systems that are very resilient to multi-path 
fading. 

Yang[136] presents a blind method for time 
synchronisation that involves an integrate-
and-dump operation over the duration of one 
symbol period (the time taken to fully trans-
mit one symbol by whatever method) and 
exploits the multi-path diversity allowed by 
UWB transmissions.  This method has a better 
performance when compared with other blind 
templates and is comparable to data-aided 
methods. 

Zhang[137] describes a system called transmit-
ted reference ultra wideband (TR-UWB) and 
also describes how the relatively poor bit error 
rate of TR-UWB can be improved while retain-
ing the ability to resolve multi-path signals 
and timing attributes. 

Tian[138] compares blind methods of timing 
acquisition with training based methods and 
proposes a new blind method that has an en-
hanced timing offset estimation that is 
comparable to most training based methods. 

UWB is an interesting technology with respect 
to position tracking since the high degree of 
timing accuracy required for operation also 
allows for very precise event-time measure-
ments.  UWB is examined further in later 
chapters for application to our research ques-
tions. 

2.2.9 Synchronisation Literature 
Conclusions 

This section has highlighted both the need for 
synchronisation in distributed wireless sensor 
networks and some of the major difficulties in 
achieving it.  Several methods have been de-
scribed that cover a wide range of situations.  
The selection of technique and the accuracy 
that can be attained is heavily dependant on 
the equipment and implementation. 
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While in some systems it may be easier and 
advantageous to use asynchronous protocols, 
systems in which synchronisation is a re-
quirement can be implemented by using one 
of these methods. 

By using one or more of the methods de-
scribed, synchronisation can be achieved in 
systems that are distributed in the metres to 
hundreds of metres range by using one of the 

transmitted reference methods.  Synchronisa-
tion can be achieved in the kilometres to thou-
thousands of kilometres range by using either 
NTP or GPS timing synchronisation. 

A comparative summary of these synchronisa-
tion methods is given in Table 2.2. 
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Table 2.2: Comparative summary of synchronisation methods.  

Synchronisation 
method 

Precision Range Comments 

Clock reset signal Dependent on 
relative ranges 
of nodes 

Dependent 
on 
transmission 
hardware 

 

Reference broadcast 
synchronisation 

Microseconds Dependent 
on 
transmission 
hardware 

Can be adapted for 
multi-hop operation 

Measured 
propagation delay 

Dependent on 
atmospheric 
characterisation 

Dependent 
on 
transmission 
hardware 

 

Atomic clock Nanoseconds  Stays stable longer 
than quartz-based 
oscillators so requires 
fewer synchronisation 
events 

GPS timing Hundreds of 
nanoseconds 

Global Requires GPS receiver 
in every device 

NTP Nanoseconds Thousands of 
kilometres 

Can require days to 
converge to 
synchronisation 

UWB Nanoseconds Dependent 
on 
transmission 
hardware 
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3 Methodology 

In which the logical progression of the research is explained – testing 

procedures are described – results handling. 

It is in the nature of this research that a num-
ber of disciplines must be drawn on in order to 
reach the final solution that answers the re-
search questions.   

This chapter will explore and explain the pro-
gression of the research including the logic 
behind decisions made and paths chosen.  This 
chapter will follow the structure of the rest of 
the thesis so that the sections that follow will 
correspond to the following chapters.  As be-
fits an investigation of this nature, this chapter 
contains some results of subsequent chapters 
as these affected decisions for further investi-
gations.  The reader is asked to suspend 
analysis of these results until later. 

The exact method and materials for each of the 
tests is explained fully in the relevant chapters 
and hence will not be discussed here. 

3.1 Background 

It was unclear at the start of the research what 
systems were available and specifically, what 
precision and accuracy could be achieved in a 
given position-tracking system.  It is for this 
reason that it was decided to cover a wide 
range of positioning and synchronisation tech-
niques in the background; the optimum could 
be selected from these.  

3.2 Specifications 

The definition of the specifications of the final 
system was crucial to this research.  It was 
necessary to know quantifiable measures of 

system performance in terms of visibility, gen-
erating results in a timely manner and also 
physical constraints such as equipment vol-
ume, durability and the potential to harm 
players or interfere with the game. 

The specifications defined the direction of the 
research.  For example, a position-tracking sys-
tem that requires three receivers in order to 
calculate a position is superior to a system that 
requires four receivers to calculate the same 
position. 

The specifications are a major part of answer-
ing the research question 1: ‘how best can a 
minimalist tracking system be implemented?’ since 
the specifications define the ‘desired result’ 
that needs to be achieved (see chapter 1). 

The specifications are, in places, contradictory 
and require balancing in the final system.  The 
shortfalls of these balanced specifications are 
the focus of research questions 2 and 3.  Ques-
tion 2: ‘does an irregular configuration of receivers 
give superior results?’ is posed on the grounds 
that performance gains may be realised while 
using irregular system configurations, espe-
cially in conditions where there is a high 
probability of an object being obscured from 
the majority of receivers in the position-
tracking network.  Question 3: ‘can a software 
model be developed as an expert system for posi-
tion-tracking systems?’ addresses the issues 
with the maximised-performance and ease-of-
use specifications.  A properly developed 
software package will remove operator-
training burden and the need for in-depth un-
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derstanding of system theory as well as maxi-
mising the usability of the output data.   

3.3 Tracking system 
selection 

The initial idea in this research was to produce 
a tracking system from scratch using the most 
suitable equipment and techniques that could 
best fit all of the specifications (especially ac-
curacy and equipment volume). 

As research continued, it became clear that 
systems existed that could be manufactured to 
higher standards than an in-house system and 
with greater accuracy and long term cost.   

It was also noted that there would not be 
enough time to scratch build a positioning sys-
tem and perform the other research that would 
be dependent on that system working. 

At the time this research was conducted there 
were few commercially-viable, position-
tracking products being advertised hence, not 
a large number of products could be assessed. 

Each system was checked for conformity with 
the specifications.  The system with best con-
formity was chosen to move forward with 
research. 

3.4 System characterisation 

Characterising the system allows prediction of 
the behaviour of that system under different 
circumstances.  The information from the 
characterisation is critical to defining a mini-
malist system.   

The Multispectral Solutions Sapphire system 
was selected for the research (an active-RFID-
tag based TDOA system) and the information 
on the behaviour of each of the components 
was required. 

The tags, the receivers and full system opera-
tion were the major areas that needed 

characterisation and so, most of the tests con-
cern these components.   

The tag-transmission spectrum was measured 
and originally these results would have been 
used in conjunction with receiver gain data 
(obtained from the manufacturer) to estimate 
and model the visibility of tags to the tracking 
system.  This test would have included an ex-
amination of how the signal is attenuated by a 
human body and how much, if any, signal dif-
fracts around a body.  Unfortunately, it was 
not possible to measure the tag-transmission 
spectrum to any significant range with the 
equipment available and on location at the 
testing site.  Instead, this experiment was sim-
plified to test how a human-body simulator (a 
bottle of water in this case) interacted with the 
transmission in a lab setting.  A human-body 
simulator was used in place of an actual hu-
man to achieve consistency in the results 
(different body shapes may affect the signal 
differently) and ensure that the experiment is 
repeatable. 

The tags were also mounted at different loca-
tions on the body of a player to find where the 
best signal reception would occur.  It was ex-
pected that the human body would have a 
significant effect on the tag transmissions (evi-
dence from the spectrum tests confirmed this) 
and so several locations on extremities were 
trialled.  Trials on the torso were included for 
comparison and completeness.  It was hy-
pothesised that tag placement would be a 
critical factor in realising an effective minimal-
ist system. 

Given the failure to fully measure the tag spec-
trum at range it was decided to measure the 
ability of the system to receive signals with 
specific receiver/tag combinations.  In other 
words, the range of each receiver type for a 
given tag type was measured.  It was decided 
that this would be an acceptable test, as it 
would give quantifiable results that answered 
the pertinent question of range using equip-
ment that would be in use in the final system. 
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Results are given for one tag type only, how-
ever, it is noted that a scale factor can be 
applied to convert ranges between tag types 
(e.g. micro tags have half the range of asset 
tags for the same receiver type). 

Finally, initial trials were conducted with 
minimal receiver numbers to see if the system 
would be capable of tracking players in a 
rugby game with sufficient visibility.  A three-
receiver configuration was tried since this is 
the minimum number required to calculate a 
2D position according to the manufacturer.  A 
four-receiver configuration was trialled to see 
what effect that had on visibility.  This was the 
maximum number of receivers available at the 
time and so no configurations with greater 
numbers of receivers were tried.  

The decision was made in all of these experi-
ments to keep outside influences out of the test 
results wherever possible.  This means that 
only one variable at a time was changed (tag 
type, receiver type, tag placement location).  
Most importantly, interactions with the human 
body were limited by keeping the body away 
from the transmission or reception elements as 
much as possible (e.g. tags were held away 
from the body in the receiver lobe experiment).  
It is realised that by testing like this, the results 
will not match the situation in which the sys-
tem will be used; however, it allowed factors 
affecting system performance to be gauged 
individually and an accurate cause-and-effect 
chain to be constructed.  It was the intent that 
that the results of the characterisation would 
be used in models that added in the factors 
expected in a game situation (human-body-
signal interaction most notably). 

It was found after consultation with the system 
manufacturer that a characterisation with this 
detail did not exist; therefore this chapter con-
tains significant new knowledge. 

3.5 Player visibility 
modelling 

The system characterisation suggested that 
there would be times that the tracking system 
would not be able to output a valid position 
for a player.  This would be especially true for 
a minimalist system.  It was recognised that 
one could take the brute-force approach to 
tracking where more receivers are added to 
increase the robustness of the system; how-
ever, this would go against the first research 
question of finding a suitable minimalist sys-
tem.  

It was decided that the first step in maximising 
visibility is to predict where and why visibility 
would be lost. 

The player-visibility model was developed 
using data from the system characterisation 
and pre-tracked data from the Industrial Part-
ner’s manual system.  The model was also to 
be the first part of the software expert system 
that the third research question requires.  

It was important that real game data were 
used in the development of this model as this 
allowed it to be fine tuned for real game situa-
tions.  This further allowed prediction of how 
well the system would perform in a game 
situation.  This last part would become impor-
tant for the optimisations. 

The factors most affecting signal receptions 
were considered (as identified in the system 
characterisation).  These were range, angle and 
obstruction.  Each factor was implemented in 
the model based on information gained from 
the system characterisation. 

The model assumed that if three receivers had 
visibility with a tag that position data would 
be output even if more receivers were in the 
network.  Trials in the system characterisation 
showed this to be an accurate assumption. 
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As the name implies the visibility model calcu-
lates only player visibility and does not look at 
measurement accuracy (which will change, 
based on the GDOP of the receiver configura-
tion with signal visibility).  No accuracy 
measurements were included here, since the 
tracking system would output a position if the 
tag were visible to enough receivers, regard-
less of accuracy (hence the model represents 
the system). 

It was recognised that the model could be used 
in a more general setting if there were the 
added functionality to check visibility in envi-
ronments with static obstructions.  For this 
reason, time was given to extending the model 
to deal with static obstructions. 

The model was verified with a number of 
manually generated example situations to en-
sure that each block was working as intended.  
Finally the model was applied to the full game 
dataset in order to make inferences on how a 
tracking system will perform in a real-world 
situation, especially with regard to tracking 
with a minimalist system. 

3.6 Receiver-placement 
optimisation  

A key factor in answering the first research 
question was the fact that different receiver 
configurations would result in different system 
performance.  Finding the configuration that 
yielded the highest performance was the aim 
of this chapter.  Performance is defined here as 
a combination of accuracy and visibility where 
higher performance is at higher accuracy 
and/or visibility. 

It was originally intended that the optimisa-
tion process would be performed for the rugby 
pitch on which the game would be played 
prior to configuring the system on site.  Thus 
the optimisations would be used in the plan-
ning stage of position tracking.  The 
optimisation would only need to be performed 
once per pitch so long as no changes were 

made to that pitch (changing field dimensions 
for example).  It was further hypothesised that 
knowledge of how each team played could be 
used in the optimisation process (by way of 
the occupancy signature for each team).  This 
was found to be inappropriate for this type of 
tracking. 

It was seen from the results of the visibility 
model that changing the receiver positions 
would change the resulting visibility and it 
was also known from the literature review that 
the receiver positions would affect accuracy 
based on GDOP (i.e. receivers spread evenly 
around the object would produce the most 
accurate results and vice versa).  In this way 
the optimisation process helped answer the 
second research question. 

The problem of optimising the system configu-
ration in this case is made difficult by the 
degrees of freedom (each receiver represents a 
new degree of freedom).  This results in a total 
number of receiver-placement permutations 
that is too high to optimise by brute force.  
Furthermore, when optimising this problem 
there are a number of local minima (configura-
tions that are optimal within given boundaries 
but are not the overall optimum configuration) 
which simple optimisation techniques have 
trouble handling.   

Genetic algorithm (GA) optimisations were 
chosen as a tool to find the receiver configura-
tion that gave the highest performance.  A 
search of the literature and trials with a small 
number of other optimisation types revealed 
the suitability of GA optimisations for this 
type of problem. 

It was hypothesised that the optimisation 
process could be used for any game situation, 
finding the optimum configuration of receivers 
for individual pitches (there is variation in the 
size of rugby pitches allowed in the game 
rules) and thus the optimisations would form 
the second part of the software expert system 
(research question 3).   
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A number of different objective functions were 
trialled in order to find one that produced use-
able results in acceptable times.  A number of 
these were based on the visibility model and 
the real-game data; however, it was found that 
the optimisation process could not handle suf-
ficient data in the required time to produce a 
stable result.  Other objective functions used a 
combination of maximised coverage and 
minimised GDOP.  Wherever possible, data 
from the system characterisation experiments 
was used (especially in calculating ranges of 
receivers and acceptance angle). 

Analysis of a truncated solution space showed 
that the system was insensitive to receiver 
placement2 and that most well-spaced receiver 
configurations would produce similar results 
in the rugby situation. 

The useable rugby optimisations were com-
pared using the player visibility model.  Each 
solution’s receiver configuration was passed as 
input to the model along with the same 3000-
fame sample from the real-game dataset.  The 
solution with the highest visibility is the fittest. 

Given that it was found that the solution space 
for the rugby problem was flat and building on 
the static-obstruction-visibility model, the op-
timisation process was applied to a number of 
static-obstruction problems.  It was hypothe-
sised that these situations would represent a 
more complex problem to optimise.  Objective 
functions were still a combination of maxi-
mised coverage and minimised GDOP.  A 
similar examination of the solution space was 
conducted. The outputs of these optimisations 
were assessed on both coverage and GDOP 
and inferences are made. 

                                               
2 Insensitivity to receiver placement is not the same as 
insensitivity to receiver configuration.  The system will 
output inaccurate data if the receivers are located at posi-
tions different from the configuration data.  Note that 
‘placement’ refers to the receiver’s physical location where 
‘configuration’ refers to the stored coordinates of the re-
ceivers in the hub processor (i.e. where the receiver 
‘actually’ is and where the hub processor ‘thinks’ it is). 

These optimisations were helpful in showing 
that irregular receiver configurations yield bet-
ter tracking results.  These optimisations gave 
conclusive results for the second research 
question. 

3.7 Position Reconstruction 

It was established in the previous two chapters 
that some level of invisibility was inevitable in 
the tracking system.  This was especially true 
when dealing with rugby, since there were 
some formations in which perfect tracking is 
almost impossible (rucks for example). 

It was therefore decided to implement a recon-
struction algorithm to recover as many of these 
missing data as possible by using the data pre-
sent.  This algorithm was demanded by the 
third research question but helped to realise a 
minimalist system from the first research ques-
tion.  In other words, if positions would be 
lost, then instead of adding more receivers to 
improve coverage, an algorithm could infer 
position from other data. 

The algorithm was developed in a functional 
block architecture that allowed different re-
covery techniques to be added and evaluated 
as necessary.  Each technique was applied in 
order of descending effectiveness (i.e. the most 
effective techniques that returned the most 
data were applied first).   

The blocks were split between two broad cate-
gories: those that could be applied to tracking 
systems in general and those that could only 
be applied to a rugby game. 

The algorithm was applied to selected frames 
from the data collected from field trials and 
pre-tracked game data and the effectiveness of 
each block was evaluated.  The input frames 
were assessed for visibility using the model 
described in chapter 7 and were known from 
visual inspection to contain a given situation 
(e.g. ruck or scrum).  The algorithm was 
passed 10 frames that contain at least one in-
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stance of the test situation.  In order for the 
algorithm to be successful it must correctly 
identify the frame or frames in which the situa-
tion occurs and correct for it with sufficient 
accuracy.  The evaluation was conducted with 
ten instances for each situation.  Statistical 
analysis was performed on the results. 

3.8 Simulated tracking-
system performance 

Over the course of this research the relation-
ship with the Industrial Partner deteriorated.  
They were under the impression that the pur-
chase of the test system was the end of the 
research and that they would be in possession 
of a fully working tracking system that would 
suit their needs; this was false.   

Also, the insurance policy that was taken out 
on the equipment required that a staff member 
from the Industrial Partner be present when-
ever testing in the field was undertaken.  This 
severely limited access to the equipment and 
held back research. 

Finally, when the Industrial Partner did not 
see performance as high as they expected from 
initial trials they sent a delegation to Multis-
pectral Solutions to discuss the system.  There 
they were told about the way the system is 
used for other tracking applications (such as 
personnel in an office building) and they be-
came convinced that the tracking system could 
not be applied to tracking rugby with suitable 
performance (despite evidence from the sys-
tem characterisation experiments that showed 
that it could). 

Because of all of this, access to the system for a 
full game trial was denied.  Instead it was de-
cided to pool the results from all of the 
experiments and apply them to the game-data 
suite.  This involved configuring the visibility 
model to use the calculated optimum receiver 
positions and then applying the model to the 
entire set of pre-tracked game data.  This re-
sulted in a dataset where some of the player 

positions were invisible.  The reconstruction 
algorithm could then be applied to attempt to 
recover those missing positions (based solely 
on nearby visible positions).  The recon-
structed positions could then be compared 
with the known positions from the game data-
suite to check reconstruction accuracy.  By do-
ing this, the results from the system 
characterisation, visibility modelling, receiver 
placement optimisation and position recon-
struction are used to simulate how the system 
would work in practice. 

Results were analysed based on volume of re-
covered data and the accuracy of those data.  
Evaluations of the simulated system were 
made based on the specifications and the final 
definition of a minimalist system is made with 
respect to the system specifications. 

While it is realised that a test of the actual 
tracking system in a game situation is an im-
portant verification of the results, the 
simulated system provides a suitable indica-
tion of how the real system would perform.  
The use of real data from pre-tracked rugby 
games and the system characterisation (erring 
on the conservative side) further raises confi-
dence in these results. 

The simulated tracking-system performance 
chapter ties together each of the three research 
questions in a single system.  By doing this, the 
relationships between the research questions 
can be gauged and balance between specifica-
tions and the research questions can be found. 

The results are analysed in several ways.  The 
visibility is measured, specifically how it 
changes with different numbers of receivers (6, 
8 and 10-receiver configurations are used, po-
sitions of which are taken from the 
optimisation data).  The reconstruction algo-
rithm is assessed based on how many 
positions it recovers (and hence how the visi-
bility changes) and how accurately it can 
recover positions.  Inference will also be made 
on the how effectively the reconstruction algo-
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rithm can identify and correct missing posi-
tions in application-specific situations. 

The analysis performed here will be used to 
justify the final minimalist solution based on 
the requirements of the specifications. 

3.9 Repetition 

A number of different experiments were per-
formed in this research.  Each experiment has 
sufficient repetition to ensure consistent and 
repeatable results.    

In the case of physical experiments, repetitions 
are performed to ensure that outside or uncon-
sidered influences do not affect results and to 
account for inaccuracies in measuring results.  

In the case of experiments involving only 
software, repetitions were either performed 
with different input data (e.g. receiver place-
ment optimisations used a different subset of 
the game-data suite) or it was accepted that 
repetition using the same data would not pro-
duce different results (e.g. the simulated 
system performance test would produce the 
same output for the same receiver configura-
tion when applied to the game-data suite).  

The number of repeats is stated and justified in 
the method for each experiment.  Software 
simulations with no random elements are not 
repeated (however they are verified using sev-
eral test cases) since the results would not 
change. 
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4 Specifications 

Qualitative and quantitative requirements are discussed – issues and 

constraints are presented – initial specifications are reached. 

Successful design projects share the common 
characteristic that the requirements are cap-
tured early in a series of specifications that are 
comprehensive, clear and testable.  To this end, 
consultation was undertaken with the Industrial 
Partner on the requirements of a system suitable 
for real-time tracking of player positions in 
sports matches.  These specifications will be 
used to gauge the requirements of a minimalist 
system.  

From the beginning, it was decided that the 
player-positioning system need only track the 
positions of the players and perform any filter-
ing or processing so as to improve the accuracy 
and availability of this information.  The Indus-
trial Partner, if they wished to do so, could then 
apply additional information and perform sta-
tistical modelling on the data.   

The specifications that follow are the result of 
the consultation process and helped to define 
the direction of the research.  They are pre-
sented here in descending order of importance. 

4.1 No physical interference 

The equipment in the system must not interfere 
significantly with the play of the game.  In an 
ideal system, neither the players nor the specta-
tors would be able to detect the presence of the 
equipment.   

The characteristics of any tracking equipment 
that is attached to the players can be specified 
and tested in the following manner: 

 It must be incapable of injuring the player 
during a collision or fall.  Impact tests will 
highlight any possibility of injury.  The 
equipment must not mark or bruise the 
player in any way in order to be acceptable.  
Padding may be added to further decrease 
the injury probability. 

 Tracking equipment must be placed where 
it cannot be knocked off during a game, as 
there will be no opportunity for the opera-
tor to reattach devices once play has 
commenced.  Testing of the system under 
game conditions will indicate fulfilment of 
this specification.  The loss of no more than 
two devices per half game is considered ac-
ceptable. 

The characteristics of tracking equipment that is 
stationary around the field of play can be speci-
fied in the following manner: 

 It should cause minimal interference with 
the game; hence any receivers should be 
placed outside the tracked area and also out 
of the way of ancillary game staff (linesmen, 
camera operators, etc).  An exclusion 
boundary can be used to successfully im-
plement this specification.  The ancillary 
staff are usually within 5m of the sidelines 
and thus no receivers may be placed closer 
than that. 

 The visual footprint of any receivers must 
be small enough that the spectators’ view of 
the game is not affected.  In the ideal case 
the receivers would be small, be outside the 
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spectators’ line of sight.  Successful imple-
mentation of this specification can be 
gauged by the angle subtended by the 
equipment on the spectator’s vision.  This 
angle should be less than 5° to fulfil this 
specification. 

4.2 Durability 

Any required tracking devices must be able to 
handle the impacts and shocks that a player will 
encounter during the course of the game.  De-
vices must operate correctly for the whole 
game, regardless of what happens to them.  The 
devices will be placed on the players before 
they take the field for the first time.  Once this 
happens there will be no opportunity to replace 
or adjust the devices.  Therefore, the devices 
must be constructed to resist shock and be 
placed in an area where shock is minimised. 

Equipment placed around the field of play must 
also continue to operate correctly following any 
collision.  Examples of such collisions include 
ancillary game staff accidentally walking into 
the equipment or a ball striking the equipment 
when it is kicked out of the field of interest.  

In the short term this specification can be tested 
by putting the system in a game-like situation 
and examining both the physical equipment 
and the data for evidence of damage or loss.  If 
after these tests the equipment and the data are 
intact then this specification has been met. 

In the long term this specification can only be 
gauged after a large number of game situations.  
One season would be sufficient to see how du-
rable the system is. 

4.3 Portability  

This system is not intended to be a permanent 
installation mounted in a stadium; instead, it is 
to be portable and travel with a team to differ-
ent playing venues.  As such, the entire system 
must be able to be stored and transported as 

part of the team’s luggage and should require 
minimal set-up and calibration time.   

A corollary of this specification is that the vol-
ume of equipment that must be transported, 
stored and set up is kept to a minimum. 

An ancillary interpretation of the portability 
requirement is that, with minimal modifica-
tions, the system should be applicable to live 
tracking in different sports.  While the primary 
application of this system will be in the sport of 
rugby, the system should also be applicable to 
sports like soccer, netball and basketball.  

Success in meeting this specification will be de-
termined by the volume and mass of equipment 
required to operate the system and a subjective 
assessment of the complexity of the configura-
tion process.   

An entire tracking system (core system, power 
supplies and ancillary equipment) that can be 
fitted into a single transport case (such as the 
Pelican 1780T transport case) would be ideal.  
Such cases have an internal volume of approxi-
mately 0.02m2.  Any system requiring more 
than three such cases (total volume of 0.06m2) 
for transport would be unacceptable.  Ideally 
the total mass of the equipment should be less 
than 30kg.  A system will be judged portable if 
it can be configured in less than 1 hour. 

Examination of the modifications required to 
operate the tracking system in a sport other 
than rugby will give an indication of the sys-
tem’s portability between applications.  

4.4 Maximised operation time 

The system must be able to operate for an entire 
game without attention to the receivers or 
transmitters, e.g. battery charging.  

Fulfilment of this specification must take into 
account the various additional events that can 
occur beyond the regular duration of play (80 
minutes for a game of rugby).  These events in-
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clude: the singing of national anthems, injury 
time, stoppages of play, tiebreaker over times 
and halftime. 

Examination of the power consumption of any 
battery-powered equipment in the system will 
give an indication of the expected endurance of 
the system.   

Tests of run time under game conditions will be 
the final evaluation on this specification.  The 
system will be capable of tracking continuously 
for at least 3 hours on one battery charge in the 
ideal case.  Continuous tracking for between 2 
and 3 hours will be acceptable but not ideal.  
Less than 2 hours of continuous tracking capa-
bility will be unacceptable. 

4.5 Minimal cost 

The system should be low enough in cost such 
that a professional team or franchise can afford 
to own its own tracking system.  Competitive-
ness in the market place will require that the 
cost of the system be on a similar level to any 
other form of tracking system currently avail-
able. 

The cost of extending the operational time of 
any tracking devices will have significant im-
pact on the system cost specification, as these 
will be the most numerous components in the 
system.  The cost of replacing or recharging ei-
ther the devices or their batteries should also be 
minimal. 

Volume production of the tracking system will 
impact directly on the total cost.  Therefore the 
ability to use commercial-off-the-shelf (COTS) 
components wherever possible will help to 
minimise the overall cost of the final design. 

Consultation with the Industrial Partner yielded 
an upper cost limit of $100,000NZ.  Any system 
that costs more than this will be unacceptable.   

4.6 Measurement accuracy 

The system must produce an output of the posi-
tions of each object to be tracked at 
approximately one-second intervals with accu-
racy better than 0.5m in any direction on the 
field.  These positions need only be returned in 
two dimensions, but the ability to return posi-
tions in three with elevation, would be 
advantageous for further analysis.  The Indus-
trial Partner indicated that positions in three 
dimensions would be desirable but is not re-
quired.  Furthermore, it is considered that data 
that are missing are inaccurate and thus the sys-
tem must have less than 20% missing data in the 
output dataset. 

Simulations can give an indication of the errors 
in positioning that can be expected from differ-
ent position-tracking systems, but this 
specification will be evaluated by taking posi-
tion measurements at known positions on the 
field.  Simulations will also be used to optimise 
the configuration of the tracking system to 
maximise its performance.  Furthermore, analy-
sis of raw data from a particular tracking 
system can be used to increase the accuracy of 
measurements and to recover data that are 
missing. 

4.7 Ease of use 

A person with little or no experience in the 
workings of the system and with minimal train-
ing should be able to operate the system 
correctly during a game.  The system must be 
simple enough that one person can set up, acti-
vate and have the system operate reliably and 
correctly by following a simple list of instruc-
tions. 

Evaluation of a tracking system meeting this 
specification will involve an assessment of how 
well an operator with minimal training and a 
list of instructions can set up and configure the 
system.  An operator with a list of instructions 
should be able to configure the system for use in 
less than 1 hour.   
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4.8 Timely availability of data 

The time taken for the system to produce data 
suitable for statistical analysis must be signifi-
cantly shorter than that of the Industrial 
Partner’s current, manual, video tracking sys-
tem.  An initial specification is that data should 
be available for statistical analysis within 1 hour 
of the end of the game.  However, if the delay in 
the availability of data were shorter, this would 
be advantageous. 

The system should also require minimal human 
intervention.  A particular example of this is 
that, if an object is lost to the tracking system for 
a length of time, then human intervention is not 
required when the object reappears.   

The elapsed time between the end of a game 
and the data being available in a format suitable 
for statistical analysis will be the test for this 
specification. 

4.9 Issues and constraints 

Beyond these specifications there are a number 
of constraints imposed on the system by the 
physical dimensions of the playing field.  

A rugby field is generally 120mx70m, including 
the area behind the goal posts (Figure 4.1).  
There are situations where these dimensions 
can be altered, but for the purposes of this re-
search it will be assumed that these dimensions 
are fixed.  The area outside this field of play is 
available for the placement of equipment; how-
ever, this placement may be further constrained 
by the characteristics of the system and obstruc-
tions around the field of play. 

 

Figure 4.1: Boundaries of a Rugby pitch.  Crosses 
denote goal posts. 

It is likely there will be conflict between the 
various specifications of this system that will 
require compromise.  Foremost of these is cost, 
since in almost every case the cost increases 
when any particular system characteristic is 
improved.  

Other specifications that may be in conflict in-
clude:  

 Accuracy of measurement and portability: 
Increasing accuracy will most likely require 
more receivers; hence the portability of the 
system will be reduced. 

 Non-interference and maximised operation 
time:  The batteries required to attain the 
required endurance may be large, thus in-
creasing the visual footprint of the tracking 
equipment. 

 Accuracy of measurement and durability: 
Preventing any tracking devices from being 
damaged may necessitate their being placed 
in a location that is not conducive to accu-
rate measurements.    

The conflicts of characteristics and the resulting 
compromises will be explained in the text as 
they arise. 
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5 Development of a prototype tracking system 

The road from in-house development to COTS – Nordic – Paric – 

Multispectral Solutions – review and refinement of requirements – ultra 

wideband communications – compromise of requirements. 

At the beginning of the research it was intended 
that the tracking system would be developed 
entirely in-house.  As the literature review pro-
gressed and the specifications of the system 
were refined, it became clear that an in-house 
system would not be suitable, both from the 
perspective of its performance and marketabil-
ity.  The literature review (chapter 2) suggested 
that significant work had been done in the area 
of position tracking and it was reasonable to 
assume that a commercial-off-the-shelf (COTS) 
system existed that could be modified to suit 
the requirements of the research.  A COTS sys-
tem was also required to meet the minimal-cost 
requirement of the system (see section 4.5). 

In chapter 2 it was shown that the best system 
would be time-based with unique ID’s transmit-
ted from tags mounted to the players and thus 
the research focused on locating such a system 
and identifying the modifications that would be 
required to construct a position-tracking system 
suitable for the game of rugby.  Three compa-
nies were identified as having potential 
solutions: Nordic Semiconductors[139], Paric 
Measurement[140] and Multispectral Solu-
tions[141]. 

5.1 Nordic Semiconductors 

This company, located in Norway, produces a 
number of consumer RF transceiver systems 
with integrated micro controllers.  A develop-
ment kit of the 2.4GHz transceiver was obtained 
for evaluation purposes.  A similar system was 
requested from the South Pacific agent for Ubi-

sense (a British company that produce a similar 
line of products); however, they did not re-
spond to inquiries. 

A significant advantage offered by the Nordic 
development kit was the flexibility of design.  
The operation of each of the units was totally 
under the control of the developers.  Also, with 
the addition of the appropriate antennae, one 
set of hardware could be used for both the 
player tags and the receivers.   

The transceivers measured approximately 
50x25x10mm as an exposed circuit board with 
2.4GHz short dipole antenna, which would 
have made them suitable for use as player tags 
with an appropriately padded case. 

Given that the Nordic units were transceivers, 
several architectures were available when im-
plementing a position-tracking system.  One 
that was investigated was a poll-and-response 
architecture, in which a master unit sends out a 
request for a particular player’s position.  The 
tag on that player responds immediately and 
several receivers around the field calculate a 
position based on the time characteristics of this 
response.  This method has inherent inaccura-
cies due to non-deterministic latency in the 
signals.  Also, poll-and-response would not 
scale well; increasing numbers of players to 
track would degrade the system’s ability to 
produce positions of all players in a suitably 
timely manner.  For these reasons, the tracking 
system was not implemented in this fashion. 
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A second architecture involves the transceivers 
on the players periodically transmitting data.  
The contents of the transmission would 
uniquely identify a particular player and a posi-
tion could be calculated (again, using the time 
characteristics of the signal).  Transmission on a 
pseudo-random basis would help reduce the 
occurrence of signal collisions that would im-
pair the performance of the system. 

In either architecture, the biggest issue would 
be calculating accurately the time of arrival of 
transmitted signals at the receivers, as this 
would greatly affect the accuracy of any posi-
tion measurement.  Upon being received, a 
transmission must be decoded and validated, 
and then a time stamp applied (accurate time 
stamping would require a high level of time 
synchronisation across the receiver network).  
These actions are time critical.  They must be 
completed as quickly as possible to avoid the 
non-deterministic delays from program execu-
tion. 

The contents of the transmitted data packets can 
be fully controlled using the Nordic hardware.  
Some form of identification of a particular 
player would be required; however, with ap-
propriate transducers, it would be possible to 
transmit some biometric data from the player 
(heart rate for example).  These data could fur-
ther increase the information available to teams. 

The flexibility of these transceivers also led to 
their unsuitability.  In order to produce a posi-
tioning system as defined by the system 
specifications, the architecture would have to be 
programmed from the ground up.  This would 
have taken most of the research period.  Fur-
thermore, the literature review suggested that 
complete positioning systems already existed 
and so development with these transceivers 
would have reproduced existing knowledge 
rather than extending it. 

Finally, a system developed based on this tech-
nology would not be easily deployable by the 

Industrial Partner in the marketplace without 
significant product development. 

Nordic, and all other programmable tags, is an 
example of a COTS-Hardware solution in which 
the economies of scale from mass producing the 
miniaturised hardware are gained (thus reduc-
ing the cost and increasing quality) but the 
software could be tuned to sporting applica-
tions in-house.  In practice however, while the 
hardware is capable of meeting the require-
ments for functionality and cost, the software 
would need to be written from scratch and 
would merely replicate the work of others. 

Once again, the literature review indicated that 
a COTS-Hardware solution would detract from 
research and thus the decision was made to 
abandon research down this route in favour of a 
COTS position-tracking system. 

5.2 Paric Measurement 

This company is located in Auckland, New Zea-
land, and advertises a time-based positioning 
system for industrial indoor usage called the 
P3[140].  On the face of it, this was exactly the 
kind of system that the Industrial Partner re-
quired. 

A potentially significant advantage of this sys-
tem was local production.  Because Paric was 
based in New Zealand, it was a simple matter to 
have discussions with the company regarding 
the suitability of their technology for this appli-
cation. 

The operating principle of the system well 
matched the system requirements.  A number of 
receivers are placed around the area of interest 
and receive signals from tags within the area.  
Position calculations are made from the time 
characteristics of the signals. 

This system proved unsuitable for several rea-
sons.  While the system could produce positions 
accurate to within 0.3m of the true position of 
the object, the range of the system was typically 
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only 50m; this was too low to provide adequate 
coverage of a rugby field.  Secondly, the trans-
mitter tags measured 80x50x15mm which is 
slightly too large to be comfortably placed on 
players.  Finally, Paric suggested that for their 
system to operate to the accuracy that was re-
quired then at least 12 receivers would be 
needed.  At the time this seemed an excessive 
number that the Industrial Partner would not 
accept (the volume of equipment was too high, 
see section 4.3). 

5.3 Multispectral Solutions 
Inc 

An examination of the manufacturers of UWB 
positioning systems in the early months of 2006 
showed that Multispectral Solutions Inc[141], 
was one of the few companies producing a 
complete tracking system using UWB technol-
ogy.  They appeared to have suitable hardware 
that matched the project requirements. 

In the same way that the Industrial Partner is a 
leader in the field of analysis, Multispectral ap-
peared to be a leader in the field of commercial, 
high-accuracy, time-based positioning.  The 
company had been in business since 1988 and 
had developed products for several UWB appli-
cations.  These applications included high data 
rate communications, UWB obstacle avoidance 
radar, asset tracking, inventory control and in-
telligent transportation systems. 

This project falls under the Multispectral Solu-
tions category of precision asset-location 
systems for which they had two solutions of 
interest: the Sapphire Dart and the Sapphire 
Dimension.  Both were based on the same con-
cept of a time-based tracking system where the 
tracked objects are tagged with UWB transmit-
ters which send signals to receivers placed 
around the field of interest.  The range of the 
system was quoted to be in excess of 200m in 
ideal conditions.  A two-dimensional position is 
output if the transmitted signal is visible to 
three or more receivers, supporting the re-
quirement for portability (section 4.3).  

The major components of the Sapphire Dart 
system are shown in Figure 5.1[141].  Included 
in this picture are the receiver units (top), the 
hub processor (blue box, middle) and the tags 
(foreground, left to right: badge, micro, asset).  

  

Figure 5.1:  Sapphire Dart precision asset location 
system.  

 The position calculation side of the system con-
forms to the theories of time-based tracking 
explained in chapter 2.  At least three receivers 
(but usually more) are placed around the area of 
interest.  The locations of these receivers are 
provided to the hub processor as part of the 
configuration.  The configuration page of the 
web interface is shown in Figure 5.2 

 

Figure 5.2: Configuration page of the Multispec-
tral tracking system 

Three major windows can be seen here.  The 
topmost window is where the positions and 
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ID’s of the receivers are configured, the middle 
window is where data about the reference tag 
are entered and the final window is where vir-
tual groups are configured.  The configuration 
of the receivers and the reference tag are self-
explanatory (the use of reference tags will be 
explained shortly).   

Virtual groups define an operational subset of 
all of the receivers.  Positions are calculated us-
ing data only from a particular virtual group.  
In this way it is possible to prevent the system 
from outputting a position that has been calcu-
lated from signals arriving at receivers that 
cannot possibly have received valid data.  An 
example of this would be TOF data from one 
tag appearing at two receivers when a large 
metal wall separates those receivers; the data at 
the receivers cannot have come from a valid 
line-of-sight path and can therefore be dis-
carded as invalid data.   

Each of the receivers is connected to the hub 
processor via CAT 5E shielded network cable.  
The receivers may be connected to the hub in a 
star configuration or daisy chained to each 
other, or some combination.  Figure 5.3 is taken 
from the Dart manual and illustrates the con-
nection possibilities.  

 

Figure 5.3: Receivers may be connected in a star, 
daisy chain or combination configuration. 

The method of synchronising the receivers in 
this system is twofold.  The hub is able to syn-
chronise the receivers with signals sent through 
the network cables.  Also included in the system 
is the requirement for there to be a ‘reference 
tag’ present.  This tag is simply a transmitter tag 
placed at a known location that is in range of all 
of the receivers.  There is provision for using 
multiple reference tags if the system is spread 
over a wide area where using only one refer-
ence tag is not feasible.  The receivers are able to 

use TOF data from the reference tag combined 
with knowledge of its position to correct for 
small clock drifts. 

The Sapphire Dart was used in the initial trials 
(see chapter 6) for the system because it was the 
only system that Multispectral had for sale at 
the time.  The Dart system was deemed unac-
ceptable for the final implementation of the 
tracking system because of the requirement for 
the receivers to be connected via wires to the 
hub processor.  These wires presented an unac-
ceptable level of interference to the game (see 
section 4.1).  An enquiry to Multispectral about 
a wireless system that had the same principle of 
operation identified that a suitable system 
called the Sapphire Dimension was to be re-
leased early in 2007. 

The major difference between the Dart and the 
Dimension was the ability for the Dimension to 
work using standard network components such 
as network switches and routers.  From the per-
spective of the project this meant that the 
receivers could communicate with the hub 
processor over a wireless connection.  If batter-
ies were used to power the receivers and 
wireless-bridge equipment, then the receiver 
units could be physically independent of the 
hub processor.  

The reported accuracy for both of the systems is 
0.3m with no averaging and better than 0.3m 
with averaging (compare this with the required 
accuracy stated in section 4.6).  The output of 
the system is designed to allow for a significant 
amount of post processing.  This was within the 
bounds of the requirements of the project.  

After negotiating with the directors of Multis-
pectral, we were able to lease the Dart system 
for initial testing of the equipment to determine 
the suitability of the technology for tracking 
rugby players.  Later the Dimension system was 
purchased. 
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5.3.1 Tag hardware requirements 

Several different tags were available, each with 
different case dimensions.  The difference be-
tween the tags was in the type of antenna and 
hence the radiation pattern of the transmissions.  
Selection of the correct tag for the application 
was therefore essential.  The evaluation of the 
hardware is described in chapter 6. 

Four tag types were available.  Table 5.1 gives 
the physical characteristics of each (these data 
relate to the physical interference requirement 
in section 4.1).  It should be noted that each tag 
has a default transmission repetition rate of 1Hz 
and that at this rate the batteries in the tag are 
said to last for 4.3 years.  With this battery life, a 
single group of tags can be used over many 
games, thus the operating time is well in excess 
of the specifications and the cost can be mini-
mised since it is not necessary to purchase new 
tags every game (see sections 4.4 and 4.5).  The 
battery used is a lithium button cell, similar to 
what one would find in a wristwatch.  This bat-
tery is easily replaceable. 

Table 5.1: Physical characteristics of Multispec-
tral tracking tags. 

Tag name Dimensions (mm) Weight (g) 

Badge 42.42 x 67.82 x 7.11 16.6 

Asset 24.46 x 24.46 x 25.4 12.8 

Micro 12.7 x 38.1 x 19.05 8.4 

Player 44.7 x 32.26 x 6.35 10.3 

The tags transmit on a pseudo-random basis.  
Recall that this is preferable to poll-and-
response architecture, as it removes the need for 
both transmit and receive capability in the tags 
and thus it reduces size, weight, complexity and 
cost of the tags.  The tags are small enough to 
comply with the non-interference specification.  
They also come with hard plastic cases that, 
with padding, will prevent either the tags or the 
players from harm. 

The measurement accuracy specification re-
quires that, for each object, a position be 
calculated at least once every second, suggest-
ing that the transmission rate of 1Hz will be 
sufficient to meet this specification.  Greater 
rates would be useful to increase the average 
measurement accuracy3 (see section 4.6).  It 
should be noted however, that increasing the 
transmission rate would increase the probability 
of signal collisions when the tags transmit.  
UWB transmitters naturally avoid signal colli-
sions by transmitting in extremely short pulses 
(on the order of tens of picoseconds), resulting 
in a low probability that two or more transmit-
ters will be active simultaneously.  However, 
there is a limit; increasing the transmission rate 
will increase the data traffic in the positioning 
network, eventually causing a catastrophic 
number of collisions so that the system will not 
function.   

The amount of traffic the Multispectral systems 
can handle is also dependent on the number of 
receivers in the network.  The receivers com-
municate with the hub processor using Ethernet 
protocols and thus, each receiver will increase 
the traffic in the network and again, there is a 
volume of traffic beyond which the reliability of 
the network will fail.  Multispectral state that 
their systems can handle 5000 tag transmissions 
per second with four receivers[142].  No figures 
are given on how the system’s capacity changes 
with different numbers of receivers.   

As an example of a calculation of the highest tag 
rate that is useable, if it is assumed that the rela-
tionship is linear between receiver numbers and 
total tag transmission rate (product of individ-
ual tag transmission rate and number of tags) 
and if it is assumed that 50 objects need to be 
tracked (2 teams of 15 on-field players plus 7 
substitutes, the referee and provision for 5 other 
objects to be tracked) then with 8 receivers the 
theoretical maximum individual tag transmis-

                                               
3 The transmission rate could be changed at the factory on 
request.  5, 25 and 50Hz configurations were offered.  There 
was no ability for the user to alter the transmission rate. 
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sion rate would be 50Hz.  So long as the tag rate 
is less than or equal to this the system perform-
ance should not degrade due to too much 
traffic. 

A test was performed with this system to gauge 
the nature of this failure.  6 receivers were setup 
and 75 50Hz transmitters (calculated to be the 
maximum total tag transmission rate that the 
system can handle) were activated one by one.  
It was noted that as the number of active tags 
approached 75 that some of the earlier tags be-
gan disappearing from the display.  When some 
of the tags were deactivated the missing tags 
reappeared.  This suggests that the system had 
reached the maximum network traffic it could 
handle; this might have been due to either 
packet collisions or some form of buffer over-
flow internal to the server.  This test also 
showed that the system will not crash with too 
much traffic but the performance will drop (i.e. 
some tags will become invisible). 

The tags conform to the ease-of-use specifica-
tion as they become fully operational once 
switched on and continue to operate until either 
switched off or the battery goes flat (see section 
4.7). 

5.3.2 Receiver hardware 
requirements 

The Sapphire receivers are 165.2x63.5x63.5mm 
and weigh around 425g each, which compares 
favourably with both the requirement that 
equipment does not impinge on the view of the 
spectators (see section 4.1) and the requirement 
that both the mass and volume of the equip-
ment be minimised (see section 4.3). Three 
different antenna types are available on the re-
ceivers; these are known as omni-directional, 
mid-gain, and high-gain.  Each antenna type 
trades range for acceptance angle (See chapter 6 
for the analysis of the range and acceptance an-
gles of each).   

Loss of line-of-sight visibility prevents a posi-
tion from being calculated.  Similarly, multipath 
interference can reduce the effectiveness of the 

system.  Avoiding both without increasing the 
number of receivers will be required to make 
the system feasible.  One way in which to 
achieve this is to mount the receivers high 
enough that tag visibility is maximised but not 
so high that the portability of the system is im-
paired.  It has been suggested that mounting the 
receivers at a height between 2 and 3m would 
be an acceptable trade off between overall 
height and portability.  

Several stand types were considered for receiver 
mounting.  These types included camera tri-
pods, microphone stands and speaker stands.  
In-house constructed stands were considered 
briefly but were discounted on the grounds that 
a suitable stand would exist as a COTS product.   
All types other than speaker stands were dis-
counted based on their stability when loaded 
and the height they would be able to lift a re-
ceiver.  

A speaker stand would be suitable for the pur-
pose of mounting the receivers.  Speaker stands 
are usually used to mount large speakers at 
concerts.  The stands are designed to raise 
heavy speakers to heights above 2m, yet be sta-
ble enough to do this safely.  An example of 
such a stand is pictured in Figure 5.4. 

 

Figure 5.4: Speaker stand. 

The particular stand pictured here is a Proel 
FREE300 Speaker Stand.  It has a maximum 
load capacity of 70kg, weighs 3.3kg, can be ex-
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tended up to 2.18m and the tripod base can be 
extended out to 1.1m[143].  The load capacity of 
this stand is far higher than the expected weight 
of the receiver units (receivers and power sup-
ply) however this is considered advantageous 
in this situation as it will lead to increased sta-
bility in high winds.  This increase leads to 
greater reliability in the system (high wind will 
not remove a functional receiver from the sys-
tem) and protection of investment (the receivers 
are less likely to be damaged). 

Another requirement of the receiver hardware 
from the perspective of the project is that once 
the system is set up, it should be resilient 
enough to continue to operate for the duration 
of the data-recording process (see section 4.2).  
While it has been noted that the receivers will 
not be placed in the path of any of the players or 
the game support staff, there may still be times 
when the receivers are knocked.  Reasons for a 
knock could include collisions from people 
moving around the periphery of the stadium, a 
strike from a kicked ball or high winds in the 
case of games played in inclement weather.  In 
all situations the receivers must remain stable 
and active.  It is unlikely that the operators of 
the tracking system will be able to correct a re-
ceiver should it be downed for any reason.  The 
use of speaker stands, like the ones described 
above will be useful here also.  Because these 
stands are normally used to support large and 
heavy speakers, they have been designed to be 
very stable at the base.  In most cases it would 
be sufficient to simply extend the tripod legs to 
their maximum and place them on the ground.  
However, for extra security, the legs could be 
pegged to the ground so that in the event that 
the stand is struck, the receiver will be held in 
place. 

5.3.3 Ultra wide band 

A recurring theme from the discussions of the 
system is that in almost all cases, the effects of 
multipath interference and visibility issues 
(maximised measurement accuracy) will have 
serious detrimental effects on the performance 
of the system.  Also, in a time-based system, 

increasing the time resolution will increase posi-
tion-measurement accuracy.  The UWB 
transmission scheme employed by the Sapphire 
system attempts to circumvent these issues.  
UWB is a relatively new technology and so a 
brief description is given here. 

Pulses of extremely short duration – on the or-
der of tens of picoseconds to nanoseconds – are 
used to generate UWB transmissions.  These 
pulses are driven directly into the antenna 
without modulation of a carrier signal.  For this 
reason, UWB is sometimes referred to as carrier-
less transmission.  Fourier transformation and 
analysis shows that any signal that is of short 
duration in the time domain will have a wide 
bandwidth in the frequency domain, and vice 
versa.  This means that narrow pulses have a 
wide bandwidth, the shorter the duration of the 
pulse, the wider the frequency bandwidth of the 
signal.  Figure 5.5 gives an example of a UWB 
transmission in both the time and frequency-
domain. 
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(a) 

 

(b) 

Figure 5.5: A UWB signal in both (a) time domain 
and (b) frequency domain[144]. 

UWB systems avoid interference with other 
transmission systems by remaining below the 
noise floor of conventional, narrow-band sys-
tems. 

Because of the short duration of the pulses in 
the time domain, both the transmitter and the 
receiver must have very accurate timing com-
ponents to facilitate communications.  This 
facility for high accuracy timing can be used by 
a time-based positioning system to increase the 
resolution of measurements, hence increasing 
the positional accuracy of the system.  Short 
duration in time also gives an advantage in 

terms of multipath interference.  In UWB, the 
signal duration is short enough that very few of 
the multipath components will affect the recep-
tion of the signal.  The ability to resolve 
multipath signals can even be used to increase 
the strength of the signal[145], however, only 
the direct-path signal is of use in positioning; 
multipath components will introduce error into 
the position calculations.  

There are currently several competing UWB 
standards, but most apply to short-range, high-
data-rate communications.  One standard that 
covers the use of UWB for positioning is IEEE 
standard 802.15.4a[146].  This standard calls for 
a lower data rate and a higher range to allow 
the tracking of objects over several hundreds of 
meters.  These tracking systems must not inter-
fere with any other transmissions that use the 
same spectrum. 

Currently, no one standard has been adopted 
worldwide.  As of January 2009, The United 
States of America is the only country that allows 
the use of UWB under a general-purpose li-
cence.  Much like the use of IEEE 802.11 
equipment, this general-purpose licence means 
that anyone may use UWB equipment in Amer-
ica so long as that equipment conforms to the 
regulations set down by the Federal Communi-
cations Commission (FCC), America’s spectrum 
management body.  The European Union has 
elected to follow the American standard for 
UWB[147].  It is likely, given that these two ma-
jor economic powers have adopted the same 
standard, that New Zealand will follow, but this 
has not happened yet. 

For the purposes of testing and using UWB 
equipment in New Zealand it is currently nec-
essary to obtain a licence.  Radio Spectrum 
Management (RSM), the regulatory authority 
on spectrum usage in New Zealand, issued a 
licence for this project in August 2006.  To their 
knowledge, this project is the first and only to 
employ UWB for the purpose of position track-
ing in New Zealand.  The licence limited 
operation of the system to the grounds of the 
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Institute of Rugby at the Palmerston North 
campus of Massey University in New Zealand.  
Measurements were taken in the area by RSM 

employees to ensure that the system would not 
interfere with microwave transmitters in the 
vicinity. 
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6 System Characterisation 

In which the nature of the Multispectral system is inferred – spectrum 

measurements are taken – propensity for occlusion is observed – basic 

trials are conducted. 

Once the best candidate for the trial system was 
identified and obtained, it was tested to gauge 
its effectiveness when used to track the posi-
tions of rugby players (and by extension, sports 
players in general).  It was expected that the 
limitations imposed by the project constraints 
would cause less than optimal performance.  
For this reason, and to understand the workings 
of the system better for future planning and the 
generation of predictive models, several ex-
periments were devised to test the performance 
of each component of the system. 

The trial system was not waterproof and a 230V 
power supply was being used.  To avoid dam-
age to the system and injury to the user, no tests 
were performed outdoors in the rain. 

All tests were repeated to ensure reliability.  The 
following sections present the typical and, 
where appropriate, averaged results.  The spe-
cific number of repeats is given in each section 
since it varied between test types. 

In each test the procedure for testing will be 
explained.  Also any extra equipment used will 
be described.  For all appropriate tests the order 
of testing was randomised to mitigate the ef-
fects of any slow varying influences on the 
system.    

6.1 Field trial equipment 

The Sapphire Dart system, leased from Multis-
pectral Solutions contained the following. 

 A Sapphire Dart hub processor 

 Four mid-gain receivers 

 One omni-directional receiver 

 One high gain receiver 

 Four, 50m lengths of CAT 5E shielded net-
work cable 

 11 asset tags with 1Hz transmission repeti-
tion rates 

 6 micro tags, 3 with 1Hz transmission repe-
tition rates and 3 with 50Hz rates. 

A petrol-powered, 230VRMS generator provided 
power for the system.  Interface with the track-
ing system and recoding of data was done using 
a laptop computer and the built-in Java web 
interface that runs on the hub processor. 

The hub processor outputs the data either in 
real time in a TCP packet, or it can write the 
data to a text log file on the interface computer 
for later examination.  The data are in the form 
of a string of ASCII, comma-separated values.  
Each line gives data about one object.  Each line 
is formatted as follows. 

<Data Header>, <tag #>, <X>, <Y>, <Z>, <battery>, <time-
stamp>, <unit><LF> 

The data header is a single character that de-
fines the rest of the packet.  In the standard 
operation of the system it defines the level of 
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positioning for a string, it can also signify a di-
agnostic packet used to help troubleshoot a 
system that is not working.  The possibilities 
and meanings are given in Table 6.1. 

Table 6.1: Table of data header possibilities. 

Symbol Definition 

R Three-dimensional calculation, 
valid for x, y and z.  At least four 
receivers are required. 

T Two-dimensional calculation, valid 
for x and y only.  A minimum of 
three receivers are required 

O Two-dimensional estimation.  Oc-
curs when the signal is visible to 
only two receivers.  The object is 
shown to be on the line connecting 
the two receivers. 

P Presence data. Only one receiver 
has detected the tag transmission.  
No valid position, but the tag is 
shown to be in the network. 

D Optional diagnostic data output.  
This is useful when installing the 
system and for continuous monitor-
ing of the system performance. 

The system can be commanded to filter any of 
these packets depending on the user’s require-
ments.  For example, in the tracking of rugby 
players P-type data are unimportant for analy-
sis and so can be filtered out. 

The tag number field in the data string refers to 
the ID of the tag in question.  This is an 8-
character hexadecimal string.  Each tag has its 
unique ID printed on it so that the user is easily 
able to reconcile the data with the object.  

<X>, <Y>, and <Z> are the coordinates of the ob-
ject in question.  As has been shown in the 
previous table, the values of these fields are 
valid only for some calculations.  The data 

header character defines which are valid in 
which situation.  The coordinates are with re-
spect to the user-defined origin. This origin is 
implicitly stated when the receiver and refer-
ence tag positions are calibrated. 

The battery field gives a measure of the level of 
charge of the battery in the tag.  It is shown as 
an integer between 0 and 15, where 15 indicates 
a fully charged battery. 

The timestamp field gives the time that the par-
ticular calculation was completed.  This value in 
no way represents the individual TOF values 
recorded by the receivers.  The time is in UTC 
format.  The default setting is for the times to be 
given to one-second precision but it is possible 
to command the hub to output the values with 
millisecond precision. 

The unit field contains data on the group of re-
ceivers that calculated the position.  In complex 
tracking situations such as in a factory it is ad-
vantageous to set up what are known as Virtual 
Groups (see section 5.3).   

<LF> is the line feed character that signifies the 
end of the packet. 

One field that is left off this data packet is the 
<DQI> field.  Here DQI stands for Data Quality 
Indicator.  This is an optional output that gives 
an indication of the reliability of the measure-
ment.  No units are given in the manual for this 
field, the only information given is that the 
higher the number, the more reliable the posi-
tion.  It is possible to filter low DQI data packets 
from the output stream. 

An example of a typical data stream from the 
Multispectral system is shown in Figure 6.1.  
Here the system has been set to output only 2D 
calculated data (T packets).  This means that 
anything of lower quality is ignored and any-
thing of higher quality is expressed only as T 
data. 
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6.2 Tag spectrum 
measurements 

This test is intended to check the spectrum of 
the signal transmitted by the tags.  This infor-
mation allows objective measurements to be 
made on the transmission characteristics and 
attenuation of the tags when obstructions are 
present.    All of this makes it possible to gauge 
the suitability of the tags for use in tracking 
people. 

The equipment used in this series of experi-
ments was as follows: 

 A Rohde and Schwarz FSV 9kHz-30GHz 
Signal and spectrum analyser. 

 A quarter wavelength antenna and clamp 
stand 

 One of each type of Multispectral UWB 
transmitting tags. 

The antenna was specially constructed for these 
tests.  The parameters were suggested by Dr 
Slava Kitaeff, physicist and radio astronomy 
expert at the Auckland University of Technol-
ogy, New Zealand.   

The tests were conducted in a radio ‘clean 
room’ that has been shielded against external 
radio interference and has only minimal elec-
tronic equipment inside.  The experimental 
setup is shown in Figure 6.2.  Note that the 
transmitter and the receiver are separated by 
1m.   

 

Figure 6.2:  Tag-spectrum measurements, 
experimental setup. 

Based on the recommendations of the technical 
staff of Multispectral, the analyser was config-
ured using the following settings. 

Table 6.2: Spectrum analyser configuration for 
tag PSD measurement. 

Parameter Value 

Centre frequency 6.35GHz 

Span (x-scale) 2GHz 

Amplitude (y-scale) 

 Reference 

 Scale 

 

-40dBm 

5dBm/Div 

Resolution BW 3MHz 

Video BW 3MHz 

Sweep time 20s 

Trace mode Max hold 

The spectrum of the system was given in one of 
Multispectral’s technical papers[50].  Figure 6.3 
shows this spectrum.  The measurement of the 
spectrum in our particular operating environ-
ment was essential for obtaining meaningful 
results in later tests.  Note here that the plot cen-
tres on approximately 6.1GHz and has a 4GHz 

T,0000A7B2,60.34,12.79,1.52,8,1200007672.285,21 
T,0000A7B2,60.56,12.10,1.52,8,1200007672.285,21 
T,0000A7B2,60.60,12.15,1.52,8,1200007672.286,21 
T,0000A7B2,60.34,12.04,1.52,8,1200007672.350,21 

Figure 6.1: Typical output of the Sapphire Dart 
tracking system. 
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span and the spectrum of the transmitters is 
obvious. 

 

Figure 6.3: Multispectral’s measurements of the 
PSD of the transmitter tags. 

These tests will examine the transmitted spectra 
of the tags in free space and with an obstruction 
that simulates a section of the human body (a 
bottle of water in this case)4.  The obstruction 
will be interposed halfway between the receiver 
and the tag, close to the tag and finally, halfway 
between the receiver and tag with the edge of 
the container on the direct path between the tag 
and the spectrum analyser antenna.  These ex-
periments will check for attenuation due to a 
complete obstruction by another body, attenua-
tion due to a body wearing a tag and diffraction 
around a body respectively.   

Zasowski, et al.[148] suggest that any obstruc-
tion of this type will result in significant 
attenuation.  This is the hypothesis for this ex-
periment. 

10 traces are taken for each of the transmitter-
receiver-obstruction configurations to ensure 
that there is no long term variation in the re-
sults.  It is expected however that there will be 
no significant variation given that each configu-
ration is static and the transmitters are designed 
to output the same signal for each transmission.  

6.3 Receiver lobe patterns 

The results of the spectrum tests were not suffi-
cient to be able to fully map the interaction 

                                               
4 A bottle of water was chosen over a human body to ensure 
that the test was completely repeatable with respect to ob-
struction shape and position.  This test is independent of 
body type or shape. 

between the tags and the receivers in order to 
fully map the envelopes of both units.  For the 
purposes of the project however, this is not a 
serious problem. Here all that is required is that 
the range of the system is known for various 
combinations of transmitter and receiver orien-
tation.  In this fashion, the shape of the receive 
lobe can be gauged and used for planning pur-
poses.  The actual range of the system will 
depend on the combination of receiving an-
tenna and the transmission antenna. 

Multispectral was questioned about the shape 
of the receive lobes and provided information 
on the electric and magnetic field shapes of the 
mid-gain and omni-directional antennae.  They 
made no data available on the high-gain an-
tenna.  Unfortunately, it was not clear how 
these were related to the range of the system, 
which was what was required. 

The ranges of these receiving antennas were 
specified by Multispectral to be 200m, 130m and 
65m for the high-gain, mid-gain and omni an-
tenna types respectively.  We decided to 
measure the range of each of the receiver types 
to confirm Multispectral’s data.  Knowing the 
receiving footprint of each type of antenna al-
lowed for planning the optimum configuration 
of receivers to yield the best results.  The 
equipment for this test was as follows. 

 The Sapphire Dart hub processor and ap-
propriate cabling. 

 One of each type of receiver unit (omni-
directional, mid-gain and high-gain). 

 A tripod stand on which to mount the re-
ceiver unit. 

 Laptop computer for interface with the hub 
processor. 

 One of each type of transmitter tags (Mini 
and asset tags), each with a 50Hz transmis-
sion repetition rate. 
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 Distance measurement tools. 

To conduct the experiment, the single receiver 
to be tested was mounted on the tripod and 
connected to the hub processor.  Only one re-
ceiver was used in this experiment so 
configuration of the system required only that 
the receiver ID be made active; the position of 
the receiver and a reference tag were not re-
quired.  The bore sight of the receiver is 
defined as being directly in front of the receiver 
unit and this has also been defined as the 0  
point of the measurements.  The receiver was 
mounted 1m from the ground; excessive wind 
conditions on the day made it dangerous to 
mount the receiver any higher5.  This low 
mounting did cause some issues that are fully 
explained in the results section (section 6.6.1)   

The hub processor was configured so that, 
where appropriate, the output was a P-type 
packet indicating that a transmission from the 
test tag had been received.  When the tag was 
fully in range of the receiver, there was a 
stream of packets at a frequency of approxi-
mately 50Hz (the repetition rate of the test tag).  
When the tag was moved beyond the range of 
the receiver, the stream of packets ceased.  It 
was hypothesised that there would be a transi-
tional period where the tag was only partially 
visible to the receiver.  Within this region, 
which will be referred to as the penumbra of 
the receiver, the signal coverage will be unreli-
able and hence the accuracy and number of 
output positions will be compromised. 

The test tag was held at the orientation that 
gave the strongest signal, found through ob-
servation.  A single tag orientation was used to 
ensure that the changes in the receiving range 
of the particular antenna were being measured.  
In addition to the fixed orientation, the tag was 

                                               
5 In a game situation with these conditions the stands would 
either be weighted or pegged down.  At the time of testing it 
was assumed that the stands’ wide base would be sufficient 
to stop a tip over.  The decision to reduce the height of the 
receivers was made after one of the stands tipped during set 
up. 

held away from the body so that the body of 
the carrier did not impinge on the transmis-
sion6.  The tag was moved away from the 
receiver until the signal was no longer detected 
by the tracking system.  The distance from the 
receiver to the point of failure was then defined 
as the maximum range of that receiving an-
tenna at that orientation.  Distances up to 50m 
were measured using a tape-measure (longest 
tape available); distances above were measured 
using a hand held GPS that used the receiver 
location as a reference. 

For the purposes of this experiment it was as-
sumed from examination of the Multispectral 
data that the receiving ranges of the system are 
symmetrical about the bore sight.  Measure-
ments of range were made on orientations to 
the right of bore sight in 10  increments.  A 
small number of measurements of range were 
taken to the left of bore sight in order to con-
firm the symmetry assumption.  

This test was performed in triplicate.  After 
three tests it was found that the standard de-
viation of measurements was acceptably low 
(standard deviation of ranges less than 3m). 

6.4 Tag placement 

The placement of the tags on the objects is criti-
cal for optimum operation of the tracking 
system[149, 150].  The main criteria provided by 
Multispectral for placement requires that the tag 
be as high up on the object as possible to avoid 
ground bounce and placed such that the trans-
missions from the tags are not shielded. 

The actual placement of the tag will be depend-
ent on the tracking application.  In the player-
tracking application, it is a requirement that the 
tag be placed where it is not going to injure the 
player in the event of a collision.  This must be 

                                               
6 It is recognized that, in a game situation, the tags will be 
close to the body and thus the transmission will be affected 
however, this test aimed to measure reception lobes inde-
pendent of other factors.  Body shielding is handled in a 
later test. 
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traded off against the requirements of height 
and non-shielding.   

Testing was performed with the tag in the fol-
lowing locations: shoulder blade, right elbow, 
back of the leg and the rear of the shoe.  Pad-
ding was used to prevent damage to either the 
player or the tag.  Each placement was evalu-
ated based on the proportion loss of visibility 
when the player moved along a set course.  The 
receiver configuration was held constant for all 
tests and in all cases a player type tag was used 
(see Table 5.1). 

The track traversed by the player in all of the 
tests is shown in Figure 6.4.  The player starts at 
(60,0) and moves towards the centre of the field; 
from there he traverses the circuit in an anti-
clockwise direction.  Because the exact path of 
the figure of eight was difficult to hold constant 
it has been marked on the figure as a hexagram 
(110,60).  This path need not be constant since 
this particular manoeuvre was intended to 
show the effects of player orientation near the 
corner of the field.  Because this section of the 
player’s path is not constant, the figure-of-eight 
section of the track is removed from accuracy 
measurements.   

 

Figure 6.4: Known track of the player for the tag 
placement tests. 

The tag placement tests were performed using 
the Sapphire Dimension system.  Six receivers 
were used in this experiment.  The receivers 
were evenly distributed around the area of in-

terest as shown in Figure 6.5.  Six, mid-gain re-
ceivers are used here to ensure full coverage of 
the area of interest.  This number and configura-
tion was arrived at after examining the receiver 
lobe patterns.  It was desirable that for this test 
that there be no areas of partial coverage in or-
der that tag invisibilities be caused by tag 
placement and not receiver configurations. 

 

Figure 6.5: Receiver configuration for tag place-
ment test. 

6.5 Sapphire Dart trials 

A series of tests was performed using the leased 
system to determine its effectiveness in a 
player-tracking situation.  Of particular interest 
in this series was to determine the minimum 
number of receivers required to allow the sys-
tem to operate satisfactorily. 

In terms of the specifications for the real world 
application, these tests allowed the ease of op-
eration, accuracy, and timely recovery of data 
constraints to be gauged.  Some further infor-
mation was gained that allowed the operation 
of the system to be modelled so that the best 
configuration of the system can be found. 

The equipment for this series of tests was as 
follows: 

 The Sapphire Dart hub processor. 
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 A laptop computer for data monitoring and 
collection. 

 Four mid gain receivers, including the 
shielded CAT 5E Ethernet cables that came 
with the system. 

 Four receiver stands that can be extended to 
2.5m from the ground. 

 A mixture of asset and micro tags. 

 A 230V AC power supply.  In this case, a 
petrol powered generator. 

One of the rugby fields at Massey’s Institute of 
Rugby was selected for these tests.  The mark-
ings on the pitch were used as known locations 
on the field, thus making analysis of the accu-
racy of the data possible.  The placement of the 
receivers was planned in advance to save in 
setup time.  It is expected that this kind of plan-
ning will take place when the full system is 
implemented.   

The length of the network cables (~50m) in this 
trial system limits the possible separation of the 
receivers in these tests and the placement of the 
receivers must be altered accordingly.  Longer 
cables would allow the maximum separation 
between the receivers to be increased; however, 
there is a limit to the length of cable that can be 
used.  According to the manual the cable length 
must not exceed 91m (300ft).  

The setup time of the system with a single op-
erator was 45 minutes.  This included 
unpacking all of the equipment, measuring the 
exact locations for receiver placement (with ap-
proximately 0.5m precision in these trials), 
erecting the receivers on their stands, running 
the cables back to the hub processor and con-
figuring the system for operation.  With 
sufficient planning, an experienced pair or trio 
of operators should have the system operational 
inside 30 minutes.  The system itself is easy to 
set up with minimal experience.  The instruc-
tions manual is very clear on the setup 

procedure and the labels on the equipment are 
easy to decipher. 

Recall that when the receiver and reference-tag 
positions are configured the input coordinates 
imply the origin of measurement.  For all Sap-
phire trials, the origin is at the intersection of 
the sideline and the goal line.  Note that this 
origin has remained constant across the vast 
majority of this research. 

Each trial is conducted only once since the trials 
will include a large number of tag positions 
measurements. 

6.5.1 Three receiver system 

Three receivers represent the absolute mini-
mum number required to calculate a two-
dimensional position for an object.  The receiv-
ers were placed as in Figure 6.6.  Each receiver 
was oriented with the bore sight towards the 
centre of the field.  The locations for the receiv-
ers were measured using a 50m tape measure 
with the lower-left-most, dead-ball line as the 
origin (as the field is aligned in Figure 6.6).  The 
receiver locations shown in Figure 6.6 are with 
respect to the front of the receivers where the 
antenna is housed.  The centre pole of the re-
ceiver stand was used to correctly locate the 
receivers with an offset included in measure-
ment to account for the difference between the 
axis of the stand and the location of the antenna 
(approximately 180mm).  The receivers were 
placed with better than 0.3m accuracy. 
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Figure 6.6: Configuration of three receivers for 
field trials. 

In order to test for accuracy, a person carries a 
tag along the major field lines; the tag is held in 
the right hand and away from the body of the 
person such that the antenna of the tag is not 
obstructed7.  At each intersection the person 
halts and rotates on the spot in order that the 
output data show a concentration of points, 
which should be easily identifiable in the out-
put.   

6.5.2 Four receiver system 

Four receivers represented the maximum num-
ber that could be used with the trial system 
because only four Ethernet cables of appropriate 
specifications were available.  Once again the 
maximum straight-line separation between re-
ceivers could not exceed 50m due to the cable 
length8.  The receivers were arranged as in Fig-
ure 6.7. 

                                               
7 Again, this test aimed to show the performance of this 
system independent of any form of interference. 
8 In this particular test, the hub processor is located under 
the left goal post and the receivers are daisy-chained to 
either side.  The cables stretched over the play area and thus 
this would not be a suitable configuration in a game situa-
tion. 

 

Figure 6.7:  Configuration of four receivers for 
field trials. 

This configuration was chosen to simulate 
tracking of half the field in a game situation to 
check the effectiveness of the system, where 
effectiveness is defined as a high visibility and 
accuracy.  Another aim of this test was to evalu-
ate the level of care required when setting up 
the receivers of the system in order to get suffi-
cient accuracy of position measurements.  The 
more care that is required in placing the receiv-
ers the longer the setup process will take.  For 
this test the receivers were placed to within one 
metre of the location recorded in the system 
configuration. 

6.6 System characterisation 
results 

The tests described yielded the following re-
sults. 

6.6.1 Tag spectrum measurements 

The initial test for this experiment aimed to find 
the spectrum and power output by the tag.  The 
transmitter tag was placed 360mm from the re-
ceiving antenna so that there was 
approximately 10 wavelengths separation 
(2.99x108/6.35x109) in order to escape the near 
field effects.  Figure 6.8 shows a time-domain 
trace of the signal received from the tag.  Here 
the trace is triggered by the first pulse from the 
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tag and it is clearly visible above the ambient 
noise. 

 

Figure 6.8: Free-space, time-domain signal from 
the badge tag. 

A trace in the time domain is a measurement of 
signal rather than spectrum.  Dr Kitaeff sug-
gested time domain after measurements in the 
frequency domain failed to produce useable 
results (Figure 6.9 shows the result of the same 
test in the frequency domain).  Some review of 
the tag operation is useful here.  The microcon-
troller on the tag encodes information by 
modulating a 1MHz square wave (modulation 
occurs via a logical and operation).  The antenna 
is excited every time there is a leading edge.  
The tag therefore outputs a UWB pulse lasting 
approximately 10ns at a rate of up to 1MHz 
where the position of the pulses in time confer 
the information (pulse-position modulation).  
The spectrum analyser can only measure one 
frequency at a time and the pseudo random na-
ture of transmission makes it unlikely that the 
spectrum analyser will be measuring the correct 
frequency at the correct moment to obtain a 

complete spectrum.  Also the tags spread their 
energy over a 2GHz bandwidth which means 
that the energy of at any frequency from the tag 
will be difficult to distinguish from noise.  Re-
peated measurements could only come up with 
traces similar to Figure 6.9.  Time-domain 
measurements can be used to measure attenua-
tion of the signal more effectively. 

 

Figure 6.9: Attempt to capture frequency-domain 
trace of UWB tags. 

The next test involved interposing a bottle of 
water (with measurements of 200(L) x 100(W) x 
300(H)mm) half way between the transmitter 
and receiver to see how a body attenuates the 
signal.  Figure 6.10 shows the result of this test.   

 

Figure 6.10: Water obstruction halfway between 
transmitter and receiver. 

Here there is almost complete attenuation of the 
signal.  It appears that no diffraction has oc-
curred around the obstruction.  If this tag were 
attached to a person who was to be tracked, the 
signal would be occluded to this receiver. 
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The next test involved moving the water con-
tainer close to the tag to simulate a tag being 
attached to an object.  The resulting signal trace 
is shown in Figure 6.11. 

 

Figure 6.11: Water obstruction close to the 
transmitter. 

The position of the obstruction along the direct 
path between receiver and transmitter appears 
to have no effect on signal attenuation.  If there 
is an obstruction between receiver and transmit-
ter then the signal will be fully attenuated. 

Finally, the last test places the water bottle half 
way between the transmitter and receiver along 
the direct path but steps it off to the side such 
that only the edge of the bottle is on the direct 
path.  The resulting signal trace is shown in 
Figure 6.12. 

 

Figure 6.12: Edge of water obstruction on direct 
path. 

While the signal is visible in this plot, it has 
been significantly attenuated.  The shape, how-
ever, has been maintained which suggests that 

all transmitted frequencies from the tag are be-
ing attenuated by a similar amount.  Were they 
being attenuated differently the shape of the 
signal in the time domain would have been de-
formed. 

Given that the transmitters have an approxi-
mate wavelength of 0.05m and that the 
obstruction is halfway between the receiver and 
transmitter (separated by 1m) then the perpen-
dicular distance where the reflected signal off 
the obstruction is half a wavelength longer than 
the direct path is 0.11m.  Given that the obstruc-
tion is 0.2m wide this suggests that the 
attenuation is caused by the water obstruction 
encroaching on the Fresnel zone of the trans-
mission and the reflection off the edge of the 
obstruction is causing destructive interference 
at the receiver. 

In order to confirm destructive interference, the 
water obstruction was moved further off the 
direct path.  Similar results were obtained 
(shown in Figure 6.13).  As can be seen, the sig-
nal is attenuated by a similar amount even 
though the water container is not obstructing 
the direct path. 

 

Figure 6.13: Water obstruction close to, but not 
on, the direct path. 

These tests were performed on each tag type in 
turn, with similar results.  Note that it was not 
possible to test how the signal would be attenu-
ated when the obstruction is further off the 
direct path because of time and space con-
straints with the lab.  Inferences can be made 
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from the tests performed that the further away 
from the direct path an obstruction is, the less 
its attenuating effects. 

In terms of this research, these results suggest 
that the hypothesis was correct:  Obstructions 
will cause total attenuation of the signal when 
they are on the direct path.  This also confirms 
the work of Zasowski, et al.[148].  Therefore, 
obstructions must be considered when the per-
formance of tracking system is measured and 
when planning for the system configuration. 

6.6.2 Receiver lobe patterns 

The receiving lobe shapes are shown in Figure 
6.14 as blue lines.  They are shown in polar 
form, as this is most suited to visualisation and 
planning purposes in this situation.  Where the 
manufacturer’s stated lobe shape data were 
available, it is also shown in red.  Note that the 
values from the manufacturer have been con-
verted from gain measurements and 
normalised to the maximum measured range 
and thus the manufacturer’s data are indicative 
of shape only and not range.  The measured 
values are shown with plots for ±1 standard 
deviation (green lines) to indicate the spread of 
the measurements.  Note that is some cases the 
spread is so low that the green lines overwrite 
the blue. 

Measurements of range at angles to the left of 
bore sight (angles 0° to 180° in Figure 6.14) con-
firmed that the maximum range is symmetrical 
about the bore sight of each receiver.  Further-
more, measurements of range using the micro 
tag confirm the hypothesis that the shape of the 
receive footprint remains the same regardless of 
the tag.  The values of range are greater or lesser 
depending on the tag.  This difference in range 
can be attributed to the different transmit an-
tennas used in the tags.   

 

(a) 

 

(b) 

 

(c) 

Figure 6.14: Polar plots of measured range of 
each receiver type in conjunction with a mini tag. 

(a) Mid Gain, (b) Omni, and (c) High Gain. 
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It should be noted that in Figure 6.14(c) the sig-
nal at 0  was still strong at 300m.  
Unfortunately, this was the boundary of the 
testing area.  Moving the tag beyond this 
boundary would have introduced other ob-
structions into the measurements.  The most 
notable obstruction is a large hedge around the 
perimeter of Massey University’s Rugby Insti-
tute.  The standard deviation of measurements 
drops to zero at 300m because of this boundary 
(measurements from all three tests had range 
saturating at 300m). 

During the measurements, it was noted that 
there were regions where no signal packets 
were output by the hub, initially suggesting that 
the tag had gone out of range.  However, when 
the tag was moved further from the receiver, 
the signal became strong again.  Consultation 
with Multispectral revealed that this loss of sig-
nal was due to destructive interference from the 
transmitted signal being reflected from the 
ground (ground bounce).  Ground bounce is a 
form of multi-path fading and given that UWB 
technology is resilient against multi path fading 
this suggests that the path difference between 
the LOS path and the indirect path was very 
small.  The suggested solution to fix this issue 
was to increase the height of both the tags and 
the receivers where possible.  A test with the 
receiver at 2.5m from the ground confirmed this 
solution. 

One feature that is particularly worthy of note 
here is the range of the omni antenna at bore 
sight.  It was expected that the range of all re-
ceiver types would be greatest at bore sight yet 
both our results and the Multispectral meas-
urements show that the range of the omni 
receiver at bore sight is almost zero.  Multispec-
tral was queried about this but no reply was 
forthcoming.  Given that the measured results 
approximately match the manufacturer’s meas-
urements it is plausible to assume that this zone 
is a result of the antenna type used; though it is 
unclear why this would be favourable in the 
antenna design.  

Also worthy of note in these plots is the range 
and receive arc of the receiver fitted with the 
high-gain antenna.  Here it was expected that an 
increase in range due to antenna type would be 
at the cost of a decrease in the receiving arc 
compared with a lower gain antenna type.  
What has been observed suggests that the range 
of the high-gain antenna is greater than the 
mid-gain antenna in all directions.   

The spread of measurements in all cases is low 
suggesting that the tests are reliable.  In all cases 
the standard deviation of the measured ranges 
is between 1-6% of the measured range (calcu-
lated as one standard deviation as a percentage 
of measured range).  The standard deviation of 
measurements below 50m was significantly 
lower than those above 50m; this was expected 
and is due to a GPS unit being used to measure 
greater distances and a tape measure for lower 
distances (the GPS had a precision of 2m with 
full satellite coverage). 

Examination of these footprints suggests that 
either the high-gain or the mid-gain receiver 
would be best suited to a tracking system for 
open field sports.  Both have their best range to 
the front of the antenna and minimal range at 
the rear.  This lends itself to a tracking system 
where the receivers must be placed around the 
periphery of the field of interest and signal re-
ception from outside the field is not desirable.  
In the ideal system, we would like to have each 
receiver able to receive signals from any point 
on the field (achievable in sports such as rugby, 
soccer, hockey, etc).  This suggests that in the 
worst case of receiving a signal from a tag at 
one extreme corner of the field from the diago-
nally opposite corner would require 150m of 
range from the receiver-tag combination.  Addi-
tionally, the range of the receivers at 90  from 
bore sight should be great enough that the field 
close to the receiver location will have coverage.  
Both the mid-gain and high-gain antenna types 
fit these criteria and indeed both types will a l-
most completely cover the whole field of 
interest.  Limiting the coverage area to the field 
of interest will help to prevent the system from 
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receiving unwanted signals from outside the 
field of interest.  For this reason, the mid-gain 
receivers are the best choice for the final system. 

6.6.3 Tag placement 

Results from this series of tests have been or-
dered anatomically from the player’s head to 
their feet.  In all cases, the intended player track 
has been included in the results to indicate the 
approximate track of the player.  Recall that six 
receivers are equally spaced along the length of 
the field on either side (see Figure 6.5).  

Figure 6.15 shows the results of the trial with 
the tag on the shoulder blade. 

 

Figure 6.15: Tag placement test results with the 
tag on the right shoulder blade. 

Overall, this placement can be seen to be unac-
ceptable, as the tag is invisible over a large 
proportion of the field.  Over the course of this 
test, the tag was invisible 45% of the time.  This 
is a high invisibility rate given that the receiver 
lobe patterns in Figure 6.14 suggested that the 
tag should be within range of at least 4 receivers 
for most of the track.  This suggests that the 
human body is having a detrimental effect on 
tag transmissions (corroborated by the results in 
section 6.6.1). 

Figure 6.16 shows the results of the trial where 
the tag was placed on the player’s elbow.  

 

Figure 6.16: Tag placement test results with tag 
on the player’s elbow. 

The tracked positions here are much more 
spread out and appear over the whole field.  
However, there are still large gaps in the track 
where the signal was lost.  Over the course of 
the test, visibility with the tag was lost 41% of 
the time, making this placement only slightly 
superior to the shoulder blade in this respect.   

An added failing to this placement apparent in 
Figure 6.16 is that the ability for the system to 
track the player’s centre (key to getting a 
smooth track) is compromised when the tag is 
placed on the elbow since its position relative to 
the player’s centre will change significantly 
throughout the game.  Furthermore, given the 
degrees of freedom of the elbow, it is highly 
likely that there will be periods where the orien-
tation of the tag is entirely non-optimal, thus 
increasing the rate of invisibility. 

Notice in Figure 6.16 that the player has per-
formed wide arcs at the waypoints, but for most 
of the straight-line movements near the centre 
of the field, the recorded track of the player cor-
responds to the intended track.  Near the edges 
of the field however, the recorded track differs 
significantly; more than could be attributed to 
variations in player path. 

Figure 6.17 shows the results of the test with the 
tag on the back of the player’s left ankle.  
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Figure 6.17: Tag placement test results with the 
tag on the back of the leg. 

On the basis of signal visibility, this tag place-
ment is the best so far.  In all areas of the field 
there are a significant number of visible posi-
tions.    Over the course of the test, visibility 
with the tag was lost less than 1% of the time.  
Furthermore, in most areas of the field, the ac-
curacy appears high; this is especially true near 
the centre of the field.  Note that near the edges 
of the field there are some points that deviate 
considerably from the known track of the 
player.  This inaccuracy is most likely caused by 
the orientation of the tag being away from most 
of the receivers.  These deviations would be 
identified and removed by the reconstruction 
algorithm (see chapters 9 and 10).  The devia-
tions from the intended track on the right side 
of Figure 6.17 are mostly caused by the figure of 
eight performed by the player although some 
positioning error still exists here as evidenced 
from the discontinuity when the player begins 
to move towards the centre of the field again. 

Figure 6.18 shows the results of the test with the 
tag on the back of the player’s shoe.  

 

Figure 6.18: Tag placement test results with the 
tag on the back of the shoe. 

In this test, the signal from the tag was invisible 
only 1.6% of the time.  This is slightly lower per-
formance than the tag on the back of the leg but 
the accuracy is greater, especially near the top of 
the field.  The reconstruction algorithm would 
be able to repair or recover this track effectively.  
Note that while the recorded track does not fol-
low the intended track the general shape 
conforms.  This indicates that the player fol-
lowed the approximate shape of the intended 
track but did not move to all waypoints pre-
cisely; for the majority of this test, there are no 
significant deviations from the player’s track.   
Once again, deviations are occurring near the 
edge of the field where the tag will be oriented 
towards the minimum number of receivers. 

From these tests it is apparent that placing the 
tag on either the player’s legs or shoes produced 
the best performance.  This is the opposite to the 
instructions from Multispectral which said to 
place it as high as possible to counter the effects 
of ground bounce.  Multispectral’s advice did 
not take into account the shielding effect of the 
human body.  In all of the upper body tests per-
formed, the player’s torso would have 
significantly interfered with the transmission of 
the signal.  Body obstruction is therefore a more 
significant impediment to tracking than ground 
bounce.  This highlights the gap in the knowl-
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edge and confirms the similar findings of See, et 
al.[149] 

Low down on the leg provides the minimum of 
body mass to interfere with the signal.  The per-
formance with the tags placed on the shoe and 
on the back of the leg is sufficiently similar that 
it can be left to the operators to decide which is 
more appropriate, especially in terms of player 
comfort and tag durability. 

6.6.4 Sapphire Dart system trials 

The results of these tests are shown in Figure 
6.19.  The field lines have been included for per-
spective.  Recall that the first test was conducted 
with three receivers (the minimum required to 
calculate a two-dimensional position) placed to 
cover the lower right of the field (see Figure 
6.6).  The second test was conducted with four 
receivers covering the left side of the field (see 
Figure 6.7. 

 

Figure 6.19: Result of a single person walking the 
field lines in a three-receiver system. 

Note here that a significant portion of the upper 
left side of the plot is devoid of points.  This 
shows that the there was not sufficient coverage 
by the receivers to calculate a position at all 
times.  Though it is not clear from the plot, the 
missing positions correlate with the person 
walking in the negative y direction.  Thus a 
probable cause for invisibility is that the body of 
the person was interposed on the direct path 

between the tag and the receiver, effectively 
shielding one receiver from the signal and pre-
cluding the calculation of a position.  This is a 
serious detriment to the system as it was con-
figured here.  It suggests that the three-receiver 
system (mathematically the minimalist system 
for tracking in a two-dimensional TDOA situa-
tion) is not sufficient to track even a single 
human especially when approaching the maxi-
mum range of some of the receivers.  The 
minimalist system capable of tracking a game of 
rugby will need more receivers. 

It can be clearly seen that where the object ap-
proaches the receivers, the accuracy degrades.  
At all times during the tests the tag was moved 
along the field lines whereas in Figure 6.19 the 
positions can be seen to significantly deviate 
from the field lines.  Recall that the geometry of 
the receivers with relation to the tags will affect 
the accuracy of position measurements. 

The high level of invisibility in the upper left 
portion of the field in Figure 6.19 is also a con-
cern.  This is a clear violation of the requirement 
that there be at least one position measurement 
for each player every second.  

This minimalist system test confirms that it is 
possible to calculate a position of an object in 
two dimensions and that the system will func-
tion in this minimalist fashion.  However, the 
lowered accuracy and visibility makes this con-
figuration unsuitable. 

The track from the four-receiver trial is shown 
in Figure 6.20.  At all times the person carrying 
the tag moved at walking pace.  The field lines 
have been added to this plot as appropriate.  
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Figure 6.20: Results of a single person walking 
field lines in a four-receiver system. 

In this plot it can clearly be seen that more posi-
tions are being recorded compared with the 
three-receiver test, suggesting that the hypothe-
sis that three receivers were simply too few to 
get a two-dimensional position for every tag 
transmission was correct.  With four receivers 
there is some redundancy, a valid position can 
be calculated when the tag is invisible to one 
receiver.  However, there are still some areas 
where the positions are sparse (the lower right, 
for example). The receivers near the corners of 
the box form these areas.  These corners will 
provide the least coverage, especially if the 
body of the person is interposed between the 
tag and the other three receivers.  Away from 
the corners, there is sufficient visibility for the 
tags to satisfy the requirement of one position 
every second.   

The accuracy of the positions in this test was 
less that expected.  Note in Figure 6.20 that 
while the track of the person moves parallel to 
the field lines it does not directly overlap the 
field lines that the player was walking.  The 
track is between 0 and 4m from the nominal 
positions of the field lines.  While the positions 
do jitter a small distance about the trend of 
movement, the major component of the inaccu-
racy in the positions is a constant offset of 
approximately 2m in both dimensions.     

It is the offset that is most concerning here.  
With such a large offset the accuracy of the sys-
tem is significantly less than required for the 
real-world application of sports tracking.  The 
major contributor to this inaccuracy is the lack 
of accuracy in the placement of the receivers of 
the system, although it is unclear how each in-
dividual placement inaccuracy contributes to 
the position inaccuracy as a whole.  The place-
ment accuracy was taken into account in further 
testing of the system and receivers were placed 
with 0.5m or better accuracy. 

Note that the diagonal track across the centre of 
the field was the player moving from the centre-
top of the field to the hub processor.  It was in-
cluded here because of the high output-position 
density.  Furthermore, the track is an accurate 
representation of how the player was moving 
based on visual inspection of the player and 
field lines during the test. 

6.7 System characterisation 
conclusions 

In this chapter, the selected player tracking sys-
tem was characterised within the scope of 
player tracking.  The findings have demon-
strated a gap in knowledge in the application 
systems to track humans (specifically optimum 
tag placement).  The findings have also pro-
duced useful data for the next phase of the 
research, the modelling and optimisation of the 
system. 

The transmitted signal from the tags was ana-
lysed and it was found that any incursion into 
the direct path by a water obstruction (that 
simulated the human body) would result in to-
tal attenuation of the signal.  Also incursion into 
the Fresnel zone of the transmitter and receiver, 
approximately 10cm from the direct path, 
would result in destructive interference that 
would partly attenuate the signal.  From this it 
has been determined that, when modelling or 
planning a tracking system, obstructions must 
be considered. 
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The receiver antenna lobe patterns were 
mapped and it was found that both the mid-
gain and high-gain antennae give performance 
suitable for use in player tracking applications 
such as sports played on a small field.  The re-
sults of these tests will be used in the receiver 
placement optimisation algorithms to generate 
look-up tables to allow more accurate modelling 
of the tracking system.  With these data it will 
not be necessary to assume that the receivers 
have a hemispherical lobe pattern and thus no 
conservative estimate of range will be required. 

It was found that that best placement for the tag 
is low on the leg or on the shoe, where interfer-
ence from the player’s torso is limited.  The 
decision on exactly where to place the tag on the 
lower leg is left to the operator, as the perform-
ance is similar, regardless of location on the leg.  

It has been shown in the system trials of the 
Sapphire Dart system that a minimalist system, 
consisting of only three receivers, is not suffi-
cient to track even one person around the field 
and would be totally incapable of tracking two 
full teams of rugby players. 

Using four receivers to cover half the field gave 
much better results when tracking the move-

ments of one person around the field.  There 
were sufficient data from the four-receiver test 
to satisfy the requirement of the real world sys-
tem of there being one position recorded every 
second for each player.  Note that four receivers 
covering half the field imply that six receivers 
would be required to cover the whole field (four 
receivers to cover each half of the field but the 
two at the centre will be shared, totalling six 
receivers). 

The three and four-receiver tests showed that 
both the placement of the receivers and the ac-
curacy of that placement are critical to the 
performance of the system.  Inaccurate place-
ment of the receivers will introduce an offset 
into the results and placement of the receivers 
too close to the field of play will cause position 
inaccuracy whenever the players approach 
those receivers.  Great care must be taken to 
ensure that the receivers are placed accurately, 
placement to the nearest metre should be suffi-
cient to produce positions accurate to 0.3m, the 
specification for player tracking.  In addition 
placing the receivers between 5 and 10m back 
from the edge of the field of play should reduce 
the position inaccuracy when players approach 
the edge of the field of interest.  
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7 Player Visibility Modelling 

The method for calculating player visibility – the need for such a model – 

available data – invisibility causes – handling of static obstruction – 

validation and testing of the models. 

In any type of tracking system, a lack of visibil-
ity to any of the receivers will have a 
detrimental effect on calculated positions, from 
a slight loss of accuracy to a total loss of posi-
tion.  The number and positioning of receivers 
will determine how robust the system is to visi-
bility losses.   

A visibility loss represents increased complexity 
in planning a position-tracking system configu-
ration.  Even an open field becomes a complex 
and dynamic environment when the number of 
objects to be tracked increases.  Given the limi-
tations from the research specifications, it is not 
acceptable to counter the problem of visibility 
loss by increasing the number of receivers.  A 
more elegant solution is necessary to maximise 
the efficiency of the system.  Furthermore, the 
development of tools that can be used to in-
crease efficiency fills a major gap in knowledge 
that has, up to now, been dominated by practice 
of arranging receivers in regular patterns and 
increasing their numbers to increase visibility 
and efficiency.  This statement is supported by 
the work of Gillette, et al.[2] who show that a 
linear solution exists for TDOA position calcula-
tions. 

A model can be used to predict the performance 
of a specific receiver configuration in terms of 
visibility.  The model can also be used as an ob-
jective function in an optimisation aimed at 
maximising visibility and hence, maximising 
the performance of the tracking system.   

The visibility model covered in this chapter was 
implemented in Matlab 6.5 and installed on a 
standard PC running Windows XP. 

7.1 Input data for modelling 

All models require data for verification (check-
ing that the algorithm works), validation 
(checking against real-world examples) as well 
as to run an optimisation.  These data can be 
generated artificially or be taken from a real test 
case.  Either way, the data should be representa-
tive of the case. 

Player-position data from several games of 
rugby that had been tracked previously9 were 
selected for input to this model as being the 
most representative.  These data were in the 
form of a comma separated value (CSV) text 
file.   

Position information within the CSV file was 
represented as a two-dimensional position for 
every player on the field (two teams of 15 play-
ers) at intervals of approximately 2 seconds 
(henceforth referred to as a frame). 

The sample data provided by the Industrial 
Partner consisted of 10 previously tracked 
rugby games with a total frame count in excess 
of 30,000. 

                                               
9 Tracking of the player position data was performed using 
the Industrial Partner’s manual video tracking system, de-
scribed in section 1.4. 
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Neither the orientation of the player nor their 
stance was recorded within the input data. Both 
are important to the visibility model.  The 
stance of the player was assumed always to be 
upright.  This assumption will affect the accu-
racy of some visibility calculations.   

The data record only the active parts of the 
game; the positions of the players are not re-
corded during stoppages of play.  This is done 
because the data contained between plays are of 
no use for the Industrial Partner’s analysis of a 
game.  Without the data between plays there are 
significant discontinuities in player tracks. 

As a consequence of these limitations, some pre-
processing is needed to render the data suitable 
for input to the visibility model.   

Orientation estimation is the most significant of 
the pre-processing operations.  In the absence of 
any other data, it was assumed that the orienta-
tion of the player was the same as his direction 
of motion between the current and previous 
frame.  There are situations where this assump-
tion will not hold, such as a player back-
pedalling, however, this occurs infrequently 
and was therefore ignored. 

A requirement for a minimum of 0.5m move-
ment in any direction was imposed to avoid 
noisy data rapidly and randomly changing the 
measured orientations of stationary players.  

Similarly, orientation was not calculated using 
data that spanned discontinuities (such as at the 
beginning of a play).  To calculate orientation at 
the start of a play, the current and following 
frames were used, rather than the current and 
previous frames.  The implicit assumption in 
this was that the player’s orientation did not 
change in the first two frames of each play.   

The decision tree for the calculation of orienta-
tion is shown in Figure 7.1.  This tree was 
applied to every player in every frame. 

Start

Use previous
frame to calculate
direction of motion

Start of play?

Signif icant
movement?

Continue

Use next frame to
calculate direction

of motion

Assume
orientation has not

changed

Yes

Yes
No

No

 

Figure 7.1: Decision tree for player orientation 
calculation. 

Once the orientation data have been compiled, 
there is no longer the need to analyse the data in 
a sequential fashion and the visibility model can 
examine the data in any frame order.  This al-
lows frames to be selected at random from the 
data suite. 

Finally, a scaling factor is introduced to convert 
the positions from pixels to metres.  Pixel num-
bers are used in the manual video coding of the 
game to avoid the need to use floating-point 
values to represent positions.  Since the resolu-
tion of placement in the Industrial Partner’s 
coding system is one pixel, this was the obvious 
choice.  The decision was made to convert to 
metres for the visibility model because the data 
are more meaningful to the observer in this 
form. The scaling factor for the sample data is 
10 pixels to 1 m. 

According to the Industrial Partner, the sample 
data were representative of player positions for 
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the game of rugby.  To analyse this assertion the 
players’ occupancy of the field was examined.  

In an occupancy plot, player positions are quan-
tised to a given resolution.  The resolution is 
changed depending on the analysis that is being 
performed.  For example, to determine which 
team is dominant in a game, the resolution 
could be set so that there is one area for each 
half of the field.  A team with significant domi-
nance would force all of the players to one side 
of the field for a significant portion of one half 
of the game (the teams switch ends at half time).  

It is postulated that the occupancy plot of any 
particular game, with sufficient resolution, will 
be unique to that game.  The term occupancy 
signature is defined here to refer to the field oc-
cupancy for a particular set of data.  The 
occupancy plot for the data suite is shown in 
Figure 7.2.  The colour bar to the right of the 
plot maps the colours to frequency of occupa-
tion.  Here the graduations on the colour bar are 
the number of players (hence the dark red spot 
on the plot was occupied by 1500 players over 
the course of the games given the indicated 
resolution).  

 

Figure 7.2: Occupancy plot of the data suite. 

This plot shows the majority of players occupy-
ing an area of the field near the centre, typical of 
a game where neither team has dominance.  The 
individual occupancy signatures for each of the 
10 games in the data pool can be viewed in Ap-
pendix B:  Plots. 

7.2 Calculating visibility 

Situations that cause a loss of visibility were 
inferred from hypothesis and results of the sys-
tem characterisation.  Calculations of visibility 
were performed between each tag and receiver 
in every frame.  The player was invisible to the 
tracking system if the number of receivers visi-
ble to a tag was less than three.   

The model returns an array indicating which 
player positions cannot be calculated due to 
invisibility.  The returned array can be mapped 
directly to the input data. 

To avoid redundant calculations, the model has 
a hierarchical structure. The particular receiver 
must sequentially satisfy the various criteria for 
visibility, beginning with that criterion produc-
ing the highest discrimination and requiring the 
least computation. Should a particular receiver 
fail to satisfy a criterion, the tag is deemed in-
visible and execution immediately moves to the 
next receiver. If the number of visible receivers 
for a tag drops below three, the position of that 
tag cannot be calculated. 

The criteria for visibility (in order of prece-
dence) are: range, transmission angle and player 
obstruction.   

7.2.1 Range 

A tag is invisible if the straight-line distance 
between the tag and the receiver is greater than 
the range of that receiver. 

For simplicity of coding, it was assumed that 
the reception envelope of all receivers was a 
semicircle that had the bore sight of the receiv-
ing antenna pointing towards the centre of the 
playing field.  Thus the value for range given to 
the visibility model was a radius of this semicir-
cle.  For the model described here, that radius 
was 100 m.  This value was chosen as a conser-
vative estimate of the range of the receiver from 
the receiver-lobe-pattern tests (the range at ±90° 
from bore sight of a mid gain receiver).  
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The calculation of range is expressed in equa-
tion (7.1) below.  The result of this equation is a 
Boolean representing visibility (i.e. 0 denotes 
invisible and 1 denotes visible). 

 

(7.1) 
  
Where: 

 Vrange(f,p,r) is the Boolean value for visi-
bility by range for a given player p and 
receiver r pair within frame f 

 Px(f,p) and Py(f,p) are the coordinates of 
the player.  That player is addressed 
within the input data array by the frame 
f and the player number p 

 Xr and Yr are the coordinates of the re-
ceiver r 

 R is the maximum reception range of 
the receivers. 

7.2.2 Transmission angle 

The angle criterion compares the transmission 
arc of the tag with the position of the receivers.  
If they are aligned then it is considered that this 
line-of-sight condition is met.  Figure 7.3 shows 
a player whose tag is within the angle of one 
receiver but out of angle with the other. 

 

 

Figure 7.3: Example of Out of Angle criterion. 

Here the player, who is facing the direction of 
the arrow, is oriented such that the tag on his 
back will be visible to receiver 1 (Rx1), but not 
visible to receiver 2 (Rx2).  The transmission an-
gle criterion was met if the transmission arc of 
the tag included the receiver position, given that 
the range criterion had already been satisfied 
and the receivers had a semicircular reception 
pattern. 

The transmission arc of the tag was variable 
within the model to allow for different trans-
mission arcs that result from either different tag 
antennae or placement of the tag on the player.   

It was assumed that the tag was on the back of 
the player’s leg (best location as suggested by 
the tag placement trials); therefore the transmis-
sion bore sight was in the opposite direction to 
that player’s orientation, however, this is also 
variable within the model. 

The original hypothesis was that the transmis-
sion arc around a player would be the sum of 
the arcs of individual tags worn by that player.  
For example, if the player had one tag on his 
front and one on his back, and each transmitted 
with an arc of 180 , then the total transmission 
arc would be 360 .  Unfortunately, further 
analysis illuminated two critical flaws in this 
hypothesis.   

The receivers will see each tag independently.  
Using the above example, if the tag on the back 

 

 

Rx1 

Rx2 
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is visible to only one receiver and the tag on the 
front is visible to only two receivers then a posi-
tion cannot be calculated since, independently, 
the tags do not have visibility with three or 
more receivers.   

The other flaw is that since the tags transmit on 
a pseudo random basis, it is improbable that 
they will consistently transmit together, so it 
will be impossible to combine and make use of 
the TOF measurements from both tags to get a 
single position. 

Despite these flaws, multiple tags do increase 
the probability that one of the tags is visible to 
three or more receivers.  Further processing can 
be applied to reconcile the positions of multiple 
tags on a single player after tracking has been 
completed. 

The calculation of transmission-arc visibility is 
shown in equation (7.2) below.  The result is a 
Boolean indicating invisibility. 

 

(7.2) 
Where: 

 Vangle(f,p,r) is the Boolean value for visi-
bility by transmission-arc for a given 
player p in frame f coupled with re-
ceiver r 

 θi(f,p) is the incident angle of the centre of 
the transmission from the player to the 
receiver.  This can easily be generated 
by applying a bias to the player orienta-
tion data (the bias will be determined 
by the placement of tags, in this case 
180°) 

 θr is the acceptance angle of the receiver 
adjusted to account for the receiver ori-
entation within the global coordinate 
system (assumed here to be towards the 
centre of the field). 

7.2.3 Player obstruction 

This invisibility mode occurs when another 
player passes through the line-of-sight path be-
tween transmitter and receiver. 

This section of the model was concerned with 
excluding players who were not candidates for 
causing obstruction; if any players were left at 
the end, then an obstruction occurred and the 
tag was invisible.   

The first part of the exclusion process was to 
define a bounding box with the tag and receiver 
at opposite corners.  Any other players within 
this box are obstruction candidates; all other 
players were removed from consideration.  If 
the tag were in line with the receiver in either 
the x or the y dimension, then either the width 
or the height of the bounding box, respectively, 
would be zero, which would mean that only 
players exactly on the connecting line would be 
considered as candidates for obstruction.  This 
situation was unacceptable, as there may be 
other players near this box who should be can-
didates that will be missed.  To alleviate this 
issue, a lower limit of 0.3m was imposed on 
both the height and the width of the bounding 
box.  Figure 7.4 illustrates a standard bounding 
box and one that has saturated to its lower limit.  
The solid dot is the player of interest, Rx1 is the 
receiver of interest and the circles are candidate 
players. 
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(a) 

 

(b) 

Figure 7.4: (a) A standard bounding box.  (b) A 
bounding box that has been limited in size to ac-
count for the player of interest being in line with 

the receiver. 

The one player outside the box in Figure 7.4(b) 
can be ignored because he is outside the bound-
ing box and therefore is not going to cause 
obstruction. 

 
A search of the current frame of player positions 
will yield those players whose current positions 
lie within the defined bounding box.  A subset 
of candidate player is created from the dataset; 
all other players are discarded after this calcula-
tion.  Equation (7.3) defines the criteria for a 
player being considered a candidate for obstruc-

tion. 

For equation (7.3): 

 ω(f,p,r,o) is a Boolean that indicates if 
player o has a possibility of obstructing 
line of sight (LOS) between player p and 
receiver r in frame f.  If the value is true 
then that player is considered to still be 
a candidate for obstruction. 

Note that in equation (7.3) the range that player 
o must be in is dependent on the position of 
player p with respect to receiver r.  The position 
with respect to one another defines the upper 
and lower bounds of the bounding box.  Note 
also that the limitations on the size of the 
bounding box apply. 

The shortest distance to the straight line be-
tween the receiver and tag was calculated for 
each candidate player.  This is a line normal to 
the straight line between tag and receiver (as 
illustrated in Figure 7.5). 

 

 

 

 Rx1 

 

Rx1 

 

 

(7.3) 
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Figure 7.5: Finding the shortest distance between 
possible obstruction player and the connecting 

line. 

This shortest distance is the same as the dis-
tance between intersection and potential 
obstructing player of the line that is normal to 
the direct line between current player and re-
ceiver.  The equations to find this distance are 
given below.  Note that η is used in these equa-
tions as a substitution to simplify the equations.  

 

(7.4) 

 

(7.5) 
Figure 7.6 shows each of the variables to the 
above equations. 

 

Figure 7.6: Annotated diagram to indicate vari-
ables in equations (7.4) and (7.5) 

It was assumed that all players are cylinders 
with a radius of 0.3 m, and that their centre is 
the position listed for them in the CSV data file, 
leading to the condition that the shortest dis-
tance between possible obstructing player and 
the connecting line, described above, must be 
less than 0.3m for that player to avoid being 
excluded.  It was assumed that no significant 
signal diffraction occurs, and incursion upon 

this path by another player will result in ob-
struction. 

Even though only the plane of the field of play 
(henceforth referred to as the horizontal plane) 
is of interest for positioning, the height of the 
receivers compared to the tags must be taken 
into account when performing player obstruc-
tion analysis.  The receivers are all on stands 
that raise them 2.5 m above the ground, the tags 
are assumed to be on the back of the legs of the 
players approximately 0.3 m from the ground 
and each player is 1.8m tall. 

   Rx 1   

 

(a) 

   Rx 1   

 

(b) 

Figure 7.7: (a) No obstruction in the z plane.  (b) 
Obstruction in the z plane. 

Depending on the position of the obstructing 
player with respect to the tag and receiver in the 
horizontal plane, there may not be obstruction 
because of the geometry in the vertical plane.  
Figure 7.7 shows the case of a potential ob-
structing player in the vertical plane where the 
tag is obstructed and not obstructed respec-
tively.  In both cases the potential obstructing 

 Rx1 

 Rx1 

(xl, yl) 

θl 

(xp,yp) 
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player was a candidate for obstruction in the 
horizontal plane. 

There is an obstruction in the vertical plane 
when the value of the equation defining the 
LOS path in the vertical plane is less than the 
height of the potentially-obstructing player but 
greater than the height from the ground to mid 
thigh at the distance of that player to the player 
of interest.  It was shown in the system charac-
terisation that the signal from the tag could pass 
the legs of a player when the tag is located on 
the back of the leg. 

In the scope of the player obstruction, this 
means that a simple exclusion zone can be ap-
plied.  If there are any candidates for 
obstruction within range of the player then they 
will cause obstruction.  The specific range will 
depend on the distance between the player of 
interest and the receiver.  The equations below 
show how to calculate obstruction in the verti-
cal plane based on this.  Once again, a true 
result denotes visibility while a false denotes 
invisibility. 

 

(7.6) 

 

(7.7) 

 

(7.8) 
Where: 

 Vvert(f,p,r,o)  is a Boolean indicating if ob-
struction has occurred in the vertical 
plane.  Only values of p that have not 
been excluded by previous test are in-
cluded. 

 Zr is the height of the receiver. 

 Tz is the height of the tag on the player 

 dr is the distance between the player p 
and receiver r 

 do is the distance between the player p 
and player o 

 Pz  is the height of all of the players. 

Thus, visibility with respect to player obstruc-
tion can be summarised in the following 
equation.  Note that this equation is only ap-
plied to those players that produce a true value 
in equation (7.3) 

 

(7.9) 

Where: 

 Vobs is a Boolean indicating a loss of 
visibility due to player obstruction 

 Prad is the radius of a player. 

As discussed, all players in the input data have 
an upright stance.  That assumption is the most 
detrimental in this section of the model.  Con-
sider a scrum formation:  If the tags were on the 
backs of the players, then when the players 
bend down for a scrum, their tags will be facing 
up and will be unobstructed by the players 
around them.  However, because of their up-
right stance, the model will most likely show 
that the players at the perimeter of the scrum 
are obstructing the players in the centre.  There 
was very little that could be done about this 
with the data available.  At the time of pro-
gramming, it was best to suggest that this 
model is conservative and that it will over esti-
mate the level of player obstruction.  Further 
development of the model may allow an esti-
mate of stance to be made based on the relative 
locations of players and a known behaviour 
model for rugby. 
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Selective placement of the receivers and tags is 
the best way to avoid obstruction from other 
players.  

7.2.4 Combined visibility model 

It is now possible to define a meta-equation for 
the visibility model as a whole.  Equation (7.10) 
brings together all of the checks for visibility 
discussed in previous subsections.  The model 
will output the number of receivers that are 
visible to a given player at any time. 

 

(7.10) 
Where: 

 Vcomb(f,p,r) is the overall visibility of a re-
ceiver r to player p in frame f.  This 
value can be used either as a Boolean or 
an incremental value. 

Thus the total visibility for any given data set 
can be calculated from equation (7.11).  Note 
that players visible to less than three receivers 
are shown to have no visibility since no useful 
position can be calculated with less than three 
receivers 

 

(7.11) 

The mathematical mode of failure is recorded 
for those players whose positions cannot be cal-
culated.  This allows analysis of the causes of 
failures which will lead to a better understand-
ing of the environment and the potential to 
develop a more efficient tracking system. 

The decision tree shown in Figure 7.8 explains 
how the visibility-model algorithm executes.  
There are a number of modifications made over 
the pure mathematical form of finding visibility 
(e.g. checking for visibility for a given player 
stops when the number of visible receivers is 
less than three).  These were made to reduce 
execution time for the algorithm.   

The green boxes in the diagram are used to de-
scribe loops in the execution (in a similar 
fashion to the Labview development environ-
ment).  The condition of the loop is given at the 
top centre of each box.  In addition, the dots at 
the intersection of an arrow and the box denote 
how the flow of execution is handled.  Green 
dots denote the execution entering or exiting the 
loop in the normal way (i.e. exit on a green loop 
will induce another iteration if applicable), red 
dots indicate an immediate break from the indi-
cated loop.  There is one red dot in Figure 7.8 
that indicates that the receiver loop is broken if 
the number of visible receivers drops below 
three. 
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Figure 7.8: Decision tree for visibility model execution. 
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7.2.5 Static obstruction modelling 

In its current form, the visibility model will be 
suitable for use in any sport played on a regular 
shaped and open field.  Other applications 
would be in the planning of the configuration of 
a tracking system in a warehouse, industrial 
environment or a sport with more complex en-
vironment (such as orienteering).  In these 
applications it is necessary to consider objects 
that are not tracked.  These obstructions are 
most likely to be static and may include walls, 
shelves or other buildings.  In order to handle 
these obstructions, the model is provided with a 
map of the area marking the static obstructions 
(referred to as the ‘terrain map’). A ray tracing 
method can then be used to determine if there is 
visibility.  The map contains information that 
can be related to the likelihood of losing visibil-
ity.  This information might be height of the 
obstruction or a symbol representing the mate-
rial from which it is made (and thus its 
permeability), however this encoding can be 
modified to suit the situation. 

In the case of a sport like orienteering, the to-
pography of the landscape will be important 
too.  Courses, more often than not, contain sig-
nificant inclines and the model must be 
extended to take account of land formations as 
another form of obstruction.  A land formation 
will either change the height of a receiver or it 
will introduce a land obstacle to LOS.  The 
overall height of the receiver is calculated by 
adding the receiver stand height (Zr in the open 
field model) to the terrain height to get the abso-
lute height of the receiver.  Land obstructions 
are handled similar to other static obstructions; 
if the ray tracing intersects the terrain then there 
is obstruction. 

Another difference in orienteering situations is 
that the occupancy of the area of interest will 
certainly not be uniform; a competitor will fol-
low the path of least resistance between 
waypoints.  The input data would therefore 
need to reflect this behaviour.  This concept can 
also be applied to warehouse situations; there 
will be avenues and walkways that have in-

creased traffic with regard to other areas.  The 
occupancy of the terrain can be encoded into the 
terrain map and the model will only look to 
these areas when performing calculations.  Re-
dundant calculations can be avoided in this 
fashion.  Also, in an optimisation situation, ar-
eas where there will be little or nothing to track 
are less significant than areas of high traffic. 

In both the warehouse and sport situation the 
terrain map is a bitmap image.  The locations of 
pixels map the area of interest at a given resolu-
tion.  A grey scale image would allow for one 
variable to be encoded at each position.  This 
variable could be the height of the terrain or an 
obstruction.  A colour image would allow a 
considerably greater number of variables to be 
encoded.  Such variables could include:   

 The height of an obstruction or terrain,  

 Its composition, and  

 Allowable locations for receivers to be 
placed.   

The bitmap format is easy for a user to generate 
and analyse, as the image would directly corre-
late with the situation and no special training in 
visualisation would be required.  A bitmap of 
this type could be obtained from either a scan of 
a floor plan or generated from scratch in an im-
age editor such as MS Paint or Photoshop.   
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Figure 7.9: Example of a bitmap image used for 
visibility analysis of complex environments.  

Figure 7.9 is an example of such a bitmap.  An 
RGB scheme was used to encode data.  Black 
represents free space, occupied by nothing of 
interest; blue represents the allowable locations 
for the receivers; red represents static obstruc-
tions that are made of a material that will 
absorb completely the signals from the tags, and 
green represents static obstructions that will 
only partially attenuate the signals from the 
tags.  The saturation of the colour represents the 
height at which the object is located. In the case 
of blue colours it represents the height at which 
the receiver may be mounted and for red and 
green it represents the height of the obstruction.  

In this map it can be seen that most of the space 
in the area of interest contains nothing of inter-
est (black).  Receivers may be placed high up in 
the band surrounding the area and one cylinder 
within the area but at a lower height (blue).  
There are two types of obstruction present in 
the map, two long rectangular regions con-
structed of a material that is semi permeable by 
RF transmissions (green) and two small regions 
that will completely block the signal (red).  Note 
also that these obstructions can be seen to be at 
different heights based on the saturation of the 
coloured regions. 

To illustrate how easy it is to generate a terrain 
map consider the following situation.  An orien-
teering competition is held at Massey 
University’s Turitea campus in Palmerston 
North, New Zealand.  The competitors will 
move through the centre of the campus and will 
need to be tracked.  Assume the following: that 
only buildings will cause obstruction to the 
tracking system; that buildings are complete 
obstructions to the system.  It is also known that 
the terrain is flat over the area of interest.  Using 
any piece of image processing software (e.g. 
Photoshop), a map of the area of interest is im-
ported (this map is available on the Massey 
University web site).  The area of interest of this 
map is shown in Figure 7.10. 

 

Figure 7.10: Raw map of the area of interest. 

Next, by adding another layer the user can es-
sentially trace over the desired features with the 
appropriate hues and saturations to encode the 
data.  Then the raw image is removed leaving a 
useable terrain map.  In this case, only the 
buildings are of interest and they are to be en-
coded as completely opaque to RF signals (red 
at the highest saturation).  Thus Figure 7.11 is 
the terrain map.  This map is saved as a 24-bit 
RGB bitmap.  Bit maps are used here because 
compression may blur the edges of the features 
(for example, JPEG would blur edges because it 
is a lossy compression technique).  Addition-
ally, the image in this case is only 156kB and 
thus does not require compression. 
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Figure 7.11: The resulting terrain map. 

Note that the large building in the centre-right 
of the image has been coded as one solid build-
ing.  This is because that complex contains an 
enclosed courtyard which would be inaccessible 
to the competitors.  It is this type of extra infor-
mation that is required when making the terrain 
map.   

This terrain map can be used to calculate the 
performance of a tracking system based on a 
number of criteria.  The most useful are cover-
age (either across the whole area or of the 
known track of the objects if those data are 
available) and the GDOP of measurements.  The 
same equations from the open-field model can 
be used to make these calculations with only 
minor modifications. 

In order to calculate receiver coverage it is first 
necessary to know if the point of interest is in 
range of the receiver (regardless of obstruc-
tions).  Secondly it is necessary to know if the 
LOS path is obstructed.  For the terrain map 
shown in Figure 7.11 an obstruction is defined 
as red colours.  Finding the colour of a pixel is a 
matter of looking at the first byte of the colour 
encoding of the terrain map.  The equations to 
find if a receiver has LOS to a given point are 
shown below. 

 

(7.12) 

 

 

 

Where: 

 Vrange is the visibility of a given location 
(x,y) to a receiver r considering only 
range. 

 All other symbols have the same mean-
ing as in equation (7.1). 

This equation is similar to equation (7.1) except 
that instead of examining a given player in a 
given frame it looks at a given point within the 
area of interest. 

 

(7.13) 

Where: 

 Vobs is the visibility of a given location 
(x,y) to a receiver r considering only 
static obstructions. 

 Τ(χ,ψ,1) is the red value of the pixel at 
point (χ,ψ) in the terrain map.  The 1 in 
the index indicates that the red byte is 
of interest. 

 A is the altitude threshold for an ob-
struction.  This value is a scaling of real-
world altitudes onto the resolution of 
the bitmap and can be changed to suit 
the situation. 

 s and e are the start and end point of the 
ray respectively.  The origin of the ray s 
is the current location of interest (x,y) 
and the end, e, is location of the current 
receiver (Xr,Yr).  The ray is defined in 
polar coordinates and must be con-
verted to the Cartesian coordinates in 
order to index the terrain map.  

 Note that the bracketed range notation 
is used in this equation to indicate that 
each step along the ray is to be consid-
ered separately.  All pixels along the ray 
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must be less than the threshold for there 
to be visibility. 

Thus coverage at a given point can be defined 
as follows. 

 

(7.14) 

Where: 

 Vcomb is the combined visibility when 
considering range and static obstruc-
tion. 

A summation of combined visibility at a given 
point for all receivers will yield the coverage at 
that point by the tracking system and thus will 
show where positions of objects can be calcu-
lated. 

If the entire area of the terrain map is to be ana-
lysed then the model will consecutively 
calculate the visibility at each point.  However, 
another colour in the terrain map can be used to 
concentrate the model on a subset of the map 
(an example of this is given in Figure 7.12; the 
blue pixels show the area of interest).  The use 

of ‘track data’ within the terrain map can be 
used to reduce computation time and to focus 
optimisations to the required areas. 

 

Figure 7.12:  Terrain map with track data in-
cluded. 

The algorithmic operation of this model can be 
summarised in the decision tree shown in Fig-
ure 7.13.  Note that the section ringed in blue is 
optional depending on the requirements of the 
analysis.  If it is not required then assume that 
the ‘yes’ branch is always taken at the ‘Within 
area of interest?’ question.  Similarly, once the 
coverage is known then GDOP can be calcu-
lated if required.  GDOP is calculated using the 
equations shown in appendix: A, section 13.1.  It 
is calculated using only those receivers visible 
to a point.  Thus if there is unfavourable geome-
try because one of the receivers is occluded then 
the GDOP will be high. 
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Figure 7.13:  Decision tree for static obstruction model.  

  

For all x 

Receiver positions 
Terrain map 

Start 

For all y 

For every receiver 

Set a counter for the 
number of receivers 
remaining.  Initialise to 
the number of receiv-
ers present 

Range visibility check  

Visible? 

Decrement 
remaining re-
ceivers and 
record failure 
type 

Remaining 
receivers < 3 

Set remaining receivers 
to 0 

Static obstruction 
visibility check 

Visible? 

Decrement 
remaining re-
ceivers and 
record failure 
type 

Remaining 
receivers < 3 

Record visibility from 
remaining receivers 
for this for this loca-
tion 

End 

 

Visibility array 

Within area 
of interest? 

Set remaining receivers 
to 0 

N 

N 

N 

N 

N 

Y 

Y 

Y 

Y Y 



Local Area Position Tracking of Multiple Moving Objects 

 82 

7.3 Visibility model results 

Once the visibility model had been verified, it 
was run using the pre-tracked input data.  The 
output of the analysis was an array that 
mapped to the player positions for each frame.   

The model was used to analyse configurations 
of 6, 8 and 10 receivers.  On average the model 
took 10 minutes to analyse a rugby game con-
taining 3046 frames.  In the input data, this is 
the equivalent of 80 minutes of game plus a few 
minutes overtime. For the three different re-
ceiver configurations, the percentage loss of 
visibility was 36%, 26% and 18% (6, 8 and 10 
receivers respectively).  This indicates that in-
creasing the number of receivers will increase 
the visibility of tags to the tracking system. An 
animation of the game data after application of 
the player visibility model is included on the 
attached DVD (see Appendix C: DVD index for 
the path).  The animation shows where each 
player becomes invisible and the type of invisi-
bility encountered.  The frame number is 
provided for reference in the legend. 

Figure 7.14 shows a typical frame of data with 
two full teams in play.  Here each receiver is 2.5 
m off the ground and has a range of 100 m. The 
tags are worn on the back of the players’ legs 
and are assumed to have a transmission arc of 
180 .  The players themselves are assumed to be 
1.8 m tall and are wearing the tags at a height of 
0.3 m from the ground. 

 

Figure 7.14: Typical output of the analysis model.   

A common symbology is used here to represent 
the different visibility types, summarised below 
(note that unless stated, the symbols are the 
same for both teams): 

 Circles denote valid positions, 

 Crosses are tags invisible due to range is-
sues (none present in this figure), 

 Triangles are tags invisible due to angle is-
sues, 

 Squares represent player obstructions, and 

 Hexagrams denote the placement of the re-
ceivers. 

To aid in the distinction of players from differ-
ent teams, the triangle symbol points in the 
direction of attack of that player’s team.  How-
ever, they do not represent the orientation of the 
player. 

Figure 7.14 shows that players in the open are 
visible, while players in tight formations are 
invisible.  This frame is typical of the entire 
analysis.   

Closer examination of this frame reveals that 
there are two major clusters of players.  As ex-
pected, some players in these formations are 
invisible.  Figure 7.15 narrows the field of view 
within this frame to the cluster around (35, 30). 

 

Figure 7.15: Close up of a clustered formation. 
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Here, it can be seen that, where players are 
tightly clustered, they suffer from player ob-
struction invisibility.  The same can be said of 
the player near the position (35, 30) despite the 
fact that there are no players close by. 

Figure 7.16 gives a comparison of the frequency 
of the different visibility failure modes in the 
analysed data.   

 

Figure 7.16: Bar plot showing the visibility statis-
tics of an analysed game of rugby. 

Here it can be seen that the orientation of the 
players with relation to the receivers is the 
cause of the greatest number of visibility fail-
ures, followed by player obstruction and then 
range.  This differs from the hypothesised rank-
ing of invisibility causes, suggesting that 
increasing the transmission arc of the tags will 
yield the greatest increase in tag visibility.  

Another useful measurement to examine is the 
length of time tags are invisible at any one time. 
Figure 7.17 shows a histogram of lengths of con-
tiguous visibility failures.  

 

Figure 7.17: Histogram of contiguous invisibility. 

There is an approximate inverse exponential 
trend in invisibility intervals in Figure 7.17, 
suggesting that in most cases, a loss of visibility 
is transitory.  The longer contiguous invisibility 
events occur when a tight formation (especially 
a ruck) has a prolonged duration; it is possible 
for a player to remain inside a formation for 
approximately 40 seconds (based on the above 
figure).  

7.3.1 Static obstruction model 
results 

This model was verified by using a number of 
terrain maps of varying complexity.  The first is 
shown in Figure 7.18.  This terrain map has a 
single, round obstruction in the middle that 
cannot be penetrated by RF signals. 

 

Figure 7.18: Singe-dot obstruction terrain map. 
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Figure 7.19 shows how the static obstruction 
affects the coverage of the area when using 6 
receivers (shown as black dots). Figure 7.19 (a) 
shows the coverage when the receivers are clus-
tered in one quarter of the terrain map and (b) 
shows the effect of spreading the receivers 
evenly around the obstruction (the configura-
tion that will give the best GDOP in an open 
field situation).  Note that coverage has a lower 
limit of three receivers since coverage by less 
than three receivers will not yield a useful posi-
tion.  The colours on these plots represent the 
number of receivers covering an area where a 
position will be calculated.  Dark blue denotes 
an area where no position can be calculated. 

.  

(a) 

 

(b) 

Figure 7.19: 6-receiver coverage of the single dot 
area. (a) clustered and (b) spread. 

Here it can clearly be seen that the obstruction is 
adversely affecting the coverage of the area of 
interest.  Even when the receivers are spread 
evenly around the obstruction there are areas of 
lower coverage.  This suggests that even a mi-
nor obstruction will hamper the performance of 
a tracking system and thus careful planning is 
required to get optimum performance from a 
minimalist tracking system. 

In Figure 7.20 the GDOP of the above receiver 
configurations are shown (the colours now rep-
resent the GDOP value of a given area).  Note 
that where a position can not be calculated (due 
to low coverage) a penalty value of GDOP has 
been applied (i.e. low accuracy). 
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(a)

 

(b) 

Figure 7.20: 6-receiver GDOP of the single dot 
area. (a) clustered and (b) spread. 

It can be seen from these plots that the lowest 
GDOP occurs where there is the most cover 
within the formation of the receivers.  Figure 
7.20 (a) especially shows that moving away 
from the receiver formation will reduce GDOP.   

The next terrain map is shown in Figure 7.21 
and consists of four, square obstructions that 
are clustered together near the centre of the 
map.  These obstructions take up approximately 
25% of the total area of the map.   The challenge 
with this terrain map is providing coverage of 
both the centre and the outside of the map  

 

Figure 7.21: Close obstruction terrain map. 

Figure 7.22 shows the field coverage (colour 
axis) for an arbitrary placement of receivers 
(again shown as black dots).  It can be seen that 
these clustered obstructions prevent the receiv-
ing envelops of many of the receivers from 
overlapping.  This is epitomised by the receiver 
at (200,375) which has no coverage near itself 
(This receiver is difficult to see in the plot and 
so has been marked in red).  The centre of the 
cluster is covered by 5 out of the six receivers 
but most of the map is covered by three or less 
receivers, once again suggesting careful plan-
ning is necessary to optimise the performance of 
a tracking system in this environment. 

 

Figure 7.22: 6-receiver coverage of the close ob-
struction terrain map. 

The plot of GDOP for this configuration of re-
ceivers is interesting in that it shows that even 
though there is coverage of the area, the preci-
sion of position measurements will be low in 
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some areas.  Figure 7.23 gives the GDOP (colour 
axis) for this configuration.   

 

Figure 7.23:  Six-receiver GDOP of the close ob-
struction terrain. 

Note how in the spaces between the buildings 
where there is coverage by only three receivers 
the GDOP increases, this happens because the 
three receivers covering those areas are in line 
with one another which, from the literature re-
view, is known to be the least precise 
configuration.  Where there is greater coverage 
the GDOP is reduced and approaches 1 (the 
theoretical lower limit of GDOP).  The reduction 
occurs because the extra receivers covering 
those areas are not on the same line as the other 
receivers and thus compensate for the impreci-
sion.  Also note that the receivers on the outside 
of the cluster are in areas of low GDOP even 
though there is coverage by only three receiv-
ers, again this happens because the receivers are 
not on the same line. 

Finally, the static-obstruction model’s ability to 
concentrate on a given area is tested by using 
the terrain map shown earlier in Figure 7.12.  
Recall that here only the areas coloured blue are 
analysed by the model.  The results from an 
analysis with six, arbitrarily-placed receivers are 
shown in Figure 7.24.  Note that the track here 
appears upside down compared with the map.  
This is owing to differences in the location of 
the origin between images and plots.  It has no 
bearing on the results (note also that this was 
occurring in the previous trials but was more 

difficult to see due to the symmetrical nature of 
the images). 

 

Figure 7.24: 6-receiver small area coverage on the 
Massey map. 

Here the analysis has occurred only on the sec-
tions of the terrain map that were blue as was 
intended.  This has resulted in most of the map 
being classed as zero coverage (this is the de-
fault value given that we are not interested in 
these areas).  Any area of the track with less 
than three-receiver coverage has been set to -2 
so that the remaining track can be visualised.  
The receivers here were placed in a ‘lamp-post’ 
fashion near to the known track of the objects.  
It can be seen that coverage is greatest near the 
centre receivers.  By continuing this placement 
pattern it should be possible to provide cover-
age for the whole track.  Extra receivers at each 
end would ensure that the entire track was cov-
ered.  Once again, an optimisation process can 
be conducted to find the optimal spacing and 
placement of the receivers. 

The GDOP plot shows what would be expected: 
Low GDOP where there is maximum coverage 
and because the track is outside the line of the 
receivers the GDOP is less than or equal to 2 
wherever there is coverage. 
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Figure 7.25: 6-receiver small area GDOP on the 
Massey map. 

Analysing a map where the track of the objects 
is known greatly speeds up the computation.  It 
will also have benefits in optimisation since it 
will concentrate the process on areas that must 
have coverage.  The optimisation process is the 
topic of the next chapter. 

7.4 Further development 

The assumption that all players maintain an 
upright stance in the input data has been shown 
to be harmful to the validity of the results.  A 
model that can predict the stance of the players 
based on their locations relative to one another 
would be useful here.  As an example, if this 
model were to recognise a scrum from the loca-
tions of the players usually involved in such a 
formation then the stance data for those players 
could be adjusted to reflect their usual stance in 
a scrum.  Similarly, a player who is moving 
quickly with no other players nearby will have 
an upright stance.  Alternatively, player-
position data could be obtained that records the 
stance of the player.   

7.5 Visibility model 
conclusions 

The idea and need for a visibility model has 
been presented in the context of a game of 
rugby tracked using an RFID, TOF-based sys-
tem.  A suitable, if conservative, model has been 
developed. 

The data available for testing the model were 
discussed and the limitations and assumptions 
stated.  It can be concluded that better data, 
which include information about the orientation 
and stance of the players, would make the 
model more accurate and reduce the amount of 
pre-processing required, but would not signifi-
cantly change the results.  Development of such 
a data set was not pursued, because it was out-
side the scope of the research and the required 
time to implement it would have been prohibi-
tive. 

Analysis of the model output suggests that the 
limited transmission arc of tags is the greatest 
cause of tag invisibility. Increasing the trans-
mission arc of the tags will therefore have the 
greatest effect on performance.  Increasing the 
transmission arc can be accomplished with the 
appropriate combination of tag antennae, 
placement on the player and padding to sepa-
rate the tag from the shielding effects of the 
body (see chapter 6 for experiments on this 
shielding effect). 

This visibility model was shown to be effective 
at calculating visibility in any open field situa-
tion. 

The visibility model was further extended to 
handle static obstructions and known object-
tracks.  This generalises the model and allows it 
to be used in wide area sports (such as orien-
teering) or warehouse situations.  The concept 
of a terrain map was introduced that allows the 
user to input extra data to the model (such as 
the height and composition of obstructions).  
This model was validated using a number of 
trial terrain maps and it was found that even 
small obstructions hindered both coverage and 
GDOP.  This necessitates some kind of optimi-
sation process in order to effectively use a 
minimalist tracking system. 

With a valid visibility model it is now possible 
to optimise the placement of receivers in a 
tracking system to maximise tag visibility.  This 
is the focus of the next chapter.  It is also possi-
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ble to develop and then evaluate the effective-
ness of methods for estimating the missing 

position data based on the valid data. 
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8 Receiver Placement Optimisation 

Methods for optimising the placement of receivers – rugby player tracking 

as an application – real game data for training – open field optimisations 

– measures of fitness – results of optimisations.  

In order to meet the specifications for cost, per-
formance and volume (see chapter 3), the 
tracking system must operate at peak effective-
ness.  This requires that it produce as many 
position outputs as possible with the highest 
accuracy possible which will, in turn, reduce the 
need for redundant equipment.  This goal is 
valid for all tracking systems in any situation 
since minimising cost and volume while maxi-
mising performance is desirable in all tracking 
applications. 

In previous chapters, the idea was presented 
that the placement of receivers around the area 
of interest contributes significantly to the correct 
operation of the system.  Finding the optimum 
configuration of the receivers about the area of 
interest is, therefore, critical to the successful 
implementation and operation of the tracking 
system.  

In this chapter, genetic algorithms (GA) used as 
a tool to find the optimum solution to the prob-
lem of maximising performance of a tracking 
system.  Criteria are defined that gauge the ef-
fectiveness of a particular configuration of 
receivers; these are known as objective func-
tions.  Objective functions are critical to a 
successful optimisation and hence most of this 
chapter will describe their development.  The 
GA optimisations are compared against more 
contemporary optimisation techniques. 

8.1 Genetic algorithm 
optimisation 

A genetic algorithm is a tool for optimising 
complex problems that have large search spaces 
and several local minima or maxima in the solu-
tion set.  A GA does not search the solution 
space as such, instead it uses techniques in-
spired by biological evolution[151] to ‘breed’ 
the optimal solution.   

The process and terminology for a GA is as fol-
lows.  Each solution (or individual) is 
represented as a string of parameters, which are 
sometimes referred to as chromosomes.  An ini-
tial population of individuals is generated 
(usually randomly) within predefined bounds.  
Each individual is evaluated using an objective 
function and is assigned a quantitative value 
relating to that individual’s fitness as a solution 
to the problem.  Once this is done, a set of 
breeding individuals is selected on a random 
basis, where individuals with higher fitness 
values have a higher probability of selection.  
The breeding individuals are then used to breed 
the next generation (called the children).  The 
fittest solutions are passed unchanged to the 
next generation; these are called elite children. 

Breeding is performed through a combination 
of crossover and mutation.  In crossover, two 
‘children’ individuals are generated from two 
‘parent’ individuals by selecting at least one 
break point in the parents and juxtaposing the 
leading chromosomes from one parent to the 
trailing chromosomes from the other and vice 
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versa. Crossover always yields two children 
individuals that inherit most of their traits from 
the parents.  Figure 8.1 illustrates the crossover 
breeding process.  

With mutation, individual bits are randomly 
toggled; this requires only one parent and will 
yield only one child.  The random numbers 
need not be uniformly random but could in-
stead be part of a Gaussian distribution (for 
example).  The use of non-uniform random dis-
tributions yields a ‘controlled mutation’ and 
prevents wild changes in the population.   Mu-
tation is a method of introducing new genetic 
data into the population.  At appropriate levels, 
mutation prevents stagnation of the population 
and increases the probability that the optimum 
solution will be found (as opposed to a local 
minimum).  An illustration of the mutation 
process is given in Figure 8.2 below.  These 
breeding processes are further explained in the 
example of job-shop scheduling by Murata, et 
al.[152]. 

This evaluate-select-breed process is repeated 
until some termination condition is reached.  In 
cases where the specific value of optimal fitness 
is known, this condition is a threshold of fitness.  
For situations where an optimal fitness is un-
known, the termination condition is usually a 
predefined number of generations or a thresh-

old of variance between individuals.  A combi-
nation of maximum generations and variance 
threshold has been used in the optimisations 
discussed in this chapter; whichever condition 
is satisfied first will terminate the optimisation. 

All GA optimisations described here have been 
performed using the Genetic Algorithm Opti-
misation Toolbox (GAOT) for Matlab 2008. 

Of all of the methods for optimisation of a prob-
lem such as this, it could be asked, ‘why use 
genetic algorithms?’  To anyone new to the 
field, an obvious course for finding the opti-
mum solution would be to try all possible 
combinations and see which yields the best re-
sults (known as the brute-force method). 

The optimisation of any functional tracking sys-
tem will be a hyper-dimensional problem and 
thus, a brute force search will be prohibitive.  If 
a simple case of six receivers is considered, then 
to get an optimal solution, analysis must be 
made of every possible placement of those six 
receivers.  In programming terms this requires 
six nested loops for the receivers alone.  Addi-
tionally, the analysis must examine the 
conditions at a suitably large number of points 
on the field, which leads to several more de-
grees of nesting.  Adding in capability to 
account for both static and dynamic obstruc-
tions will further nesting.  The runtime on a 
brute force approach is unacceptably long; es-
pecially as the analysis becomes more complex, 
since increased complexity will exponentially 
increase the runtime. 

In the case of a game of rugby, the journey to 
the fittest solution is a very shallow path.  There 
is no single solution that will yield fitness far in 
excess of all others, and the probability of there 
being local minima in the solution set is high.  
This precludes the use of methods such as 
steepest-descent optimisation, which is prone to 
getting stuck at a local minimum.  In the case of 
tracking in an environment of static obstruc-
tions there will be many more local minima that 
steepest-decent methods may get stuck in. 

 

Figure 8.1: Illustration of crossover breeding. 

 

Figure 8.2: Illustration of mutation. 

 

Child 1 Child 2 
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Child  
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GAs are specifically designed to deal with the 
barriers to optimisation that arise from large 
numbers of input variable combinations and 
solution spaces that have some mix of shallow 
decent, local minima and discontinuities.  Fur-
thermore, GAs can reach the optimum solution 
via a shorter path than gradient methods [153]. 

Rastrigin’s Function is used to test optimisation 
methods.  The equation for this function is 
shown in equation (8.1) 

 

(8.1) 

The results of this function are shown in Figure 
8.3 and it is clear that this is a multi-modal func-
tion with a global minimum (this occurs at the 
origin where this function has a value of 0). 

 

Figure 8.3: Rastrigin, optimisation test function. 

A GA can always find this global minimum to 
within two decimal places.  Note that GA op-
timisations have a random element and thus 
will not always produce the same solution for 
the same problem.  Furthermore, this form of 
optimisation does not need to be supplied with 
a starting point because of the initial population 
process.  These qualities of GA optimisations 
increase the probability of finding the optimum 
and give greater confidence in the results.    

A Nelder-Mead-type simplex optimisation, in 
contrast, does require a pre-defined starting 
point and becomes stuck in a nearby local 
minimum.  This type of optimisation does not 
have a random element and will thus always 
reach the same solution for a given start point.  
This makes it more difficult to confirm that a 
solution is optimal.  

Given that it is expected that receiver-placement 
optimisation will have a multi-modal solution 
space and it is possible that plausible starting 
points may be difficult to visualise, GA optimi-
sation has been selected for use in this problem.  
Further evidence will be presented that GA op-
timisations are the superior choice for this 
problem.  The results will be compared and con-
trasted with other optimisation methods.   

8.2 Optimisation 
configuration 

The Matlab GA optimisation engine must be 
provided with several parameters that instruct 
it on how to perform the breeding process that 
yields new, and potentially better, solutions.  
Table 8.1 lists these parameters and the argu-
ments that were used for the rugby-player, 
tracking problem. 
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Table 8.1: Summary of GA input parameters. 

Parameter Input argument 

Bounds [0 400] for each receiver 

Initial 
population 

50 

Termination 
condition 

Maximum generations 
reached 

Crossover 
functions 

Arithmetic, heuristic and 
simple 

Mutation 
functions 

Boundary, multi-
nonuniform, nonuniform 
and uniform 

The bounds define the allowable position of 
each of the receivers.  In the Matlab GA, the 
bounds are defined in an array that contains one 
minimum and one maximum bound per row, 
where the number of rows defines the number 
of variables.  The placement of receivers in all of 
these optimisations has been linearised to halve 
the number of variables that must be optimised.  
Instead of passing a pair of Cartesian co-
ordinates to the objective function these optimi-
sations pass a single variable that represents a 
distance along the allowable path of the receiv-
ers.  This process can be likened to vectorising a 
matrix where successive rows are concatenated 
onto the end of the previous row and the entire 
matrix can then be indexed in one dimension.  
For the rugby-player tracking problem, the al-
lowable path for the receivers is around the 
outside of the field, for the static-obstruction 
problem the allowable path is defined by the 
vectorised terrain map.  Calculation is per-
formed within the objective function to convert 
these values to useable Cartesian co-ordinates 
(which are easier to perform calculations on).  
The number of variables is user defined and is 
held constant for each execution of the optimi-
sation.   

The initial population parameter defines the 
number of solutions that are to be randomly 
generated for input into the optimisation.  The 
size of the initial population controls how many 
executions of the objective function will be re-
quired per generation of the optimisation.  
Higher initial populations will result in longer  
runtimes but will be more likely to reach the 
optimal solution. Smaller initial populations 
will allow faster execution but run the risk of 
stagnating.  Population stagnation occurs when 
all of the solutions become similar through the 
breeding process.  In such situations, further 
breeding will not produce different solutions 
and therefore no further optimisation can occur 
regardless of how close the best solution is to 
the global optimum.  The value for initial popu-
lation can only be found experimentally and the 
risk of population stagnation must be weighed 
against excessive execution time. 

The termination condition is set such that the 
optimisation will output the best solution after a 
given number of generations.  A fixed number 
of generations is advantageous here, as the best 
possible solution is unknown and hence, if the 
GA were to terminate at a threshold of fitness 
there would be a possibility that the optimisa-
tion would either end before the ideal solution 
was reached (threshold set too low) or never 
terminate (threshold set too high).  Again, this 
value can only be found through experimenta-
tion.  The number of generations required for 
this optimisation can be as low as 100 for simple 
objectives up to 2000 for more complex func-
tions. 

A description of how each of the breeding func-
tions works is given in the GAOT help file 
available in the Matlab GAOT documentation 
[154]. 

8.3 Training data 

The objective functions described later in this 
chapter can be separated into two distinct cate-
gories:  those that analyze the entire area of 
interest, and those that rely on a set of training 
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data for analysis.  The first category makes sev-
eral implicit assumptions, which are described 
in the following subsections.  

8.3.1 Clear field 

In analyzing the whole area, it is assumed that 
the area is empty except for the object to be 
tracked.  Thus any receiver in range of that 
point on the field would see the signal.  In a real 
situation, such as a game of rugby, this assump-
tion is invalid.  Many of the player formations 
that occur in a game of rugby involve tight clus-
ters of players, and it is a certainty that at some 
time, one or more players will be in the line-of-
sight path of a signal from a particular player.   
A game of rugby can be considered as an exer-
cise in tracking objects in an environment of 
complex moving obstructions.   

By definition, optimisation with static obstruc-
tions cannot be considered to be on a clear field.  

It has been shown that obstructions such as 
people or buildings will absorb the signals from 
the tags, thus confirming that the clear field as-
sumption is inappropriate. 

8.3.2 Evenly distributed occupancy 

When analysing the whole field there is also the 
assumption that there will be an evenly distrib-
uted occupation of the field by the tracked 
objects.  In light of the occupancy signatures of 
the data provided by the Industrial Partner (see 
section 14.1) and knowledge that in static ob-
struction applications (warehouses for example) 
there are designated thoroughfares, this as-
sumption can be seen to be invalid.  

The effect of this assumption is that all parts of 
the area of interest are given equal considera-
tion.  Better results may be obtained by giving 
greater significance to areas where the objects 
appear most often (e.g. occupancy signatures or 
defined areas on a terrain map).  Conversely, it 
maybe advantageous to have position meas-
urements returned reliably at all locations 
within the area of interest, regardless of the 

probability of objects actually occupying those 
locations especially in sporting applications. 

8.3.3 Real Game Data 

Using data from an actual situation as training 
data is an alternative to analysing the whole 
field.  With real data, both the clear field and 
evenly distributed occupancy assumptions are 
circumvented.  The use of real data has the ad-
vantage that the number of points that must be 
analysed is reduced and the points are ones that 
objects have occupied.  The disadvantage is that 
unlikely but possible configurations of objects 
may be missed.  Situation data are required for 
those objective functions that use the player 
visibility model described in chapter 7. 

For the rugby-player tracking problem, a suite 
of game data was obtained from the Industrial 
Partner.  This suite contains 10 games, tracked 
manually from video.  Each game contains ap-
proximately 3000 frames of positions for 30 
players.  A number of hypothetical situations 
have been defined for the static obstructions 
problem that involve mapping of actual build-
ing formations. 

8.4 Fitness Measures 

In order to perform a GA optimisation, some 
quantitative measure of fitness must be defined 
by which the individual solutions can be 
judged.  Several fitness measures have been de-
fined for the problem of tracking objects both on 
the field and among obstructions.  These meas-
ures are independent but can be combined in 
the objective function as required. 

8.4.1 Field coverage 

This measure assumes that the fittest solution to 
the tracking problem will have a high propor-
tion of the field in line of sight of at least three 
receivers.  With three receivers a two-
dimensional position can be calculated and 
more receivers will increase the precision of that 
measurement. 
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Furthermore, in order to achieve the minimalist 
system that performs as desired (see Specifica-
tions chapter), each receiver must be used to its 
full potential. 

8.4.2 Position Measurement 
Accuracy 

Accurate calculation of positions is one of the 
requirements of the player-tracking system (see 
section 4.6) thus estimating the positional preci-
sion that can be expected at a particular location 
within the field of interest is a useful measure of 
fitness of an individual solution. 

Here, accuracy is defined in terms of positional 
error, where high accuracy corresponds with 
low positional error.  Thus a position calcula-
tion that is 0.2m from the true position of the 
object is more accurate than a calculation that is 
0.6m from the true position. 

Positional error is found using the true location 
of the object and the estimate of position that 
the tracking system would output (based on the 
locations of the receivers and including any er-
rors in timing); the difference between the two 
is the error.  

8.4.3 Invisibility rate 

Data are available from the visibility models 
that indicate when visibility to an object is lost.  
Minimisation of this number will signify a fitter 
solution. 

This measure links in with field coverage since 
an area that is not covered will have invisibili-
ties if objects move into them.  Thus maximising 
coverage of areas where objects are is the first 
step in minimising the invisibility rate.  

This measure directly contradicts the clear-field 
assumptions and, therefore, can only be em-
ployed in objective functions where the 
positions of objects and invisibilities are known.  
This knowledge can come from an actual game, 
as has been used here, or random generation.  

8.4.4 Receiver separation 

It has already been shown that the geometry of 
receiver placement is an important factor in the 
performance of the tracking system. The ideal 
geometry is for adjacent receivers to be evenly 
distributed around the object in a regular poly-
gon (assuming all receivers have visibility to the 
object).  A fitness measure based on adjacent 
receiver separation will help in the search for an 
optimum solution. 

Furthermore, GDOP can be calculated directly 
from knowledge of which receivers are visible 
to a given point on the field.  Constraints on 
receiver range and placement as well as static 
obstructions may make the solution with the 
lowest GDOP less than obvious. 

The loss of visibility to a critical receiver will 
have serious repercussions in the minimalist 
system we aim for.  Consider an example in 
which three receivers are in line and one is off 
that line.  The off-line receiver is critical for low-
ering GDOP of the group.  If that receiver looses 
visibility, the GDOP will rise considerably.  
Thus GDOP is, in part, dependent on visibility.  

8.5 Objective functions 

The objective function is the heart of any GA as 
it defines which individuals are suitable solu-
tions to the problem and hence which solutions 
will be used to breed the next generation.  Dur-
ing the course of the investigation it was 
planned that initial objective functions be sim-
ple to ensure that the workings of the GAOT 
were properly understood.  Once these simple 
functions were working they could be ex-
panded to increase their effectiveness.  A 
description of each stage of planned develop-
ment of the objective functions is given in this 
section.  Objective functions are split into two 
groups; those relating to the rugby-player prob-
lem in the first and those relating to the static-
obstruction problem in the second. 

Note that effectiveness is defined here to mean 
the objective function’s ability to find an opti-
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mum solution to the problem.  Effectiveness 
answers the question, ‘how well does this function 
optimize the solution?’  Here the measure of effec-
tiveness changes with the different objective 
functions as they each try to optimise for a key 
characteristic of the problem.  There is a re-
quirement for a standard quantitative measure 
to compare the results of each of the objective 
functions so that the most effective can be 
found.  For the rugby-player problem this 
measure will be the number of invisibilities (cal-
culated from the player visibility model in 
chapter 7) that occur in a fixed set of data from 
the pool of input data provided by the Indus-
trial Partner.  Higher values will denote more 
obstructions and hence a less effective solution.  
Average GDOP will be used for the static-
obstruction problem. 

The source code for each objective function is 
included on the attached DVD, see Appendix C: 
DVD index for the file names, descriptions and 
locations. 

8.5.1 Solution by inspection 

Though not an objective function, it is expected 
that the optimisations will yield an effectiveness 
value better than could be achieved by a con-
figuration found through inspection. 

From knowledge of the sources of error in posi-
tioning systems and inspection of the field of 
play, it is hypothesised that the best result will 
be obtained from a group of receivers that are 
spaced evenly along and several metres back 
from the sidelines of the field of play.  This 
should minimise the positional error due to the 
geometry of the receivers and also be the most 
resilient to obstruction at any part of the field.  
The Figure 8.4 shows the solutions from inspec-
tion for 6, 8 and 10 receivers. 

 

(a) 

 

(b) 

 

(c) 

Figure 8.4: Solutions by inspection for (a) 6, (b) 8, 
and (c) 16 receivers. 

These configurations will be used as the 
benchmark for solutions from other objective 
functions that aim to solve the rugby problem.  
Other solutions must perform better than these 
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in order that the objective functions are deemed 
effective. 

The static-obstruction objective functions have 
SBIs dependent on the terrain map and as such 
will be discussed when those maps are intro-
duced. 

8.5.2 Maximise field coverage 

In this objective function the entire area is ana-
lysed for each individual.  The objective 
function populates an array, called the field-
coverage array, which can be mapped to the 
area of interest.  The dimensions of the field 
coverage array represent the resolution to 
which the analysis is performed. For example, 
for a 110x70m field of interest, if the field cover-
age array were of dimensions 110x70 then the 
resolution would be 1m in either direction.  
Higher resolution will give a more accurate fit-
ness value but will take longer to calculate.  

When this is applied to the rugby problem a 
distance is calculated between the receivers and 
each point on the field for every element in the 
array.  For every distance that is less than the 
range of the receivers the value in that element 
of the field-coverage array is incremented.  Thus 
if an element in the field coverage array con-
tains the value 3, then that location is in range of 
three receivers (and will hence output a valid 
position measurement).   

The direct-calculation approach taken in this 
objective function uses the clear field and 
evenly distributed occupancy assumptions so 
the orientations of the tags have no effect on the 
line of sight and there are no obstructions to 
transmission. 

The overall sum of the field-coverage array 
gives the fitness of the current individual.  
Maximising the sum of the field coverage array 
will move the solution towards the optimum.  

It is also assumed that the receivers have an iso-
tropic receive arc.  It is more likely that the 
receive arc will be lobe shaped but the assump-

tion has been made to decrease complexity.  See 
section 6.3 for the receiver lobe trials.  The range 
for the receivers is set at 70m, as this is a con-
servative estimate of range found from the 
system characterisation.   

8.5.3 Look-up table  

The assumption of isotropic radiation pattern of 
the receivers in the previous objective function 
is false.  It is far more likely that the receivers 
will have lobe shaped reception arcs.  It is much 
simpler to define a look-up table with the lobe 
shape of the antenna than it is to calculate those 
ranges at each execution. 

In the look-up table method, a map of the range 
of the receiver at various angles is created.  This 
look-up table is navigated by calculating the 
angle between the transmitter and receiver then 
going to the nearest entry in the table.   

The look-up table function can accommodate 
any antenna so long as the reception arc can be 
defined.  This gives the look-up table objective 
function greater flexibility for handling different 
receiver types compared with the direct-
calculation method used in the previous objec-
tive function. 

The look-up table objective function moves to 
maximise the field coverage as before. 

8.5.4 Rewards, penalties and non-
linearity 

Clearly, having coverage from only two receiv-
ers will not yield a position measurement.  Yet 
areas of the field with two-receiver coverage 
still increase the fitness value of the individual.  
Conversely, field coverage by more than three 
receivers is advantageous.  Rewards and penal-
ties are introduced to rectify this.  This 
functionality is added to the look-up table ob-
jective function described above. 
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A point on the field that is in range of less than 
two receivers will be penalized by up to 30 10 
from the value at that point on the field.  This 
penalises any individuals that have areas of the 
field covered by less than three receivers.  By 
the same token, areas of the field that are in 
range of more than three receivers are rewarded 
with an increase in that element of the field cov-
erage array.  The Matlab code for rewards and 
penalties is shown in Figure 8.5. 

 

Figure 8.5: Matlab code fragment for introducing 
non-linearity. 

The value of 30 for a penalty was selected as 
one that was in excess of the maximum that 
could be expected from receiver coverage.  This 
was necessary so that solutions with any areas 
of the field that would fail to produce a position 
are calculated to be inappropriate.  It is neces-
sary for a useable system to be able to output a 
position for an object at any location within the 
field of interest. 

This function also addresses the problem that 
the simple objective functions average receiver 
coverage across the field in order to get a fitness 
value.  It can be seen that, in these simple objec-
tive functions, an individual that has every 
point on the field in range of three receivers will 
have the same fitness values as an individual 
that has half of the field covered by six receivers 
and half not covered at all.  The penalties intro-
duced by the code in Figure 8.5 will address this 

                                               
10 The value 30 is chosen as it is 10 times the minimum 
number of receivers required. This imposes a penalty signif-
icantly greater than the gain of maximum coverage.  This 
ensures that a solution with insufficient coverage is low 
down in the performance rankings.  

problem by severely penalizing the individual 
with half the field covered by six receivers and 
should have the effect of spreading coverage 
over the whole field.   

8.5.5 Minimise Average Position 
Error 

This is the first of the objective functions classi-
fied into the real data category. These objective 
functions use a selection of 100 frames at ran-
dom from the real-game-data pool.  These 
frames give the position data that allow the 
evaluation of fitness of the receiver configura-
tion.  The use of a small sample of random 
frames that change with each function evalua-
tion prevented the optimisation from trending 
towards a solution that is optimal for only this 
relatively small sample set (overtraining).  
Analysis of too many frames would increase the 
runtime to an unacceptable level.  The calcula-
tions of the required sample size to give the 
desired level of confidence in the data are well 
understood and several online calculators exist 
to aid in this process; however, experimentation 
with the objective functions is required in order 
to find a sample size that executes in an accept-
able time. 

Those players who have line of sight with the 
receivers are found by using the player visibility 
model described in chapter 7.  Once these play-
ers have been identified, the position 
measurement that the tracking system could be 
expected to output is calculated and compared 
with the known position of the player.  The 
straight-line difference between the known and 
measured positions is the positional error.  The 
process for calculating the position is clarified 
below.  

It is possible to obtain an indication of the posi-
tional accuracy that can be expected by using a 
position calculation method similar to that used 
by the tracking system[50].  

Recall that the proposed tracking system is a 
TOF, tag-based system.  The critical measure-
ments are the travel times of signals from tag to 

if field(y,x) <= 2 

field(y,x) = (field(y,x)-2)* 30; 

end 

if field(y,x) >= 3 

field(y,x)=(field(y,x)-3)*0.1 + 3; 
end 
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receiver, where that signal is moving at the 
speed of light to reach the receivers.  In fact, in 
this function it is only necessary to know the 
distance from the player to the receivers, since 
distance is proportional to time. Gaussian noise 
is added to these values to simulate errors in 
timing at the receivers11. 

The process of calculating a position is, in itself, 
an optimisation process.  A Nelder-Mead[155] 
optimisation algorithm is used here and the ob-
jective function minimises the sum of the 
squares error between the measured times of 
flight (parameters to the problem), the calcu-
lated times for a given position and an epoch 
start.  Fontana[50] describes the operation of 
this optimisation more fully.  The best case is an 
error of zero, which would signify that the es-
timated position satisfies all of the measured 
times of arrival.  The equation for this objective 
function was originally presented in section 
2.1.4. 
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(2.3) 
Players whose signals have been lost are given 
penalty values of error.  This penalty makes 
solutions with a high number of obstructions 
less fit, thereby forcing the solution towards one 
that minimises obstructions as well as position 
error.  The penalty in this case is 1 m.  This 
value should be well in excess of anything that 
we can expect from calculations of position 
based on the system characterisation already 
performed. 

At the end of these calculations, the resultant 
two-dimensional array that contains the posi-
tion errors of each player for all of the frames is 
averaged to give a fitness value that represents 

                                               
11 This Gaussian noise is distributed about the mean of 0ns 
with a standard deviation of 3ns.  These values were chosen 
to induce an error up to 1m in either direction at a given 
receiver and also include the possibility that no timing error 
occurred. 

the average position error.  The optimisation 
will minimise the average positional error 
across the field. 

Using an objective function that minimised the 
maximum error was considered here but was 
discounted after it became apparent that the 
optimisation would always see the penalty 
value as the maximum error.  This would lead 
to a constant fitness value independent of solu-
tion.  The optimisation process must see change 
in the fitness value in order to operate correctly.  

8.5.6 Minimise the Number of 
Obstructions 

This objective function was conceived after 
analysis of system characterisation that meas-
ured the precision of data from the tracking 
system showed that the measurements of posi-
tion were precise to 0.3m wherever the signal 
was present and not subject to high GDOP (see 
section 6.6.4).  If the signal cannot be seen then 
there is no position output by the system.  The 
upshot of this is that the tracking system has an 
approximately constant error in positioning 
across the entire field of interest and therefore 
the specific accuracy of any one measurement 
can be ignored. 

This objective function uses the player-visibility 
model to count the number of times a loss of 
signal occurs in the input data for a given re-
ceiver configuration and uses this as the fitness 
value.  No penalties are necessary here. 

The optimisation moves to minimise the num-
ber of signal losses and hence achieves 
maximise player visibility. 

8.5.7 Variable Height 

Up to this point it has been assumed that the 
system must be completely portable and, hence, 
the receivers must all be mounted near to the 
ground.  In the interests of thoroughness this 
objective function checks for any advantage in 
permanently mounting the system with at least 
some of the receivers at a higher altitude. 
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The hypothesis for this objective function is that 
by having receivers at a greater height the like-
lihood of signal being obstructed by the bodies 
of other players is reduced when the players are 
upright.  If the players are involved in a tackle 
and several players are piled up there is still a 
high probability of signal occlusion. 

In this function the receivers are placed around 
the perimeter of the field as usual but an extra 
input variable defines how far back from the 
field the receiver should be placed.  A threshold 
distance is defined; any receiver on the field 
side of the threshold is at the previously defined 
ground height of 2.5m and receivers on the out-
side of the threshold are placed at 15 m off the 
ground.  This value of 15 m represents the re-
ceivers being mounted to the roof of the 
stadium.   

The optimisation is given the option of putting 
the receivers on the ground so that it can be de-
termined if putting them on the roof is actually 
the best course of action for getting the best per-
formance. 

Once again the receivers are not allowed within 
5m of the field of play, even if they are mounted 
on the roof.  This decision was made because 
most stadiums in New Zealand are not com-
pletely enclosed permanently.  Some have 
retractable roofs but these roofs are unlikely to 
have structures that will support the receivers 
and their associated power and data transmis-
sion equipment.  The stadiums do have covers 
for the spectators; it is to these covers that the 
receivers would be mounted.  

This objective function moves to maximise 
player visibility once more. 

8.5.8 Weighted field coverage and 
receiver separation 

To avoid the computational intensity of analys-
ing a large number of individual frames to 
calculate the fitness value, the cumulative occu-
pancy can be used as a weighting for a field 
coverage objective, albeit slightly modified.  

The occupancy measure compresses the entire 
data suite into one frame and, in doing so, re-
moves all temporal information from the data.  
This makes it impossible to infer anything about 
the visibility of any player to the tracking sys-
tem. 

In this function, each point on the field is given 
a value representing the number of receivers 
that are in range, also known as the field cover-
age value. The field coverage at each point is 
then weighted by the occupancy of that field 
location. Thus, areas that have a high occupancy 
are more heavily weighted than those with low 
occupancy. The sum-of-weighted-field-coverage 
is used as a component of the overall fitness.  

In addition to the weighted field coverage, the 
maximum angle between adjacent receivers is 
calculated.  This objective function minimises 
this maximum angle since it is known that the 
lowest GDOP will occur when the receivers are 
evenly spread.  Calculating the angles of the 
receivers circumvents the need to directly calcu-
late GDOP in an attempt to increase execution 
speed. 

The significance of the maximum angle is con-
trolled by its weighting.  The weighting value 
required to produce optimum results is difficult 
to predict and will have to be found from a se-
ries of trials. 

The fitness is the difference of the contributions 
from occupancy-weighted field coverage and 
the weighted, maximum receiver separation. 
Hence the optimisation will move to maximise 
field coverage while minimising the maximum 
angle between adjacent receivers. 

8.5.9 Static obstructions 

The static-obstructions objective function com-
bines maximum-field-coverage and minimum 
GDOP fitness measures to achieve an optimum 
solution.   

The input data for this objective function is a 
terrain map.  Three terrain maps will be used.  
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These will be referred to as the Dot, Four-
Building and Riddet maps (pictured in Figure 
8.6, reproduced from section 7.2.5).  The first 
two are hypothetical situations that are de-
signed to be difficult to plan for and the last is 
the map of the Riddet section of the Massey 
University campus (Palmerston North, New 
Zealand).  They are presented in order of in-
creasing complexity. 

   

(a) 

 

(b) 

 

 

(c) 

Figure 8.6: Terrain maps. (a) dot (Figure 7.18), 
(b) four-building (Figure 7.21) and (c) Riddet 

(Figure 7.11). 

The Riddet terrain map will also be used in an 
optimisation where the track of the objects is 
known.  Figure 8.7 shows this track in blue.  
This terrain map is an example of a hypothetical 
orienteering situation in which it is known that 
the competitors will take the track shown in 
blue and thus, coverage of that area is neces-
sary. 

  

Figure 8.7: Riddet terrain map with known track 
included in blue. 

The objective function uses the static obstruc-
tion visibility model described in section 7.2.5 to 
find those locations on the map (or sections of 
the map) where a position may be calculated 
then calculates the GDOP at those locations.  A 
penalty value is applied where a position can-
not be calculated and thus the objective function 
maximises coverage while minimising GDOP.  
Note that field coverage is implicitly included in 
the output since a location with coverage by less 
than three receivers is given the penalty value 
of GDOP. 
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Also, in this situation it is unacceptable for re-
ceivers to be placed within buildings and thus 
penalty fitness is applied when a receiver is lo-
cated within a building (the receiver position 
corresponds with a red pixel in the terrain 
map).  

As with the sports problem, configurations of 
six, eight and ten receivers will be optimised.  
The solutions by inspection for the terrain maps 
shown above are as follows in Figure 8.8 (re-
ceivers are shown as green dots).  Only SBIs for 
six receivers will be used for comparison with 
the optimised results.  It would be unnecessarily 
cumbersome to examine three SBIs for each of 
the four terrain maps. 

 

(a)

 

(b) 

 

(c) 

 

(d) 

Figure 8.8: Solutions by inspection of the test ter-
rain maps. 

8.5.10 Validation and 
verification 

Some tests are required in order to confirm that 
the optimisations are functioning as intended 
(verification) and are, in fact, calculating opti-
mum solutions (validation).   

The optimisations are verified by monitoring 
the progress of the optimisation after each gen-
eration.  If working correctly, it would be 
expected that the fitness trends asymptotically 
to the optimal solution as generations increase; 
the greatest gains in fitness are made in early 
generations and later only ‘fine tuning’ is per-
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formed.  Significant deviations from this trend 
would be indicative of issues with the operation 
of the optimisation. 

A truncated solution space, in which only two 
receivers are moved throughout the area of in-
terest, will be used to map a portion of the 
solution space to give an indication of how fit-
ness changes.  The choice was made to move 
only two receivers because it would reduce 
computational intensity to a point where the 
solution space could be mapped and because 
two independent variables and one dependent 
variable are the most that can be visualised.  
The truncated solution space can further justify 
the use of GAs by identifying multi-modal solu-
tion spaces. 

The random nature of the GA’s initial popula-
tion offers advantages over optimisation types 
requiring a specified start point (such as a 
Nelder-Mead simplex optimisation or pattern 
search[156]).  A random initial population 
means that a GA can be implemented with little 
or no knowledge of the best location to begin 
optimisation.  This concept will be shown with 
a cursory comparison of GA optimisations with 
simplex methods. 

Validating each solution is more difficult.  The 
only way to prove that a solution is optimal is to 
map the entire solution space, which is prohibi-
tively time consuming.  If the objective 
functions produce similar results after multiple 
runs and if their performance is better than so-
lutions by inspection, when judged by the 
metric (visibility count for the rugby problem 
and average GDOP for the static obstruction 
problem), then the solution can be said to be 
optimum. 

Validation and verification evidence will be 
given as is appropriate. 

8.6 Results 

After coding and testing the objective functions 
described, the following results were obtained.  

Comments and discussions will be given on 
each set of results and the general quantitative 
effectiveness measure will be applied to each 
solution. 

Note that the less complex objective functions 
(those described in sections 8.5.2 through 8.5.4) 
have been run with a 6-receiver configuration 
only.  Furthermore, due to the non-
deterministic characteristics of the GA optimisa-
tion process, all optimisations were run several 
times. 

For the rugby problem the number of invisibili-
ties is used as a quantitative measure to 
compare the different objective functions. A 
fixed set of 3000 frames, selected from the data 
suite, is used for this measure. With 3000 frames 
and 30 players in each frame, the maximum 
number of invisibilities possible is 90,000. 

8.6.1 Solution by inspection 

Figure 8.4 shows the receiver placement con-
figurations found by inspection of the problem.  
The number of invisibilities calculated for the 6, 
8, and 10-receiver configurations were 7035, 
4335 and 2810 respectively.  As discussed, these 
values will be used as a benchmark for all of the 
objective functions. 

8.6.2 Maximum field coverage 

Figure 8.9 is a graphical representation of the 
best solution after 100 generations of a 6-
receiver, direct-calculation genetic algorithm.  
The runtime of this function was approximately 
1 hour. 
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Figure 8.9: Results of a 6-receiver maximised field 
coverage optimisation. 

The rectangular box within the graph represents 
the field of interest; the crosses represent the 
receivers placed around the field and the semi-
circles represent the reception arcs for each 
receiver.  Note that there are 6 crosses in the 
above figure but that they have been placed so 
as to almost overlap. 

In this case, the best solution is one in which 
three receivers are placed very close together on 
either side of the field. This solution fulfils the 
requirement that the whole field be covered by 
at lease three receivers, and indeed, six receivers 
cover most of the field.  Unfortunately, the clus-
tered nature of this solution will have a high 
GDOP.  

For this 6-receiver configuration, the number of 
invisible players was calculated to be 2707 for 
the test data set (recall that 90,000 is the maxi-
mum possible).  While this does improve on the 
6-receiver configuration from inspection, high 
GDOP make solutions found using this objec-
tive function inappropriate.  This suggests that 
simply maximising the receiver coverage of the 
field is not sufficient to get a useable solution, 
especially when the clear-field assumption is in 
effect.  

8.6.3 Look-up table 

After running the look-up table type objective 
function the best solution after 100 generations 
was the same as that of the direct calculation 
(shown in Figure 8.9). 

This was to be expected since using a look-up 
table does not change the fitness of any individ-
ual.  Because the solution is the same as that of 
the direct-calculation objective function it has 
the same low level of acceptability as a solution 
to the player-tracking problem. 

8.6.4 Rewards, penalties and non-
linearity 

Figure 8.10 below shows the best configuration 
from a six-receiver look-up table genetic algo-
rithm optimisation. The field of interest, the 
receiver positions and the receive arcs are rep-
resented in the same way as in Figure 8.9. 

 

Figure 8.10: Position of receivers from a 6-
receiver optimisation with rewards, penalties. 

It can be seen here that using a system to penal-
ize individuals that have areas of the field 
covered by less than two receivers forces the 
receivers apart, thus making the objective func-
tion more effective at optimising a TOF system.  
Most of the field is covered by at least three re-
ceivers except for the top two corners.  From 
inspection, moving the top two receivers closer 
together, the minimum coverage of any point 
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on the field will be three and most of the field 
will be covered by more than three receivers.  
This shows that while this objective function is 
spreading out the receivers more and finding a 
solution that will give acceptable precision from 
a TOF system, it has not produced the optimum 
solution.  It is interesting to note that this solu-
tion resembles the solution from inspection in 
Figure 8.4(a).  The solution is rotated so that one 
receiver is located behind each goal post and the 
receivers on the sidelines are placed closer to 
the sideline than in the solution from inspection.  

For the 6-receiver configuration shown in Fig-
ure 8.10 the signal obstruction rate was 2487.  
This improves on both the direct calculation 
and inspection solutions.  Furthermore, given 
that the receivers have a significant spread 
around the field, the accuracy of position meas-
urements with this configuration would be 
acceptable. 

The truncated solution space for the maximised 
field coverage objective function is shown in 
Figure 8.11.  Here four of the receivers from the 
six-receiver SBI are held constant (the first four 
counting clockwise from the top left of the field) 
and two are moved around the field.  The plot 
shows the fitness at each receiver displacement, 
colour represents fitness (recall that receiver 
position is passed to the objective function as a 
displacement around the perimeter of the field 
where 0 is the origin and 400 is the same loca-
tion after one revolution of the field).

 

 

Figure 8.11: Maximum field cover truncated solu-
tion space. 

The truncated solution space suggests that the 
problem is multi-modal but that these modes 
are located close to each other.  The plot is 
symmetrical about the diagonal from the origin.  
This is because each receiver has the same effect 
on fitness and thus their positions can be re-
versed and the same fitness obtained. 

There is an increase in field coverage when the 
position of the moveable receivers approaches 
the static receivers.  This justifies the need for 
rewards and penalties since such solution will 
have a high GDOP.  It also suggests that the 
optimisation is finding the global maximum for 
this objective function. 

Remember that this is just one ‘slice’ of a seven-
dimension space (six receivers and the fitness) 
and as such may not contain the global maxi-
mum for the problem.  Instead this gives an 
indication of how the solution space is shaped. 

8.6.5 Small sample interference 

Through a series of trials it was found that the 
sample size of training data for the minimum 
average position error, maximum visibility, and 
variable height objective functions could not be 
more than 3% of the population data suite 
without resulting in an unreasonable execution 
time. Optimisations using a 3% sample took 
approximately 3 days to run. 
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The effect of using such a small sample is that 
the result of an objective function execution is 
based not only on the receiver configuration 
input (as is required) but is also heavily de-
pendent on the random sample selected for that 
particular execution (recall that a new sample is 
selected at random at the beginning of each ob-
jective function execution). This means that the 
optimum solution may be missed if the optimi-
sation is provided with particularly bad data. 
The converse is also true; a solution that will 
perform badly over the whole data set might 
have a high fitness value if it is provided with 
particularly good data. 

This small-sample effect makes successfully 
running the optimisation very difficult. The fit-
ness values do not relate directly to the receiver 
configuration being tested and so ranking of the 
solutions based on the fitness value is invalid. 

Because of this random variation, the optimisa-
tions run with the minimum average position 
error, minimum number of obstructions and 
variable height objective functions did not pro-
duce any useable results. In almost all cases, the 
solutions returned as optimal were members of 
the initial population (Figure 8.12). 

 

Figure 8.12: Best fitness (red) and mean popula-
tion fitness (blue) in an optimisation suffering 

small sample interference. 

Figure 8.12 shows that while the mean fitness of 
the solution population was changing, no solu-

tion ever exceeded the fitness achieved by one 
of the randomly generated initial population 
and thus, no optimisation was occurring (recall 
that in the first generation, all solutions are ran-
dom). 

An examination of the truncated solution space 
confirms this.  Figure 8.13 illustrates the trun-
cated solution space using the minimised-
number-of-obstructions objective function and 
the same receiver configuration as in Figure 
8.11.  It can be seen that the problem is multi-
modal and that the minima are spread over ap-
proximately 60% of the solution space.  
Furthermore, the locations of these minima are 
different for each run of the calculation. 

This large and flat solution space can be an ad-
vantage.  If there is only a small variation 
between solutions then it can be said that the 
problem is insensitive to receiver configuration.  
That is, many receiver configurations will give 
similar results. 

 

Figure 8.13:  Minimised number of obstructions 
truncated solution space, suffering from small 

sample interference. 

In general, the minimised average error, mini-
mised number of obstructions and variable 
height objective functions cannot be satisfacto-
rily solved until the execution time for running 
the optimisation with a sufficient sample size is 
more reasonable. 
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8.6.6 Combined field coverage and 
receiver separation 

Since this objective function uses the full occu-
pancy data in a single, two-dimensional array 
rather than a large, three-dimensional array, the 
optimisation is able to execute in approximately 
30 minutes. 

As expected, the selection of the angle weight-
ing was very important to the results of this 
objective function.  If set too low, the field cov-
erage component of fitness has control of the 
optimisation and significant clustering can be 
observed about the centre line (Figure 8.14).  

 

Figure 8.14: Optimisation in which the angle 
weighting is too low. 

Placing the receivers near the centre line will 
result in the maximum field area being covered. 
Additionally, the highest occupancy occurs near 
the centre of the field and thus the greatest 
component of fitness will be achieved by cover-
ing this area with every receiver. Unfortunately, 
due to issues of geometry (GDOP), clustered 
receivers will not produce precise position 
measurements in the real system so the receiver 
separation must be given greater significance in 
the final fitness value.  This is the same issue 
that was found in the maximised field coverage 
objective function, and it occurs for the same 
reasons (see Figure 8.9). 

Increasing the angle weighting in the objective 
function caused a step change in the calculated 
optimum solution. With the weighting below 
1x105 the clustered configuration occurred, but 
at weightings higher than this, the optimum 
solution became much more suitable. Figure 
8.15 shows the optimum solutions for 6, 8 and 
10 receivers when the angle weight is higher 
than this threshold. 

 

(a) 

 

(b) 
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(c) 

Figure 8.15: Optimum solution from (a) 6-
receiver, (b) 8-receiver, (c) 10-receiver combina-

tion field coverage and receiver separation 
optimisation. 

Note that the receiver configurations are not 
symmetrical about the centreline of the field.  
There is a definite clustering of receivers along 
the field length and an offset between receivers 
along the field width.  This is an attempt by the 
optimisation to cover the most occupied sec-
tions of the field to reach the optimal solution.  
These irregular configurations could be difficult 
to reproduce in practice and so it is worth test-
ing a configuration in which the positions of the 
receivers to the right of the centreline are dupli-
cated from reflection of the receivers left of the 
centreline (referred to as a symmetrical configu-
ration) to see if there is an insignificant drop in 
fitness, a drop that would be acceptable in ex-
change for a simpler setup. Averaged over all 
numbers of receivers, there was a 5% drop in 
fitness when using this symmetrical configura-
tion.  It is the decision of the operators as to 
whether this drop in performance is acceptable.  

Examining the progress of the optimisation 
(Figure 8.16) it can be seen that an appropriately 
asymptotic trend is present, indicating that the 
optimisation is proceeding correctly.  Figure 
8.16 is typical of all optimisations that use this 
objective function. 

 

Figure 8.16: Typical optimisation progression. 

The optimisation for each number of receivers 
was run 15 times as part of the validation proc-
ess.  The truncated solution space (using the 
same receiver configuration as previously) is 
shown in Figure 8.17.    Here it can be seen that 
when each receiver approaches 300m displace-
ment independently that fitness increases but 
that their both being at the same location is not 
the optimum solution.  The optimum solution 
occurs when one is at 275m displacement and 
the other at approximately 350m displacement.  
Similar to the maximum coverage truncated 
solution space, this plot has symmetry since 
each receiver behaves in the same manner. 

 

Figure 8.17: Maximised coverage and receiver 
separation truncated solution space. 
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For comparison with the solutions by inspec-
tion, the invisibility metric was applied to the 
optimum solutions. For 6, 8, and 10 receivers 
the numbers of invisibilities from the 90,000 test 
player positions were 6135, 4020 and 2820 re-
spectively12.  Figure 8.18 compares these results 
with the solutions by inspection. 

 

Figure 8.18: Comparison of results. 

These results show that this objective function 
produces better results than those obtained by 
inspection in the 6 and 8-receiver trials.  The 6-
receiver configuration had a 1% reduction in 
invisibilities and the 8-receiver configuration 
had a 0.4% decrease13. With 10-receivers and the 
constraints of the objective function, the optimi-
sation was not able to find a configuration that 
was better that the solution by inspection.   

The configurations shown in Figure 8.15 are an 
improvement over the solution by inspection.  
However, the optimised configurations indicate 
a logical placement in general with some spe-
cialised tweaking to get optimum performance.  
The solution by inspection was the configura-
tion that we felt would produce the best results 
based on inspection of the situation and knowl-

                                               
12 Analysed with the fittest solution from the optimisation.  
The mean performance of each receiver configuration was 
8059, 4440 and 3038 respectively with standard deviations of 
588, 265 and 190 respectively 
13 These percentages are calculated as a proportion decrease 
over the whole 90000 positions. 

edge of receiver coverage.  It is entirely conceiv-
able that a different operator would have 
suggested as the solution by inspection configu-
rations similar to Figure 8.15 albeit more regular 
(i.e. a configuration symmetrical about the cen-
tre line).  If that were the case then the 
optimisation would produce only a 5% increase 
in fitness.  Scientifically, this shows that the op-
timisation can be used not only to find the 
optimal receiver configuration, but also to con-
firm that a given solution is optimal. 

It should be noted that the field coverage com-
ponent of fitness is important even though it 
appears that the angle component is in control 
of the optimisation.  Without the field coverage 
component the receivers could be placed any-
where around the perimeter so long as they are 
equally spaced, resulting in a family of solu-
tions where receivers are moved an arbitrary 
distance around the field perimeter but the an-
gle-component of fitness is the same (Figure 
8.19).  These solutions have varying numbers of 
invisibilities. The field coverage component an-
chors the solution to cover the centre of the field 
as much as possible. 

 

 

Figure 8.19: Solution with a random rotational 
component. 
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8.6.7 Static Obstructions results 

The results for minimised average GDOP in the 
Dot terrain map with the SBI receiver configura-
tion are given in Figure 8.20.  These results 
show that the entire field is covered by at least 
three receivers except for 4 locations (shown in 
the figure with a GDOP of 5, the penalty value).   
These results also illustrate the shadowing effect 
of the obstruction; there is a star-like pattern 
around the obstruction with slightly higher 
GDOP than the surroundings which is caused 
by the obstruction preventing LOS from some 
receivers and thereby reducing both coverage 
and GDOP.  Furthermore, the GDOP is less than 
2 in all locations where a position could be cal-
culated and approaches 1 over more than half of 
the area.  Overall, the average GDOP for this 
solution is 1.04 which approaches the Cramer-
Rao lower bound for GDOP. 

 

Figure 8.20: Six-receiver, minimum average 
GDOP, solution by inspection on the Dot terrain 

map. 

The results for the GA optimisation with six 
receivers on the Dot terrain map are shown in 
Figure 8.21.  The solution is less regular than the 
SBI but it performs as well with the same over-
all average GDOP.  This suggests that the Dot 
terrain map does not require optimisation; suf-
ficient, precise coverage can be obtained by 
spacing the receivers around the perimeter of 
the obstruction when a single, simple obstruc-
tion is present. 

 

Figure 8.21: Six-receiver, minimised average 
GDOP on the Dot terrain map. 

These results suggest that six receivers are suffi-
cient to completely cover the Dot area with an 
average GDOP that approaches the Cramer-Rao 
lower bound. 

Examination of the truncated solution space for 
this terrain map (Figure 8.22) shows distinct 
valleys caused by penalty values for receivers 
being placed within the obstruction (the red dot 
in this case).  This is going to be a regular occur-
rence in the solutions spaces of static 
obstructions where certain receiver configura-
tions result in an immediate and severe penalty 
(a receiver being placed within a building).  
Note that, as in previous situations, the trun-
cated solution space uses the solution by 
inspection with two of the receivers allowed to 
move around; here the top two receivers from 
Figure 8.8.  The fittest solutions with this static 
configuration occur when the mobile receivers 
are in the top section of the terrain map which, 
from the SBI results, is where the fitness is 
greatest.  Recall that the receiver displacements 
shown in the truncated solution spaces are 
along the vectorised path as opposed to dis-
placement in a single dimension (vectorising is 
where the two-dimensional map is converted 
into one single vector comprised of each row 
concatenated with the previous, thus a 400x400 
map becomes a 1 x 16x104 vector).  The symme-
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try about the major axis is to be expected here 
since the receivers are identical. 

 

Figure 8.22: Six-receiver truncated solution space 
on the Dot terrain map. 

The Four-Building terrain map offers a more 
complex scenario.  The results for the mini-
mised average GDOP in the Four-Building 
terrain map with the six-receiver SBI configura-
tion are given in Figure 8.23.  It is clear from 
these results that there are large areas of the 
field that are not covered by sufficient receivers 
and that the obstructions are a serious barrier to 
both field coverage and GDOP.  Note especially 
the regions of high GDOP in the corridors be-
tween the obstructions.  This increase is 
occurring because the only receivers with LOS 
to those areas are all on a straight line which has 
been shown to be detrimental to GDOP.  A 
tracking system using this configuration would 
suffer from significant blind spots and low pre-
cision when the objects moved through badly 
covered areas.  It is also worthy of note that 
where three or more receivers have LOS to an 
area there is GDOP less than 2.  This once again 
confirms the premise that regular configura-
tions of receivers do not produce the best results 
when complex obstructions are present. 

 

Figure 8.23: Six-receiver, minimum average 
GDOP, solution by inspection on the Four-

Building terrain map. 

The truncated solution space for this terrain 
map (Figure 8.24) again shows a number of 
ridges caused by incursion of the receivers onto 
the obstructions (which in turn causes a pen-
alty).  Optimum fitness in this case is achieved 
when one of the mobile receivers is in the mid-
dle of the map and the other is in the lower left 
corner.  The mobile receivers are the top left and 
centre right receiver (with respect to Figure 
8.23).  This suggests that placement of another 
receiver near the centre of the map and one in 
the lower left corner will compensate for the 
high GDOP in the ‘corridors’ and will cover the 
blind spots in the lower left corner of the map. 

 

Figure 8.24: Six-receiver truncated solution space 
on the Four-Building terrain map. 
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Figure 8.23 suggests that six receivers are not 
sufficient to cover the entire map with the given 
obstructions.  Experimentation with varying 
numbers of receivers showed that 10 receivers 
were required.  The results for the GA optimisa-
tion of ten receivers on the Four-Building 
terrain map are shown in Figure 8.25.  Here it 
can be seen that the receivers are spread in a 
much less regular pattern and there are less ar-
eas of no cover.  It can also be seen that there are 
significantly fewer areas where GDOP is high 
on the connecting line of receivers.  In all cases 
another receiver has been placed in a suitable 
location to correct the issues of geometry.  The 
average GDOP for this solution is 1.65.  This is 
well within the bounds of acceptability for most 
tracking systems and a significant portion of 
that average is from the areas of the map with 
no cover where the penalty GDOP applies. 

Figure 8.25: Ten-receiver, minimum average 
GDOP, GA optimisation on the Four-Building 

terrain map. 

The results of the six-receiver solution by in-
spection on the Riddet terrain map are given in 
Figure 8.26.  Once again it can be seen that six 
receivers are not sufficient to cover the whole 
area and that where three receivers have cover-
age, the GDOP approaches 1.  Also note in the 
lower left of the plot that the high GDOP caused 
by receivers being regularly placed is apparent.  
The overall average GDOP for this area is 3.76.  

 

Figure 8.26: Six-receiver, minimum average 
GDOP, solution by inspection on the Riddet ter-

rain map. 

As a comparison with the GA optimisation 
method, this objective function and terrain map 
was also optimised using a Nelder-Mead sim-
plex optimisation and a pattern-search 
optimisation.  Recall that both require an ex-
plicit starting point and neither has a random 
element (and thus will produce the same output 
for a given input).  Figure 8.27 shows the results 
of the Nelder-Mead optimisation. 

  

Figure 8.27: Six-receiver, minimised average 
GDOP Nelder-Mead simplex optimisation on the 

Riddet terrain map. 
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Here the optimisation was provided with the 
SBI receiver configuration as a starting point.  
The result has not moved significantly from the 
SBI but the overall average GDOP has dropped 
to 3.1.  Once again, the lower portion of the plot 
shows three receivers in line which has caused 
an area of high GDOP along the connecting line. 
The returned configuration has also placed one 
receiver (centre left on the above figure) such 
that it is not covered by another two receivers 
and thus it is effectively wasted. 

It is interesting to note that if the optimisation is 
given a starting point where the receivers are all 
near the origin then the optimisation does not 
progress and the returned ‘optimised’ solution 
is the same as the input.  This test and the fact 
that simplex optimisation methods are not suit-
able for solving multi-modal problems suggest 
that Nelder-Mead optimisations are inferior to 
GA optimisations for this type of problem. 

Figure 8.28 gives the results of a pattern search 
optimisation where the start point is given as 
the six-receiver SBI. 

 

Figure 8.28: Six-receiver, minimised average 
GDOP pattern-search optimisation on the Riddet 

terrain map. 

The pattern search method has produced a solu-
tion similar to that of the solution by inspection 
and the Nelder-Mead.  The overall average 
GDOP is 3.29 which implies that the optimisa-

tion has been less effective than the Nelder-
Mead optimisation.  This method also appears 
to have placed two receivers in places where 
they are of little value (top-centre and centre left 
receivers).  The slightly irregular placement of 
the receivers on the right side of the area has 
allowed the GDOP to be minimised. 

Note here that the pattern search is considerably 
more robust in terms of starting point.  When 
provided with all receivers near the origin for 
the starting point, the optimisation produced a 
result of similar fitness and configuration to that 
shown in Figure 8.28. 

Once again, testing with various numbers of 
receivers suggests that ten receivers are re-
quired in order that the majority of the area is 
covered.  Figure 8.29 shows the results of a GA 
optimisation when ten receivers are used.  The 
optimisation has configured the receivers such 
that all but the areas close to the buildings and 
near the boundaries are covered.  Where there is 
coverage the GDOP is generally less than 2 and 
it is only near the boundaries of coverage that 
the GDOP raises to 3.  Overall, the average 
GDOP for this optimisation was 1.87. 

  

Figure 8.29: Ten-receiver, minimum average 
GDOP optimisation on the Riddet terrain map. 

Given that this terrain map contains the most 
complex configuration of obstructions it would 
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be expected that it would have the most com-
plex solution space.  This is the case, as Figure 
8.30 illustrates.  Here again can be seen a turbu-
lent space in which the peaks are caused by 
receivers being located within obstructions and 
that individual being penalised.  There is a defi-
nite trend for the fitness to be best when both 
receivers are near the centre of their displace-
ment range (near the centre of the terrain map).  
That the GA was able to find a suitable solution 
within this space confirms that this method of 
optimisation is a good choice for this type of 
problem. 

 

Figure 8.30: Truncated solution space for the 
Riddet terrain map. 

Finally we analyse the results of the optimisa-
tion for a known object-movement track.  Here 
the solution has allowed the centre of the arc of 
the track to be covered such that GDOP is low.  
The extreme ends of the track however, have 
been left uncovered or with a high GDOP.  It 
would appear that the decision to place one of 
the receivers in the middle of the track (250, 15) 
was a mistake since it puts that receiver on the 
connecting line between two others which has 
been shown repeatedly to have an adverse af-
fect on GDOP.  A better solution would have 
been to stand that receiver off to the side of the 
track so that the connecting line between receiv-
ers does not intersect the track.  The overall 
average GDOP for this solution is 2.9.  

 

 

Figure 8.31: Six-receiver, GDOP solution by in-
spection for the Riddet-Track map. 

The GA optimised results for the Riddet-Track 
map with six receivers is shown in Figure 8.32 

 

Figure 8.32: Six-receiver, minimised average 
GDOP for the Riddet-Track map. 

The optimisation has correctly deduced that 
receivers need to be concentrated near the bot-
tom of the area where the large building 
obstructs LOS from the other receivers.  It has 
also found that by locating one receiver at (330, 
108) both ends of the track can be covered by 
one receiver (in conjunction with receivers cov-
ering the centre of the track).  There is only one 
section of the track that has significant loss of 
LOS; more receivers would be able to compen-
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sate for this.  Furthermore, the optimisation has 
minimised the GDOP in the lower part of the 
area such that there are no areas where the track 
intersects a connecting line between receivers.  
Once again the non-regular placement of the 
receivers has prevented valid GDOP from rising 
above 3.  The overall average GDOP for this 
track is 1.7 which is a 41% reduction due to op-
timisation. 

In an effort to achieve complete coverage of the 
area, the results for an optimisation using eight 
receivers are shown below in Figure 8.33.  Here 
the overall average GDOP is further reduced to 
1.2 and it can be seen that there is complete cov-
erage and that the maximum GDOP is 3 which 
is still considered good for tracking applica-
tions.  In all other areas the GDOP approaches 
the Cramer-Rao lower bound. 

 

Figure 8.33: Eight-receiver minimised average 
GDOP for the Riddet-Track map. 

8.7 Optimisation conclusions 

The GA optimisations have been shown to be an 
effective tool for finding suitable solutions to 
the problem of receiver placement for a TOF 
player tracking system with a limited number of 
receivers.  It has also been shown to be suitable 

for finding solutions to static-obstruction prob-
lems. 

Objective function selection will be critical.  It 
was shown that the three functions that re-
quired a sample of frames from the data suite 
could not execute in a timely manner when 
provided with a suitably sized sample.  Reduc-
ing the sample size introduces an unacceptable 
random interference into the results.  

The combination of weighted field coverage and 
receiver separation measures produced the best 
results for the rugby problem when compared 
with the solutions by inspection.  Minimised 
average GDOP with penalties was effective for 
the static-obstruction problem and implicitly 
moved to maximise field coverage. 

The development and testing of these objective 
functions has demonstrated a link between 
maximising coverage (to make the system effec-
tive for position tracking across an area of 
interest), obstructions (which cause a reduction 
of both coverage and precision) and GDOP 
(where the loss of LOS from a critical receiver 
has a significant impact on system perform-
ance).  This link can be applied to all position-
tracking systems regardless of application.   

The static-obstruction problems especially have 
confirmed the premise that receivers configured 
in a regular pattern may not yield the best re-
sults (research question 2), particularly when 
there are complex formations of obstructions 
present.  Even small deviations from the regular 
pattern can result in significant gains in per-
formance (especially precision). 

Using the information provided by the optimi-
sation, it should now be possible to deploy any 
TOA position-tracking system to analyse the 
movements of any kind of object.  Also, by util-
ising data-reconstruction techniques, the 
requirement for human intervention in the 
tracking process is minimised. 
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9 Position Reconstruction 

Signal loss is inevitable – causes for signal loss both general and 

application- specific – methods for reconstruction – data processing and 

formatting. 

It is highly likely, especially in sporting applica-
tions that at some time there will be a period of 
loss of signal from one or more player tags dur-
ing the game.  The likelihood is increased when 
a minimalist system (one that uses the mini-
mum amount of equipment required to 
calculate a position) is implemented and two 
conflicting and mutually exclusive points of 
view occur.  The first is that in the sporting ap-
plication, a position is required for every player 
for every second of play (see Specifications 
chapter).  The second is that the system will ex-
perience periods of signal loss for various 
reasons (see section 7.2).  By using knowledge 
of the behaviour of tracked objects in the system 
(players in this case) it is possible to recover 
some of the missing positions based on known 
positions of the objects in the past and future, 
and the positions of other objects. 

The performance of minimalist systems can be 
increased in this way.  The model presented 
here uses software as an alternative to the brute-
force method of adding more receivers to the 
system.  The application of such a model is es-
pecially important in the rugby situation where 
each player acts as a moving obstruction for 
every other player. 

There are two general methods for recovering 
missing positions: real-time and post-
processing.  In a real time recovery system, only 
the current and previous positions of all of the 
objects can be used for correction, as no future 
positions are available.  This limits the potential 
effectiveness of the reconstruction.  Also there is 

a time restriction; any required correction must 
be calculated and applied before the next posi-
tion is measured or the corrected data stream 
will lag behind the current data.  Post-
processing generally involves taking a log of all 
of the position data and performing the position 
reconstruction at a later time.  Post processing 
can generally yield better results, since the 
process will have access to both past and future 
positions.  The decision was made to use a post-
processing algorithm for this work, because 
more accurate results are desired over immedi-
ate correction. 

Recall that position data are output when the 
signal from a tag is received by a sufficient 
number of receivers (see section 5.3).  Thus the 
data are ordered in a first in first out fashion.  
For statistical analysis by the Industrial Part-
ner’s software it is necessary that the data be 
collected into frames (which can then be syn-
chronised with a video feed).  Within each 
frame (the duration of which is variable, but 
defined by the Industrial Partner) is a place-
holder for each object to be tracked.  Where 
position-data exist within a particular time pe-
riod a position can be output in the relevant 
place in the relevant frame.  Where no data exist 
the placeholder remains empty thus identifying 
a missing position.  Where more than one posi-
tion for a single object exists within the current 
time interval in the input, some form of averag-
ing is required so that a single position can be 
recorded in the output.  The code implementa-
tion of this initial data processing is included on 
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the attached DVD (see Appendix C: DVD index 
for the path to this code). 

Separation of the data into frames with a single 
position for each object within each frame is 
also the format that would be most useful in the 
real world application of player tracking.  Thus 
this data format is retained throughout the 
whole reconstruction process. 

As has been mentioned, separation into frames 
gives an indication of the reliability of the posi-
tion data.  The reliability of the calculated 
position is proportional to the number of indi-
vidual measurements that were averaged to 
find the position.  For example, if the position of 
an object in a particular frame is found from 50 
measurements in the input data then it can be 
said to be more reliable than a position found 
from only 5 measurements.  Similarly if there 
are no measurements for an object within a spe-
cific frame, then the position is easily identified 
as being missing.  With this reliability measure 
it is possible to set a threshold for reliability 
within the reconstruction algorithm.  If the rel i-
ability of the positions of an object are below a 
threshold then some form of correction is re-
quired, and the opposite is also true; that 
positions with high reliability values need not 
be corrected. 

In all situations where the position of an object 
is missing within a frame or series of frames, 
there is a limit to how far behind or ahead it is 
prudent to look and still be confident of getting 
an accurate reconstruction.  The selection of 
window size will depend on the application in 
question, the interval over which the object was 
missing, and the corrections that have been 
used previously. 

The methods of reconstruction or correction of 
the position data can be classified into two cate-
gories: those that are general and can be applied 
to any position-tracking situation, and those 
that are application specific.  The methods are 
described in their relevant categories in the fol-
lowing subsections.  The application-specific 

functions here relate to the real world applica-
tion of player tracking in rugby union. 

9.1 General position 
reconstruction/correction 
methods 

These methods can be applied to any applica-
tion of position tracking.  Within each method 
will be described the logic behind the identifica-
tion of the situation and the assumptions made 
that allow the position to be reconstructed or 
corrected.  Discussions on the suitability of each 
method for different signal loss situations will 
be given. 

9.1.1 Linear interpolation 

The simplest method for reconstruction is to 
assume that the object moves in a straight line 
between signal loss and reacquisition (the signal 
loss interval or SLI).  The reconstruction of the 
missing data is a case of interpolating the re-
quired number of positions across the SLI.  For 
example, if the signal from an object is missing 
for three consecutive frames then the recon-
struction consists of three positions spaced 
evenly between the known positions that bound 
SLI.  Figure 9.1 illustrates this. 

 
Figure 9.1: Positions of a single object recon-
structed using first order linear interpolation. 
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Here the crosses represent the known positions 
that bound the SLI and the circles are the recon-
structed positions.   

This is an example of a first order interpolation 
where it is assumed that the player has a con-
stant velocity.   

Linear interpolation is appropriate only in situa-
tions where the SLI is small enough that the 
object is unlikely to have deviated significantly 
from the straight-line path.  If linear interpola-
tion is performed on a SLI that is too large, then 
the resultant reconstructions may miss critical 
movements of the object, thus reducing the ac-
curacy of the reconstructed data.  Figure 9.2 
illustrates how linear interpolation can inaccu-
rately reconstruct the data when the SLI is too 
large.   

Here the hexagrams represent the boundaries of 
the SLI, the true – but unknown – path of the 
object is shown in black with crosses at each 
frame, and the reconstruction is shown in red 
with circles at each reconstructed position. Note 
that while the true path of the object deviated 4 
units to the right and then back again, the inter-
polation process calculated the path as a 
straight line between the boundaries of the SLI, 
hence linear interpolation was inappropriate for 

this situation.  The exact size of the maximum 
allowable interval is application dependant.  

Linear interpolation is especially useful where 
the signal fades in and out quickly.  That is, 
situations where there are many small SLI’s.   
These situations are expected in rugby where 
the player is moving through a large group of 
other players (a precursor to a ruck/maul forma-
tion). 

If the SLI occurs at the beginning or end of the 
data – and assuming that the interval is short 
enough – then extrapolation based on two 
known points can be used in place of interpola-
tion.  Again, the selection of appropriate points 
is application dependent. 

It is possible to use higher order interpolations, 
however, these require more known positions.  
A second-order interpolation for example 
would use two points either side of the SLI to 
interpolate the velocity vector of the player and 
hence calculate that player position on a curved 
path.  Figure 9.3 shows an example of a second 
order interpolation and compares it with the 
linear interpolation of the same data.  Here the 
black marks indicate the known path of the 
player, the red marks indicate the recovered 
position from linear interpolation, and the blue 
marks are the recovered position from second-
order interpolation.  In this case the true posi-
tion of the player is at (5,5) where the second 
order interpolation has calculated. 

 
Figure 9.2: Linear interpolation used in a situa-

tion where the SLI is too high. 
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Figure 9.3: Example of second order 
interpolation. 

It is clear from this example that the second or-
der interpolation has more accurately calculated 
the position of the player as compared with lin-
ear interpolation (there is a 1 unit difference 
between the linearly interpolated position and 
the true position).  However, this example is a 
worst case scenario when comparing accuracies; 
the signal was lost when the player was at the 
sharpest point of the curve (i.e. maximum accel-
eration).  Had the SLI been in a different 
location, the inaccuracy would not have been so 
high. 

Also, the example given in Figure 9.3 depicts a 
player moving along a smooth path.  It is as-
sumed from knowledge of the game that the 
players will move along such smooth curves 
only when in the open (i.e. dashing down field 
when there is no opposition) and that in these 
situations there will be either adequate coverage 
or the path will be sufficiently straight for linear 
interpolation to be used.  It is recognised that 
there will be times when the player encounters 
obstacles (e.g. other players) and that the player 
will make evasive movements; however, it is 
likely that these evasive movements will be dis-
continuous and that second-order interpolations 
will not perform better than linear interpola-
tions.  Consider the following example.  A 
player performs a sidestep (a momentary lateral 

movement to the general direction of motion) to 
avoid an obstacle.  If the player’s position is lost 
during this sidestep then neither linear nor sec-
ond-order interpolation will be able to 
accurately recover the data.  Figure 9.4 illus-
trates this example (assume the player is 
moving from left to right).  Once again, the true 
path of the player is shown with black markings 
(the missing path is shown with a green line), 
the linearly interpolated path is shown in red 
and the second-order interpolation is shown in 
blue (note that the blue line has been overwrit-
ten by the red in this figure because they are 
both the same). 

 

Figure 9.4: An example of interpolation when the 
player is on a discontinuous path. 

In this example both interpolations have pro-
duced the same result.  Here the missing datum 
is a discontinuous deviation from an otherwise 
straight path.  Once again this is a worst case 
scenario; however, if the SLI were to either side 
of the sidestep manoeuvre then the second-
order interpolation would still be outperformed 
by the linear interpolation.  Regardless of which 
side of the sidestep was lost the linear interpola-
tion would produce a point along the straight 
line; however, due to the discontinuity in veloc-
ity, the second-order interpolation would 
calculate that the player moved in an arc further 
away from the true position.  Figure 9.5 illus-
trates this; the same symbols are used. 
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Figure 9.5: Sidestep interpolation with the initial 
point missing.

Here the point where the player began the side-
step manoeuvre is missing (once again, assume 
the player is moving from left to right).  The 
second-order interpolation places the player 
further away from the true position than the 
linear interpolation does.  This occurs as the 
second-order interpolation reconciles the veloci-
ties on either side of the SLI. 

Finally, it has been noted through these exam-
ples that the second-order interpolation requires 
at least two positions either side of the SLI in 
order to function properly.  In situations where 
position data is experiencing large numbers of 
low SLI invisibilities (data from the player visi-
bility model suggests that most invisibility will 
be like this) this may result in there not being 
two contiguous, valid positions to either side of 
the invisibility.  It would be possible to use two 
positions that are more spread but this may af-
fect the accuracy of the results. 

Linear interpolation was selected for use over 
higher order interpolations in the reconstruction 
process because it requires only one known po-
sition either side of the SLI and it was to be 
applied only to small SLI’s to maintain reliabi l-
ity in the data.  Rugby players tend not to 
follow gently sweeping paths in situations 
where they are likely to be invisible to the track-
ing system. 

9.1.2 Speed 

The objects to be tracked will have an expected 
maximum speed with which they can realisti-
cally travel.  For example, with the exception of 
some world-class sprinters, humans cannot 
move faster than 10m.s-1.  Given that the posi-
tions of the objects are known across two frames 
and the time interval covered by a frame is 
known, the speed of the object can be calcu-
lated.  Should the calculated speed exceed the 
set maximum then it is clear that some error in 
positioning has occurred and that position will 
be marked as erroneous. 

The correction of this error will depend on 
which position caused the speed to exceed the 
maximum.  Either the initial position is too far 
retarded of the true position or the second posi-
tion is too far advanced (assuming the player is 
running in a straight line).  In this situation it is 
most likely – but not always true – that the posi-
tion with the lowest reliability value is at fault.  
Measurement of speed on the positions to either 
side of this suspect position can confirm this.  
Once the offending position has been identified 
it can be removed and a more reliable position 
calculated using linear interpolation.  

9.1.3 Multiple tag data 

In the situation where the players are wearing 
multiple tags, loss of visibility of just one tag 
will not result in a visibility loss for player.  
Data from the visible tags can be used to locate 
the player.  However, in the event of all of the 
tags becoming invisible one of the other recon-
struction methods must be applied to the data 
bounding the SLI. 

Multiple tags per player is provided here as a 
way to recover position data on a particular 
player in the event of a single tag becoming in-
visible to the tracking system.  While it is an 
option for increasing the visibility of a player, it 
contravenes the requirement for portability (see 
section 4.3) and it is assumed in the reconstruc-
tion that players wear only one tag each. 
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9.2 Application specific 
position 
reconstruction/correction 
methods 

These specific methods are based on the behav-
iour of rugby players.  There are several player 
formations that are common and likely to cause 
obstructions.  Knowledge of the formation 
shapes can be used to reconstruct missing posi-
tions.  As has been shown in the player-
visibility model (chapter 7) the loss of signal 
from one player due to another being within the 
line-of-sight path is a major cause of signal loss.  
This is aggravated by the tight clustering of 
many rugby formations (see Figure 9.6 through 
Figure 9.10 for examples of these formation 
types), but suggests that a significant number of 
missing points could be recovered if these 
common formations could be identified. 

From examination of video footage of rugby 
games and knowledge of the behaviour of the 
tracking system, it has been concluded that the 
situations that are most likely to cause a loss of 
signal are rucks, mauls, scrums and lineouts.  
The following subsections detail each formation 
and which players are likely to experience sig-
nal loss, the method for detecting the formation 
from the available data, and the recovery solu-
tion. 

9.2.1 Rucks and mauls 

The International Rugby Board (IRB) defines a 
ruck as follows: 

 “A ruck is a phase of play where 
one or more players from each team 
who are on their feet, in physical 
contact, close around the ball on 
the ground.  Open play has 
ended.”[157]  

Figure 9.6 shows a ruck formation; note how 
many of the players are off their feet.  Note that 
while the rule above states that all players are 
on their feet, in almost every ruck there will be 

players who fall to the ground (allowable by the 
rules if it is unintentional). 

 

Figure 9.6: A ruck 

In terms of tracking, a ruck is a group of bodies 
in a tight formation around the ball.  Some 
players involved may fall down and may have 
the signal from their tag directed towards the 
ground (this will depend on the placement and 
orientation of the tag), making the signal invisi-
ble to the receivers.  Furthermore, if a large 
number of players become involved, the bodies 
of the players on the outside will shield signals 
from players near the centre. 

From inspection, a maul appears similar to a 
ruck except that the players must remain on 
their feet at all times, and the formation moves 
around the field (see Figure 9.7).  Should the 
formation collapse it ceases to be a maul and 
becomes a ruck.  Once again, from the perspec-
tive of tracking, the same possibilities for 
obstruction exist in a maul as in a ruck.  Given 
that the recovery of positions is being done on a 
frame-by-frame basis, there is no difference in 
the identification and handling of mauls com-
pared with rucks. 
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Figure 9.7: A maul. 

It is assumed that the players with the least 
probability of being detected will be nearest the 
centre of the formation.  Also, it is assumed that 
a significant number of players on the periphery 
of the formation will be visible to the receivers.  
Thus, if a player is seen to be approaching a 
tight formation of players and the signal from 
that player disappears it can be assumed that 
the player has entered the formation.  If the sig-
nal from the lost player does not reappear in 
subsequent frames it can also be assumed that 
the player has not left the formation.  When the 
player does leave the formation, or the forma-
tion breaks up, the signal should become visible 
again. 

In order to implement an identification proce-
dure for rucks and mauls it is necessary to find 
tight formations of players near the last known 
position of the lost player.  Specifically, forma-
tions near to the path along which the player 
was moving (found by extrapolation) are the 
most likely candidates.  The formations them-
selves are found by mapping the distance of 
every player to every other player for that 
frame.  Where those distances are small for 
three or more players a formation is defined.  
The definition of ‘near’ relates to the maximum 
speed with which a player can move in the time 
of a single frame; any formations outside this 
range are too far to be candidates.  If a forma-
tion satisfies the requirements then a ruck or 
maul has been identified. 

The calculation of a recovered position for the 
player entering the ruck presents a problem.  
The player could conceivably be anywhere 
within the ruck or maul and if the position of 
the player is missing the entire time spent 
within, then the achievable best in recovery is 
an arbitrary position for the missing player 
within the ruck, in this case the centre of the 
formation (defined by the visible players at the 
periphery).  If any of the players become visible 
while in the formation then this datum can be 
used to define the position of that player.  The 
linear interpolation recovery method would be 
effective when receiving intermittent signals 
from players within a ruck or maul. 

9.2.2 Scrums 

A scrum is a set-piece formation that is used at 
the beginning of a play after a minor infringe-
ment.  Eight players from each side form into 
three rows each and, upon the command of the 
referee, engage to contest possession of the ball, 
which is injected into the formation at ground 
level between the front rows by a player outside 
the formation (usually the player in the half-
back position).  Figure 9.8 illustrates this de-
scription. 

 

Figure 9.8: A scrum, about to engage. 

Figure 9.9 gives the relative player positions 
within a scrum.  This is the standard formation 
for a scrum.  Substitutions and rule infringe-
ments leading to players being sent off the field 
may change the configuration of players within 
the formation.  Furthermore, scrums are not 
limited to eight players and the number-eight 
player may sometimes move one position left or 
right. However, the arrangement of players 
within a scrum is always the same. 
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Figure 9.9: Locations of players from each team 
in a standard scrum formation[158]. 

Given the proximity of the players in this for-
mation, it is reasonable to assume that one or 
more players will lose visibility, especially near 
the centre.  The number of players that go miss-
ing may be limited with careful placement of 
the transmitter tags.  The players involved in a 
scrum are bent at the waist during the forma-
tion, their backs facing up.  If the tags were 
placed here, it is possible that the signals from 
the players would remain clearly visible to the 
receivers. 

In order to identify that a particular player is 
missing owing to the formation of a scrum, that 
player must first be one of the players that is 
involved in a scrum (player numbers 1 to 8 from 
each team).  Should the missing player not be a 
usual participant in a scrum it is reasonable to 
assume that they are not missing because of 
involvement in the scrum and hence cannot be 
dealt with under the scrum-reconstruction 
rules.  If the other players that are usually in-
volved in a scrum are either missing or fit 
within a bounding box that defines the ap-
proximate size of a scrum then it can be 
assumed that a scrum formation is occurring.   

A template containing the relative positions of 
players in a scrum can be used to recover miss-
ing scrum players.  The template can be 
deformed and translated to best fit the visible 
scrum players (a technique known as template 

matching).  Given that there is negligible 
movement of scrum players relative to one an-
other, the positions of the missing players are 
defined by the adjusted template. A minimum 
of two scrum players being present within the 
bounding box is required so that proper orienta-
tion and scaling of the template is possible.  The 
position of missing players is taken from the 
deformed template. 

The selection of template matching algorithm is 
not important for this research.  The reconstruc-
tion algorithm is designed in a functional-block 
manner and so one technique can easily be sub-
stituted for another.  The technique used here 
was chosen for expedience. 

9.2.3 Lineout 

A lineout in rugby occurs whenever the ball 
goes outside the bounds of the field.  Lineouts 
occur at the start of play but will swiftly become 
a maul or break up.  Figure 9.10 shows a lineout 
formation in progress.  
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Figure 9.10: A lineout formation. 

The formation itself consists of several players 
from each side lined up perpendicular to the 
sideline where the ball was taken out of play 
and between 5m and 15m from the sideline.  
The teams have one row of players each, sepa-
rated by no less than 1m of clear space.  The 
exact number of players involved in the lineout 
is determined by the throwing team, with two 
players each side being the minimum.  The 
players that form the lines in this formation will 
be packed front to back which could cause a 
number of player obstructions.   

Identification of this formation is difficult be-
cause of its variable nature.  There is no set 
number of players that constitute the formation, 
no set positions within the formation, and the 
positions of the players may change throughout 
its duration, and therefore the behaviour of 
players within a lineout is unpredictable.  An 
interpolation method is the best way of dealing 
with lineouts.  

9.3 Human intervention 

Occasions may occur when the data are so se-
verely degraded that it is impossible to use 
behavioural models to reconstruct the positions.  
In these situations it is best to mark the position 
– or interval – as requiring human intervention.  
Once all automated reconstruction is completed 
a human user can examine any flagged posi-
tions and correct them as necessary. 

This form of reconstruction will require that the 
user have access to some other record of the 
objects’ movement such as video footage.  In the 
application to rugby this is not an insurmount-
able problem, as the footage of the game will 
exist and can be obtained with minor effort.  It 
would not be appropriate in a factory setting, 
for example, as it would require that a video 
recording system be installed in addition to the 
position-tracking system. 

In all cases, the requirement for a human to cor-
rect the missing positions manually is 
undesirable as it is both time and labour-
intensive, thus breaking the requirement that 
the system be able to produce useable results as 
fast as possible (see section 4.8). 

9.4 Reconstruction order 

The order in which the reconstruction methods 
are applied will affect the performance of the 
whole reconstruction.  It was decided that the 
methods would be applied in such a way that 
the earlier reconstruction types would deal with 
the majority of signal invisibilities and be the 
least computationally intensive (similar to the 
implementation of the player visibility model in 
chapter 7). 

First, a check of the speed of the players is made 
to ensure that the data present are valid; posi-
tions which are not are marked as missing data.  
Next, interpolation of small SLI invisibilities is 
performed; this may include correction of posi-
tions calculated as being too fast.  Detection and 
correction of players lost due to scrums is per-



Local Area Position Tracking of Multiple Moving Objects 

 124 

formed next.  Finally players who are invisible 
due to a ruck or maul formation have their posi-
tions reconstructed. 

Each reconstruction method is applied once 
only per application of the recovery algorithm.  
The block diagram below shows the flow of 
execution of the algorithm. 

 

Figure 9.11:  Block diagram for the reconstruction algorithm. 
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9.5 Reconstruction results 
and discussion 

Data from field trials with the Multispectral 
tracking system and the pre-tracked game data 
from the Industrial Partner were used to test the 
effectiveness of each of the position reconstruc-
tion methods.  For each application-specific 
reconstruction, ten groups of ten frames have 
been selected from visual analysis of the pre-
tracked data.  Each group is known to contain 
the desired formation to be reconstructed.  The 
reconstruction algorithm must be able to locate 
and correctly recover the missing player posi-
tions. 

Unless stated otherwise, each method was im-
plemented on a 6-receiver system with the 
receivers located as in Figure 8.4(a), and at a 
height of 2.5m.  Some statistics will be given on 
the effectiveness of these reconstruction meth-
ods when applied to a rugby game. 

9.5.1 Linear interpolation 

Data from field trials with the Multispectral 
tracking system show that this simple recon-
struction method can be used effectively in the 
reconstruction of missing player positions. 

Several trials were conducted with the tracking 
system in which a test player wearing a tag 
moved along the field lines of a rugby pitch.  
Figure 9.12 shows the raw data recorded by the 
tracking system.  In the corners of the field it 
can be seen that the density of positions is not as 
great as near the centre line, indicating that 
there are some points missing.   

 

Figure 9.12: Player moving around the perimeter 
of the field.  No corrections. 

Applying linear interpolation reconstruction to 
these data fills in some of these missing areas.  
Figure 9.13 shows the effect of linear interpola-
tion reconstruction.  4 seconds was set as the 
maximum SLI window, corrections cannot be 
made where the player is missing for longer 
than this. 

 

Figure 9.13: Applying linear interpolation to re-
cover missing positions. 

Comparing this with Figure 9.12 it can be seen 
that most of the areas that were missing posi-
tions have been filled in.  Furthermore, the 
interpolated positions are on the field perimeter 
(the true path of the player).  The only exception 
to this is in the lower left corner of the field.  
Here there is a discontinuity that spans 10m of 
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field length; this SLI could not be corrected be-
cause it was too large.  

It can be seen in Figure 9.12 that the player has 
been located well outside the field on several 
occasions.  Given that the player’s track is 
known to have followed the field lines, these 
points are in error.  Any erroneous position re-
corded in the data will have an adverse affect 
on an interpolation reconstruction process, es-
pecially if that position appears in the middle of 
an SLI.  Such an event will cause the interpola-
tion algorithm to calculate erroneous player 
positions, thus reducing the accuracy of the re-
construction as a whole.  This can be seen to 
occur in Figure 9.13 in the region of (30, -8) 
where the error position has preceded an SLI.  
At other times when the tracking system output 
inaccurate positions, they have not occurred 
during signal loss.    

The erroneous position calculations were 
caused by a combination of the tag signal re-
flecting off stadium light posts and the signal 
being visible to only three receivers.  The posi-
tion calculation then converges to an erroneous 
location.  The test site at Massey University’s 
Ruby Institute is a cramped environment in this 
sense.  In a real game situation it is very 
unlikely that there will be light posts this close 
to the field.  This does, however, highlight the 
fact that interpolation alone is not a complete 
solution for reconstruction. 

From these test data it was calculated that there 
were 241 frames of 1-second duration.  86% of 
these data were recorded as valid positions (in-
cluding the erroneous calculations), 11% of 
frames were reconstructed using interpolation 
and 3% of frames were unrecoverable.  This im-
plies that approximately 79% of the missing 
data were recovered (this percentage is calcu-
lated as the number of recovered positions with 
respect to the number of positions missing in 
the original data). 

9.5.2 Speed 

Remaining with the data shown in Figure 9.12, 
the erroneous points can be removed by apply-
ing the maximum speed limitation to the player. 
Figure 9.14 shows the result of applying a limit 
of 7ms-1 and then interpolating. 

 

Figure 9.14: Positions filtered based on player 
speed and linear interpolations applied. 

It can be seen that the path now much more 
closely follows the true path of the player and 
the majority of the erroneous data have been 
removed.  Selection of the appropriate maxi-
mum speed is very important for correctly 
manipulating the data.  When maximum speed 
is over estimated, some unwanted data will be 
included and an underestimate will exclude 
valid position data.  The value of 7ms-1 was cho-
sen here after consultation with the Industrial 
Partner and with reference to their accumulated 
statistical data.  The value is the upper quartile 
of player speeds when sprinting (i.e. data relat-
ing to player speed when standing or taking 
part in a formation such as a ruck was not con-
sidered).  The upper quartile was chosen to be 
inclusive of the top speeds achievable by the 
majority of players.   

In Figure 9.14 there is still one position (located 
at approximately (20, 5)) that has deviated from 
the known track of the player.  It is clear from 
the reconstructed data that this erroneous point 
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has occurred in the middle of an SLI and it does 
not contravene the maximum speed limit.  De-
tection of such an error would be very difficult 
without prior knowledge of the true path of the 
player.  Human intervention will be required to 
correct this inaccuracy. 

The statistics for maximum speed limiting indi-
cate that only 83% of the data contained valid 
positions (recall that previously the erroneous 
positions were considered valid data), 14% of 
frames were recovered using interpolation and 
3% are without any reconstruction.  Compare 
this with the results of pure interpolation and it 
can be seen that the proportion of frames that 
could not be recovered remains the same but 
some of the data recorded as valid have been 
defined as in error and have been corrected us-
ing interpolation.  While there is no increase in 
data recovery, by imposing a maximum speed 
limit, the accuracy of the data was increased. 

9.5.3 Multiple tag data 

Figure 9.15 shows the track of a single player 
wearing two tags as they move in a circuit of 
one half of the field.  Two symbols have been 
used to represent the tracks of individual tags.  

 

Figure 9.15: Single player wearing two tags mov-
ing around the field. 

It can clearly be seen that there are regions 
where one tag (black circles) is not visible to the 
tracking system; and in many of these locations 
the second tag is visible.  It is reasonable to as-

sume that the system operators will have 
knowledge of which tag is on which player so it 
is a simple matter to combine the data from the 
tags into a single track for the player.  Figure 
9.16 shows the combined track. 

 

Figure 9.16: Combined track of a single player 
wearing two tags.   

Examining the statistics from the combined 
tracks reveals that all of the missing positions 
from one tag were reconstructed using data 
from the other tag. 

While using multiple tags is a viable option for 
increasing the visibility of a particular player, it 
will increase the cost to operate the system, 
which may interfere with the minimal cost re-
quirement (see section 4.5) and more tags will 
have greater physical interference (see section 
4.1).  Furthermore, extra tags will need to be 
managed and attached to the players correctly; 
this will take more time and adversely effect the 
ease of use requirement (see section 4.7 ). 

The effect of having data from multiple tags is 
weighed against the first research question.  It 
may be that adding more transmitters (rela-
tively small and cheap at approximately $20 
each) is an acceptable way of realising the 
minimalist tracking system that performs satis-
factorily.  On the other hand, the software tools 
for the third research question will also help to 
realise the suitable minimal system. 
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9.5.4 Rucks and mauls 

Figure 9.17 shows a ruck formation in which 
one player has become invisible to the tracking 
system owing to player obstruction (this player 
is highlighted in red).  This section of a frame 
was taken from one of the ruck example groups. 

 

Figure 9.17: Player loses visibility when entering 
a ruck. 

The reconstruction algorithm was able to suc-
cessfully identify the formation and recover this 
player’s position.  Figure 9.18 shows the recon-
structed player location as a blue circle.  The 
true position of the player has been retained to 
give a visual indication of accuracy.  The recon-
structed position is 0.14m from the true player 
position. 

 

 

 

Figure 9.18: Missing position recovered through 
detection of a ruck. 

Recall that the reconstruction algorithm as-
sumes that the missing player is in the centre of 
the formation, thus the accuracy of ruck recon-
struction in general will depend upon the 
number and locations of other players involved 
in the ruck.  For example, if the ruck were more 
spread out and the player was only at the pe-
riphery when visibility was lost, the 
reconstructed position at the centre of the for-
mation would be less accurate.  However, if the 
players are too spread out (more than 1m from 
the centre) then the formation does not qualify 
as a ruck.  Using this logic, the worst-case error 
in reconstruction will be 0.7m ( 2/2, the diago-
nal distance from the centre of a square to one 
corner). 

The ruck recovery algorithm was able to iden-
tify and correctly reconstruct player positions in 
a ruck formation in all ten of the test cases.  The 
positions were reconstructed with a 0.20m aver-
age error and a standard deviation of 0.04m.  As 
hypothesised, variation for this method of re-
covery is affected by the size of the formation; 
however, the reconstruction algorithm was able 
to recover positions at well under the theoretical 
worst case error and also with better accuracy 
than was required from the measurement accu-
racy specification (see section 4.6). 
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9.5.5 Scrums 

An example of a scrum with several players 
invisible due to player obstruction is shown in 
Figure 9.19.  In this figure, black circles are visi-
ble players and black squares are invisible 
players (recall that with the simulation data we 
have access to the true positions of the players 
even though they may be calculated as invisi-
ble).  The scrum template as it would be applied 
is superimposed over this formation with blue 
triangles. 

 

Figure 9.19: Scrum including some invisible play-
ers with the scrum template superimposed on the 

formation. 

It can be seen that there is some difference be-
tween the actual positions of the players (black 
symbols) and the template positions (blue sym-
bols).  It is unreasonable to assume that the 
players will construct the formation with the 
exact same positions as the template for every 
scrum.  Note that there are two visible players 
above the formation in Figure 9.19.  These play-
ers are the halfbacks for each team; they inject 
the ball into the scrum but are not part of the 
formation. 

The scrum detector was able to correctly iden-
tify the formation and recover the missing 
positions.  The results of this reconstruction are 
shown Figure 9.20 as red squares overlaid on 
the original data (note that these have been 
taken from the translated and scaled template).  

 

Figure 9.20: Scrum with reconstructed positions. 

The error in reconstruction is 0.22m in this case.  
The true positions of the players appear quite 
different from the template.  This is attributed to 
inaccuracies in the Industrial Partner’s manual 
tracking system.   

In general, the recovery algorithm was able to 
identify the scrums in each of the ten test 
groups and it was able to correctly recover the 
missing player positions. The average position 
reconstruction error across all ten examples was 
0.26m with a standard deviation of 0.06m.  This 
position error seems low given the number of 
players involved; however, a scrum is a set-
piece formation that is performed the same way 
each time.  Also when the scrum either col-
lapses or ends it ceases to be classed as a scrum 
by the reconstruction algorithm.  This is in-
tended since a template match is not a suitable 
way to recover positions missing in that situa-
tion since the player positions will not conform 
to a template (in that case the formation will be 
classed as a scrum).  

 The 0.26m error is within the required limit for 
accuracy of the system of 0.3m from the true 
position.   

9.5.6 Full game analysis 

The final test of the reconstruction algorithm is 
how well it performs when used on data from a 
real game.  The analysis of such a test will be 
considerable and is important to this thesis.  For 
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this reason chapter 10 has been devoted to this 
analysis 

9.6 Reconstruction 
conclusions 

It was the aim in this chapter to develop a re-
construction algorithm that could accurately 
recover a significant number of invisible posi-
tions from a tracked rugby game and thus 
increase the effectiveness of a minimal system 
(research question 1).  This algorithm was in-
tended to be the final part of the software expert 
system (research question 3). This aim was 
achieved and this model can be applied to any 
position-tracking application given sufficient 
knowledge of the application-specific behaviour 
of the objects. 

Both general and rugby-specific reconstruction 
methods were developed.  General methods 
included first-order linear interpolation (second 
order was considered but rejected) and speed 
checks.  The rugby specific reconstruction 
methods were developed to handle rucks/mauls 
and scrums.  Lineouts were investigated as a 
rugby-specific method but were discounted 
based on the variable nature of lineout forma-
tions. 

Reconstructions were applied in the following 
order: speed check, interpolation, scrums then 
rucks/mauls. 

Multiple tags were investigated as an alterna-
tive way to mitigate invisibility.  This approach 
was found in field trials to be an effective option 
but it may have adverse effects on meeting the 
specifications.  

In single player trials of the Multispectral track-
ing system, simple interpolation was able to 
increase the visibility to 97% both with and 
without speed checking. 

Ten example data sets for both rucks/mauls and 
scrums (each containing ten frames) were run 
through the reconstruction algorithm to test the 
identification and correction of special forma-
tions.  The algorithm was able to correctly 
identify the formation in each data set.  Posi-
tions within a ruck/maul were recovered with 
an average position error of 0.20m and scrums 
with 0.26m average (standard deviations were 
0.04 and 0.06 respectively, both sufficiently low 
to give confidence in the results). 

The reconstruction algorithm is ready to be 
tested in a real game situation.  This testing and 
analysis will be performed in chapter 10.  
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10  Simulated tracking system performance 

In which the various threads of research are implemented in a single 

simulation and performance is gauged. 

All research to this point has been pursued in 
order to develop a tracking system capable of 
tracking players during a game of rugby to the 
specifications given in chapter 4 (the system 
required by the first research question). 

In this chapter, all of the performance enhance-
ments and measurement tools are applied in a 
single analysis of the game data suite (this is the 
expert system proposed by research question 3).  
The aim of this analysis was to see how the level 
of player visibility is affected by using the calcu-
lated optimum configuration for receivers 
(calculated for the second research question) 
and how well the reconstruction algorithm can 
recover the lost positions. 

Explanation will be given for why this analysis 
was not performed in a real-game situation, and 
the advantages of analysing the game data suite 
are outlined.  

The process for running the analysis on simu-
lated data will be explained and reference made 
to previous sections of this thesis where re-
quired. 

The results of the analysis will be discussed 
with special attention given to how the visibility 
level changes before and after reconstruction. 

10.1 Simulation versus a real 
game 

Ideally this analysis would be performed in a 
real game (two full teams wearing tags).  With 
data from an actual game, the visibility level can 

be reported with confidence since there is no 
need to apply a model to find where positions 
are invisible.  

It was not possible to use the Multispectral 
tracking system (see section 5.3) for testing in a 
real game owing to issues with the Industrial 
Partner relating to commercial sensitivity and 
insurance (see section 3.8). For these reasons 
this analysis was performed on the previously 
tracked data suite obtained from the Industrial 
Partner (see section 7.1).  While simulations on 
these data are less desirable than analysis of a 
real game, the data are representative of player 
positions in a game of rugby and will allow cal-
culations of accuracy. 

10.2 Analysis process 

The analysis was performed on the entire data 
suite of games.  This equates to 10 games with 
approximately 30,000 frames; each frame is 2 
seconds so this approximates to 17 hours of 
game play. 

Using the player visibility model developed in 
chapter 7, the data in the data suite will be 
processed to find those players who are invisi-
ble to the tracking system.  It is in this part of 
the analysis process that the optimum receiver 
placements found in chapter 8 will be used.  
These receiver configurations were shown to 
produce the least number of player invisibilities 
when compared with other configurations.  The 
player visibility model will be run using the 
optimum 6, 8 and 10-receiver configurations. 
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Tag placement tests (section 6.4), indicated that 
low down on the leg or on the back of the shoe 
were the best places to mount the tracking tag 
for optimum performance.  Originally, the 
model developed in chapter 7 was not designed 
to simulate the legs of the players and thus con-
figuring the player visibility model with the 
tags 0.1-0.2m from the ground would cause sig-
nificantly more invisibilities than would be 
expected from an actual game.   

The model was modified slightly here to allow 
modelling of the tags low on the legs (tag height 
is set at 0.15m off the ground).  If the line-of-
sight path of the signal from the player to the 
receiver is below the waist of the candidate for 
obstruction (the waist is defined as being 0.8m 
off from the ground), then a check is made to 
see if the candidate’s legs obstruct the signal.  
The legs are defined as having an average ra-
dius of 0.1m. 

Once the visibility model has been applied, the 
number and type of invisibilities can be ana-
lysed.  Of particular interest is the length of time 
that a player is invisible (referred to as contigu-
ous invisibility) since this will affect the 
performance of the reconstruction algorithm 
(developed in chapter 9).  Large contiguous in-
visibilities will be unrecoverable by the 
algorithm and will indicate that human inter-
vention is required (see section 9.3).  The level 
of human intervention that is required will be 
an important factor for gauging the perform-
ance of the system, since this will need to be 
minimised to make the system marketable by 
the Industrial Partner. 

The final stage of the process is to apply the re-
construction algorithm to the data to recover a 
portion of the invisible data.  Analysis of the 
number of invisible positions remaining after 
this reconstruction will give an indication of 
how effective the algorithm is and also how 
much time can be saved when compared with a 
fully manual tracking system.  Furthermore, the 
change in the contiguous invisibility can be ana-
lysed.  Remaining invisibilities will be examined 

and, where possible, explanations will be given 
for why they remain. 

An investigation will be made as to the effect of 
applying the reconstruction algorithm multiple 
times. 

10.3 Simulation results 

After running the player visibility model on the 
data suite with the optimum 6, 8, and 10-
receiver configurations the level of invisibility 
was calculated as a percentage of the number of 
frames.  Figure 10.1 shows the level of invisibil-
ity.  The field trials with the Multispectral 
system suggested that the invisibility level cal-
culated by the player visibility model accurately 
represented what could be expected from the 
real system (see section 6.6.4). 

 

Figure 10.1: Percentage invisibility after applica-
tion of the player visibility model. 

From this it can be seen there are a high number 
of invisibilities present in the 6-receiver con-
figuration (even with optimal placement).  
There is a definite improvement in visibility 
when more receivers are used.  With 8 receivers 
the invisibilities drop below 17% while 10 re-
ceivers result in invisibilities slightly in excess 
of 5%.  Increasing the number of receivers used 
will increase both the cost and volume of 
equipment and so the advantage of greater visi-
bility must be weighed against the requirements 
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of the system (see chapter 3).  Figure 10.2 shows 
the distribution of contiguous invisibilities in 
the data.  For clarity, contiguous invisibility is 
the number of consecutive frames in which a 
player is missing; thus, being a histogram, Fig-
ure 10.2 shows the frequency of a particular 
contiguous invisibility length.   

 

Figure 10.2:  Histogram of contiguous invisibility. 

It is clear from Figure 10.2 that the majority of 
invisibilities are over short intervals.  This will 
be an advantage for the purposes of recovery, 
since short intervals can be interpolated with 
high accuracy.  The number of receivers has 
little effect on the shape of the plots; in all cases 
over 90% of invisibilities are less than 5 frames 
in length and the trend is inverse exponential. 

It was noticed that at times, especially near the 
end of each game, there was at least one player 
who remained stationary for long periods of 
time.  These stationary players are artefacts in 
the data that represent a player being removed 
from the field and not replaced (i.e. not a substi-
tution) and the Industrial Partner’s analysis 
requires that there be 30 players on the field at 
all times.  Reasons for such a removal would 
include a yellow card (10 minute ‘sin bin’), a red 
card (sent off) or a ‘blood bin’ (a player tempo-
rarily sent off when they are bleeding from an 
injury sustained during the game).  In all cases, 
the removed player is put in a stationary loca-
tion at the periphery of the field of play. This 
could explain the small number of long con-

tiguous invisibilities, especially if that player 
has been placed at a location calculated to be 
invisible.  In terms of a real system, these long 
invisibilities could be removed or corrected 
manually. 

After the reconstruction was performed the in-
visibilities for all numbers of receivers dropped 
significantly.  Visibility after reconstruction is 
93%, 97%, 99% for 6, 8 and 10-receivers respec-
tively (calculated as total number of visible 
positions as a proportion of the total frames).   
This is shown in Figure 10.3.  The invisibility 
level both before and after reconstruction is 
shown for comparison.  

 

Figure 10.3: Comparison of invisibilities before 
and after reconstruction.   

These results show that the reconstruction algo-
rithm would be effective in increasing the 
performance of the tracking system and mini-
mising the required human intervention level.  
These results also suggest that the recovery al-
gorithm is more effective when higher numbers 
of receivers are used.  This increased effective-
ness is due to the greater mass of short-length 
contiguous invisibilities, which are easily recon-
structed using interpolation.   

Figure 10.4 shows how the contiguous invisibili-
ties changed after the reconstruction was 
applied.  In this figure, recovered positions are 
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considered to be valid data and thus do not ap-
pear. 

 

Figure 10.4: Histogram of contiguous invisibility, 
after applying the reconstruction algorithm.  

There is a clear difference in the shape of the 
histogram when compared with Figure 10.2.  
This change in shape can be explained by the 
operation order of the reconstruction algorithm.   

As described in chapter 9, interpolation is ap-
plied first to recover those positions that are 
short in duration.  After this simple recovery 
has been performed there will be no contiguous 
invisibilities less than 4 frames (the threshold 
for a small interval invisibility defined after 
consideration of interpolation accuracy, see sec-
tion 9.1.1) since they will all have been 
recovered.  Next the situation-specific recon-
struction methods are applied (see section 9.2).  
These will be able to recover the positions of 
some of the invisible players who are experienc-
ing longer contiguous invisibilities, depending 
on the visibility of surrounding players.  For 
example, if sufficient surrounding players be-
come visible for a single frame, then the 
position of the player of interest can be recov-
ered for that frame only.  This would have the 
effect of splitting a large contiguous invisibility 
into two smaller invisibilities thus skewing the 
remaining contiguous invisibilities to the left of 
the histogram.  Figure 10.5 illustrates this by 
showing the contiguous invisibilities after ap-
plying only the linear interpolation.  Notice here 

that there are no invisibilities below 5 frames (as 
was expected).  This confirms that the 1-4 frame 
contiguous invisibility lengths seen in Figure 
10.4 are caused by corrections that are applied 
after interpolation. 

 

Figure 10.5: Histogram of continuous invisibility 
after applying linear interpolation only. 

These results are after only a single pass of the 
reconstruction algorithm, therefore, the residual 
short contiguous errors are not corrected.  The 
reconstruction algorithm can be applied ad infi-
nitum to remove all but the worst-case 
invisibilities.  However, making inferences on 
position from already inferred positions can 
lead to increasing reconstruction error and thus 
there is a limit to the number of times the recon-
struction should be applied.  The specification 
of this limit must be reached with reference to 
the requirements for accuracy in the system 
(section 4.6), and is left to the judgement of the 
operator.  The reconstruction algorithm was 
applied again to gauge the effectiveness of a 
second pass.  This will be discussed shortly.  

Given that invisibilities greater than 4 frames 
are more difficult to recover, it is worth examin-
ing the contiguous invisibilities greater than this 
threshold.  In Figure 10.4 it can be seen that in-
visibilities of greater length than 4 frames, for 
all numbers of receivers, trend towards 0 fre-
quency as the contiguous visibility length 
increases.  The only difference between the 
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numbers of receivers is the scale of the trend.  
This indicates that the recovery algorithm is 
effective at recovering positions when the con-
tiguous invisibility length is greater than 4.  

Figure 10.6 gives a summary of the type and 
number of corrections made in each receiver 
configuration. 

 

Figure 10.6: Summary of reconstruction. 

Figure 10.6 shows that, for all numbers of re-
ceivers, interpolation is the most common 
reconstruction type employed by the algorithm 
followed by ruck/maul then scrum and the 
trend between reconstruction types is similar 
across different numbers of receivers.  It also 
shows that the number of reconstructions is 
higher when fewer receivers are used.  The 
number of reconstructions is significantly 
higher in the 6-receiver configuration compared 
with other configurations, which can be attrib-
uted to the significantly higher numbers of 
invisibilities in that configuration. 

It was expected that most of the invisible posi-
tions would be recovered by interpolation, since 
it was seen that the majority of invisibilities 
were short in duration and the interpolation 
reconstruction is applied first.  It was also ex-
pected that the number of reconstructions from 
interpolation would decrease with more receiv-
ers, since the number of invisible players 
decreased as receiver numbers increased.  A 

similar trend can be seen for special case recon-
structions for similar reasons. 

The numbers of reconstructions within each 
category are partially dependent on the number 
and length of the particular situation in the in-
visible data.  Given that the interpolation 
reconstruction type is applied first and that the 
majority of invisibilities are less than 4 frames in 
length, most reconstructions will be of interpo-
lation type.  The same rules influence the 
occurrence of ruck/maul and scrum reconstruc-
tions.  During the course of a modern game of 
rugby it can be expected that in the order of 15 
scrums will occur, involving 18 players (a num-
ber of whom can be expected to be invisible, 
depending on the number of receivers), and 
lasting up to 20 seconds.  Rucks and mauls can 
occur upwards of 50 times in a game, contain 
anywhere from 4-15 players and be minutes in 
length (it can take some time for all of the play-
ers to untangle themselves after the formation 
proper).  With this information, the relationship 
between the different reconstruction types is to 
be expected. 

From visual inspection of the input data it was 
found that there were 452 scrum frames in the 
data set each lasting approximately 5 frames 
(this averages to approximately 9 scrums per 
game).  The reconstruction algorithm was able 
to correctly identify initial frames (where the set 
piece is as standard, this identification rate is 
based on recovered frames marked as being 
corrected by scrum) from each scrum but was 
only able to maintain scrum correction for 3 
frames.  This is approximately 60% overall suc-
cess at identifying scrums.  However, from 
visual inspection, after 3 frames the scrum does 
not match the template and so is treated as a 
ruck/maul (this behaviour was expected).  Be-
cause of the correct scrum identification prior to 
collapse the algorithms classification as a 
ruck/maul is correct and effective.   

From visual inspection of a sample of 6000 
frames (a 20% sample from the frame popula-
tion, equivalent to two full games) it was 
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calculated that there were approximately 3000 
ruck/maul frames in the dataset14.  Each ruck 
could last between 6 and 20 frames each.  It has 
been mentioned that it sometimes takes several 
seconds for players to disentangle themselves 
after the official formation is finished.  The re-
construction was able to identify 2525 
ruck/maul frames across the 10-game data set 
(this is based on frames where a ruck correction 
has occurred).  This calculates as an 84% identi-
fication rate for rucks/mauls.  The other 16% of 
rucks remain unidentified because the initial 
conditions for a ruck were not visible.  This is 
either because not enough players in the ruck 
are visible to classify a ruck or the player in 
question was not visible immediately preceding 
the ruck and so could not be calculated to be 
inside the ruck.  

Reconstruction error can be defined in this case 
as the radial distance between reconstructed 
position of an invisible player and their true 
position (recorded in the original data suite).  
Ignoring those positions that could not be re-
covered (and thus have no valid data in the 
output), the mean reconstruction error from the 
process were 0.58m, 0.44m, and 0.41m for 6, 8 
and 10 receivers respectively (with standard 
deviations of 0.33m, 0.28m and 0.26m).  These 
figures show that with reconstruction the accu-
racy of the system can be made to be close to 
that which is required (even when considering 
the mean plus one standard deviation). 

In order to mitigate the effects of reconstruction 
error, it is possible to check the speeds of the 
players again (player speeds are calculated as 
part of the reconstruction process, see section 
9.1.2).  This would highlight potentially inaccu-
rate reconstructions that could then be checked 
by a human operator.  Alternatively, these can 
be dealt with automatically by more than one 
application of the reconstruction algorithm (as-
suming that the limit has not been reached). 

                                               
14 The time required to classify this formation across all 
30000 frames was prohibitive. 

Running the reconstruction a second time fur-
ther reduced the level of residual invisibility in 
the dataset.  Figure 10.7 shows the contiguous 
invisibility of residual invisibilities. 

 

Figure 10.7:  Contiguous invisibility after the sec-
ond application of the reconstruction algorithm. 

This figure shows a decrease in both short in-
terval invisibilities and long interval 
invisibilities compared with what is shown in 
Figure 10.4.  This reduction is especially notice-
able in the 6-receiver configuration below 4 
frames. 

Here again it can be seen that a number of in-
visibilities remain below 4 frames (a result of 
situation specific reconstructions splitting up 
longer invisibilities).  If the reconstruction algo-
rithm were to be run again then these would be 
corrected by interpolation.  This supports the 
supposition that applying the reconstruction 
multiple times will reduce the invisibility level.  

Again, it is advantageous to examine how the 
contiguous invisibilities above 4 frames in 
length change with different numbers of receiv-
ers.  It can be seen that all numbers of receivers 
have approximately the same trend but with 
different scale factors.  Comparing Figure 10.7 
with Figure 10.4 there is only a slight decrease 
at all lengths of contiguous invisibility.  This is 
to be expected, since Figure 10.4 and Figure 10.7 
are histograms in which values on the right 
hand side of the figure represent higher and 
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higher lengths of invisibility.  Splitting up even 
a small number of these invisibilities would re-
sult in a large number of contiguous 
invisibilities shorter than 4 frames, which can 
then be corrected using interpolation. 

Figure 10.8 compares the invisibility level after 
the second application of the reconstruction al-
gorithm with previous levels of invisibility.  

 

Figure 10.8:  Comparison of invisibility levels. 

From Figure 10.8 it is clear that there is a dimin-
ishing return from multiple passes of the 
reconstruction algorithm.  In the case of 10-
receivers there is actually a slight increase in the 
invisibility level (from 0.55% to 0.63%, calcu-
lated as percentage of invalid positions to total 
possible positions), which can be attributed to 
reconstruction errors in the first pass causing 
players to be logged as moving too fast in the 
second pass which then cannot be recovered.   

The mean reconstruction errors after the second 
pass were 0.59m, 0.46m and 0.44m for the 6, 8 
and 10-receiver configurations (with standard 
deviations of 0.29m, 0.26m and 0.24m).  This is 
only a slight increase in error compared with 
the results of the first pass reconstruction, but 
still the figures conform to the accuracy re-
quirement of the tracing system.  It was 
concluded that running the reconstruction more 
than once would decrease the accuracy of re-
covered positions and that running the 

algorithm more than twice would decrease the 
accuracy beyond the specified limit for 8 and 10 
receivers (as defined in section 4.6). 

In general, the consequence of multiple applica-
tions of the reconstruction algorithm will be that 
the number of invisibilities will be decreased 
until only the unrecoverable player positions 
remain.  At the same time, making inferences 
from already inferred positions will increase the 
reconstruction error.   

The analysis of this simulation shows that the 
reconstruction algorithm can be used to increase 
the effectiveness of any tracking system (given 
that all systems output position data) and fur-
thermore, can be used to increase the 
effectiveness of a minimalist system. 

10.4 Tracking system 
inferences 

In chapter 7, it was explained that the visibility 
model was conservative because of several limi-
tations in the input data.  This causes it to over-
estimate the invisibility level.  Thus, it can be 
expected that in a real system the invisibility 
level will be less than calculated in Figure 10.1.  
Even so, the results of this simulation suggest 
that 8 receivers would be necessary to reduce 
the raw invisibility level below 20% (see section 
4.6). 

The effectiveness of the reconstruction algo-
rithm means that invisibilities can be reduced 
below 7% even with 6 receivers, suggesting that 
the 6-reciever configurations may still be a vi-
able minimalist option for use in tracking with 
respect to visibility; however, the inaccuracy of 
the 6-receiver system is slightly too high.  The 8-
receiver system is a better option for the mini-
malist system because it has a visibility better 
than the 6-receiver system and a more suitable 
accuracy.  The mean accuracy plus one standard 
deviation is still above the maximum stated in 
the specifications; however, it was noticed that 
there was a diminishing return for both increas-
ing visibility and measurement accuracy with 
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more receivers.  An 8 receiver configuration 
represents the best balance between the re-
quirements for measurement accuracy, 
equipment volume and ease of use (i.e. more 
receivers require more time to set up).    

With eight receivers and one tag per player (in-
cluding substitutions) the cost of the hardware 
for the minimalist system would be $40,000NZ 
for the receivers and $600NZ for the tags. 

The effectiveness also means that the required 
time to track a rugby game can be significantly 
reduced (in accordance with the requirement 
for timely availability of data described in sec-
tion 4.8).  It has been stated previously that it 
requires 576 man-hours to track a rugby game 
manually from video (36 hours with 16 people).  
Given the post-recovery visibility of between 
approximately 93-99.5% (visibility percentage is 
100% less the invisibility percentage), then it 
could be expected that the required time for 
tracking would be reduced to approximately 3-
40 man-hours.  These figures do not take into 
account that the checking process is required for 
both manual and automatically tracked games. 

10.5 Simulation conclusions  

Research results described in previous chapters 
were combined in one set of simulations, which 
were used to gauge the effectiveness of the 
tracking system as a whole.   

Application of the research to a real game of 
rugby would have been preferred; however, the 
Multispectral tracking system was unavailable 
for such a trial. 

The simulations were performed using the op-
timum configurations of 6, 8 and 10 receivers 
for a rugby game calculated in chapter 8.  Using 
these configurations, the level of invisibility in 
the entire 10-game data suite was calculated.  
The reconstruction algorithm developed in 
chapter 9 was then applied several times to the 
invisible data. 

The results of the simulations were analysed 
before reconstruction and after the first and sec-
ond pass of the reconstruction algorithm.  More 
receivers were found to produce less invisibil-
ity.  The reconstruction algorithm was shown to 
be able to increase visibility in the data to be-
tween 93-99.5%. 

The scrum detector was shown to be 60% effec-
tive at identifying scrum frames and the 
ruck/maul detector was 84% effective. 

The mean reconstruction error was approxi-
mately 0.5m or better for all numbers of 
receivers after one application of the reconstruc-
tion algorithm; however, the spread suggested 
that only the 8 and 10-receiver systems were 
acceptable based on the accuracy specification.  
There was no improvement to the mean recon-
struction error after the second application of 
the algorithm, however the spread did drop.  
Multiple applications of the reconstruction algo-
rithm will increase both the visibility and the 
reconstruction error present in the data; more 
than three applications would likely increase 
reconstruction error to an unacceptable level in 
terms of the system specifications. 

Using the Multispectral tracking system in 
combination with the recovery algorithm sig-
nificantly reduces the required level of human 
intervention to track a game when compared 
with manual video tracking. 

The simulations have shown that the recon-
struction algorithm is suitable for realising a 
minimalist tracking system that is suitable in 
terms of the system requirements for timeliness 
and accuracy (sections 4.8 and 4.6).  This an-
swers the first research question. 

This minimalist system is made possible with 
the use of the software tools for planning re-
ceiver placement and position reconstruction to 
increase visibility in the raw data (receiver 
placement, question two) and reconstruction of 
missing data (research question three).  
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The simulations have shown the Multispectral 
tracking system to be an effective way to track 

players during a rugby game.   
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11 Conclusions 

In which the conclusions reached in all of the previous chapters are 

summarised.  The achievements and original contributions are stated and 

the overall success of the project is gauged.  

 

This research aimed to investigate the configu-
ration and performance of position tracking 
systems.  The primary application and example 
of this research has been the development of a 
minimalist system suitable for tracking rugby 
players which is useable by the Industrial Part-
ner.  By extension of knowledge gained, the 
application of the tracking system was applied, 
in concept, to any open-field sport and any 
tracking scenario with static obstructions.   This 
research has been successful, and has produced 
original knowledge in several areas. 

An in-depth analysis of current position-
tracking techniques revealed several suitable 
techniques, the fundamental basis of which was 
usually measurement of time or angle from a 
reference. 

A gap in knowledge was identified that sug-
gested that the best configuration for receivers 
in any PLN was a regular pattern.  This research 
challenged that notion based on the theory that 
complex environments would cause obstruction 
to critical receivers at some locations within the 
area of interest and thus decrease performance. 

The candidate tracking system would be a dis-
tributed network of some kind and thus would 
require a level of time-synchronisation for cor-
rect operation.  A study of synchronisation 
techniques found several suitable techniques. 

Consultation with the Industrial Partner and 
research into the game of rugby union provided 
the specifications for the project and the con-
straints imposed by these specifications defined 
the direction of the research.  These specifica-
tions were quantitative and measurable. 

Several off-the-shelf position-tracking systems 
were identified, one of which met the project 
specifications.  The decision was therefore made 
not to construct a tracking system in-house.  The 
Sapphire Dimension system from Multispectral 
Solutions (Maryland, United States of America) 
was chosen.  The parameters for further re-
search were based on this and field trials were 
carried out using the Sapphire Dimension sys-
tem.  The research then moved to characterise 
the system so that its operation could be fully 
understood and improved upon.  The research 
in this area extended the knowledge of the sys-
tem beyond that of the manufacturer. 

The system characterisation showed that human 
bodies act as shields to the signals transmitted 
by the tags which confirmed the premise that a 
player-tracking situation can be considered to 
be a complex environment and thus, obstruc-
tions caused by the tracked objects must be 
considered as a barrier to performance when the 
object density is high (as in rugby). 

A visibility model was developed to predict the 
visibility of players to the tracking system for 
given positions of the players and system com-
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ponents.  The model was shown to be effective 
and successfully validated against the Multis-
pectral tracking system.  An extension was 
made to the model to allow it to calculate visi-
bility in an environment containing static 
obstructions in an effort to generalise the con-
cepts.  The visibility model’s development and 
testing further added to the general body of 
knowledge. 

A genetic-algorithm based optimisation was 
used to find the optimal number and configura-
tion of receivers.  GA optimisations were found 
to be a superior way of optimising in the multi-
modal solution space in which this research is 
based. Performance of the system was shown to 
be dependent on coverage, invisibilities and 
GDOP.  Several different objective functions 
were tested to produce a robust solution.  Solu-
tions were found for 6, 8 and 10-receiver 
systems with equal or better performance than 
those found by inspection.  The optimisations, 
once again, implemented knowledge gained 
from the system characterisation.  Further op-
timisations were performed using the static-
obstruction model that confirmed the original 
premise that regular receiver configurations are 
not suitable in complex environments.  The su-
perior solutions moved receivers so that 
coverage zones were maximised and in such a 
way that the high GDOP areas that exist on the 
connecting lines of receivers were minimised. 

Initial analysis and later experience indicated 
that objects would be intermittently invisible to 
all of the systems, resulting in missing data.  A 
reconstruction algorithm was developed and 
shown to be effective in reducing the number of 
invisibilities.  The reconstruction algorithm was 
also shown to be an effective way of signifi-
cantly increasing the performance of a 
minimalist system.  A small percentage of situa-
tions were too severely degraded to be 
recovered automatically and thus the need for 
human intervention cannot be removed but can 
be reduced by up to 90%. 

A minimalist tracking-system configuration that 
employs only three receivers was shown to be 
insufficient for the purposes of rugby player 
tracking, based on the high level of invisibility.  
Results from field trials (in this case inference 
made from half of the field being covered by 
four receivers) showed that six receivers is close 
to the minimum required to track a game of 
rugby adequately (employing the reconstruc-
tion algorithm) but does not meet the 
requirement for accuracy (although it is close).  
Adding more receivers would improve the re-
sults but would also increase the volume of 
hardware.  Eight receivers are recommended as 
the optimum number to satisfy the specifica-
tions of the system. 

Data from real games – supplied by the Indus-
trial Partner – were used in simulations to test 
the reconstruction algorithms after first using 
the visibility model to eliminate data from the 
suite.  The analysis indicated that the proportion 
of visible players in a given set of raw data 
would be between 65-93%, depending on the 
number of receivers employed.   

By applying the reconstruction algorithm a 
number of times, the proportion of visible play-
ers could be increased to 93-95.5%.  The error 
involved in reconstructing the positions of in-
visible players had a mean of approximately 
0.5m ±0.33m or better for all numbers of receiv-
ers.  However, the standard deviation of the 6-
receiver system meant that it did not meet the 
requirements for accuracy.  The 8 and 10-
receiver systems had acceptable mean errors 
and with plus one standard deviation are above 
the maximum acceptable error by no more than 
0.22m. It was found that an 8-receiver configu-
ration provided the best balance between the 
specifications of the system; partly because of a 
diminishing return from increasing numbers of 
receivers.  It is recommended that 8 receivers be 
the basis for implementation of the minimalist 
system. 

It was noted that the research was limited, ow-
ing to the denial of access to the equipment for a 
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trial in a game situation.  It is suggested that any 
future work begins with a verification of this 
work on the real system. 

A number of avenues for future research were 
identified.  This thesis presents theoretical gen-
eral models for tracking over wide areas with 
static obstructions.  Testing of the concepts pre-
sented is another path for future research.  

While it was found that the calf was the best 
place to mount the tags, little work was done 
regarding mounting the tags beyond suggesting 
that padding would be required.  This work 
was deemed to be beyond the scope of this re-
search; however, significant work can be done 
on ensuring that the tags are mounted in a way 
that is secure (i.e. will stay in place for the entire 
game, regardless of what situations the player is 
involved in) and comfortable to wear.  

The optimisations that utilised a changing sam-
ple of player positions were limited by the 
computational requirements.  By increasing the 
efficiency of the algorithms and with more 
computing power it may be possible to use 
some of these optimisations in the expert sys-
tem.  Similarly, the expert system can be applied 
to different tracking situations.   

In the nature of technology, newer position 
tracking systems and platforms will have been 
produced since this thesis was published.  It 
will be interesting to see if the results given here 
can be improved upon with higher technology 
equipment.  It would be expected that newer 
systems will have better tag-to-receiver com-
munications (better antennae, more efficient 
communication protocols) and more accurate 
timing (leading to more precise TDOA meas-
urements).  With newer technologies that have 
such characteristics it should be possible to in-
crease performance and reduce the required 
volume of equipment for the minimalist system. 

The modifications and developments applied to 
the Multispectral tracking system have made it 
acceptable with respect to the specified re-
quirements from the Industrial Partner.  Fur-
Furthermore, the visibility model, optimisation 
data and the reconstruction algorithm collec-
tively form an expert system for the tracking of 
rugby players and form the framework of an 
expert system for all position tracking applica-
tions. 
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13 Appendix A: Equation Derivations 

This appendix contains the full derivations of the positioning equations 

used in this thesis that are not the sole work of the author.  

13.1 Geometric Dilution of Precision Equations 

The following set of equations describes the process for calculating GDOP, for explanation of the 
derivation see the work of Levanon[1].  The equations are given for a three-dimensional space even 
though only two dimensions were used in this thesis.  In a two-dimensional situation, z data can be 
ignored. 

Let: 

 (13.1) 

Where: 

 xi, yi, and zi are the coordinates of a receiver 

 x, y and z are the coordinates of the object (or area) of interest.  

The unit vector between object and receiver i is therefore: 

 (13.2) 

A matrix can be constructed for every receiver in the network in the following manner: 

 (13.3) 

Where: 

 A is the matrix of unit vectors representing the current calculation. 

 N is the maximum number of receivers with visibility to the object.  

Calculate the covariance of A. 
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 (13.4) 

Where: 

 Q is the covariance matrix 

 dN2 is the variance of a given dimension. 

GDOP is found from the Q matrix as: 

 (13.5) 

GDOP has no units and lower values denote greater precision.  The Cramer-Rao lower bound for 
GDOP is 1. 

13.2 Time of Flight Equations 

This set of equations has been derived by Weisstein[159].  The equations define the intersection 
points of a pair of circles.  While it is possible to calculate the locations of these intersections fro m 
circles located anywhere (be they real or imaginary), it is easier to define a coordinate system where 
one of the centres is at the origin and the other centre along the zero line of one dimension, transl a-
tion and rotation of the solution can be done later to fit with the solution to a global coordinate 
system.  The equations here are based on the following situation.  

 

Figure 13.1:  Circle-circle intersection situation. 

From these two circles the following equations can be defined. 

222 Ryx  (13.6) 
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222)( rydx  (13.7) 

Rearrange 12.1 for y2 and substitute into 12.2. 

2222 )()( rxRdx  (13.8) 

Multiply through and rearrange 

22222 2 Rrxddxx  (13.9) 

The x2 values cancel and 12.4 can be rearranged to make x the subject. 

d
Rrdx

2

222

 (13.10) 

This is then substituted back into equation 12.1  

2222
22

2d
RrdRy  (13.11) 

2

22222
2

4
)(4

d
RrdRdy  (13.12) 

Take the square root of 12.7 to find the y ordinates of the intercepts.  

222222 )(4
2
1 RrdRd
d

y  (13.13) 

It can clearly be seen that in order to find a region of uncertainty perpendicular to the connecting 
line between centres, it is necessary to find the straight-line distance between the two intersection 
points (noted as the distance a in figure 12.1).  This distance can be seen to be 2y.  Thus the perpen-
dicular distance is as follows. 

222222 )(41 RrdRd
d

a  (13.14) 

With the equations for three circles it is possible to use the radical line[160] (a is a segment of the 
radical line) from each pair of circles to find the point of intersection for all three circles and hence 
the single position for the origin of a TOF signal.  

13.3 4-Receiver Time Difference of Arrival Equations 

This set of equations has been derived by Bucher[161].  The equations define the exact two-
dimensional position of an object based on the time difference of arrival of a signal from the object 
to four fixed receiving stations of known position.  
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Starting from first principles, assume we have four synchronized receivers (i, j, k and l) all with 
known positions ((xi, yi), (xj, yj), (xk, yk) and (xl, yl) respectively). The distance (Rn) from an object at 
position (x, y) to the receivers is the time of flight (t n) multiplied by the speed of light (c).  Using this 
we can define equations 12.1-12.4 as follows. 

22 )()( yyxxRct iiii   (13.15) 

22 )()( yyxxRct iijj  (13.16) 

22 )()( yyxxRct kkkk  (13.17) 

22 )()( yyxxRct llll  (13.18) 

Equations 12.5-12.8 are the time difference between the stations. 

2222 )()()()( yyxxyyxxR jjiiij  (13.19) 

2222 )()()()( yyxxyyxxR kkiiik  (13.20) 

2222 )()()()( yyxxyyxxR jjkkkj  (13.21) 

2222 )()()()( yyxxyyxxR llkkkl  (13.22) 

Move one of the square roots to the LHS. 

2222 )()()()( yyxxyyxxR jjiiij  (13.23) 

2222 )()()()( yyxxyyxxR kkiiik  (13.24) 

2222 )()()()( yyxxyyxxR jjkkkj  (13.25) 

2222 )()()()( yyxxyyxxR llkkkl  (13.26) 

Square both sides. 

2222222 )()()()()()(2 yyxxyyxxyyxxRR jjiiiiijij  (13.27) 

2222222 )()()()()()(2 yyxxyyxxyyxxRR kkiiiiikik  (13.28) 

2222222 )()()()()()(2 yyxxyyxxyyxxRR jjkkkkkjkj  (13.29) 

2222222 )()()()()()(2 yyxxyyxxyyxxRR llkkkkklkl  (13.30) 

Expand terms to the right of the square root. 

2222

2222222

22

22)()(2

yyyyxxxx

yyyyxxxxyyxxRR

kjjj

iiiiiiijij
 (13.31) 

2222

2222222

22

22)()(2

yyyyxxxx

yyyyxxxxyyxxRR

kkkk

iiiiiiikik  (13.32) 
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222

2222222

22

22)()(2

yyyyxxxx

yyyyxxxxyyxxRR

jjjj

kkkkkkkjkj  (13.33) 

222

2222222

22

22)()(2

yyyyxxxx

yyyyxxxxyyxxRR

llll

kkkkkkklkl  (13.34) 

 

Eliminate x2 and y2 terms 

yyyxxx

yyyxxxyyxxRR

jjjj

iiiiiiijij

22

22)()(2
22

22222

 (13.35) 

yyyxxx

yyyxxxyyxxRR

kkkk

iiiiiiikik

22

22)()(2
22

22222

 (13.36) 

yyyxxx

yyyxxxyyxxRR

jjjj

kkkkkkkjkj

22

22)()(2
22

22222

 (13.37) 

yyyxxx

yyyxxxyyxxRR

llll

kkkkkkklkl

22

22)()(2
22

22222

 (13.38) 

Move all but the square root to the RHS and collect similar terms 

ij

ijijjijiij
ii R

yyyyxxxxyyxxR
yyxx

2
2222

)()(
22222

22  (13.39) 

ik

ikikkikiik
ii R

yyyyxxxxyyxxRyyxx
2

2222)()(
22222

22  (13.40) 

kj

kjkjjkjkkj
kk R

yyyyxxxxyyxxR
yyxx

2
2222

)()(
2222

22  (13.41) 

kl

klkllklkkl
kk R

yyyyxxxxyyxxRyyxx
2

2222)()(
2222

22  (13.42) 

Simplify equations with dual subscript simplifications (xji=xj-xi etc) 

ij

jijijijiij
ii R

yyxxyyxxR
yyxx

2
22

)()(
22222

22  (13.43) 

ik

kikikikiik
ii R

yyxxyyxxRyyxx
2

22)()(
22222

22  (13.44) 

kj

jkjkjkjkkj
kk R

yyxxyyxxR
yyxx

2
22

)()(
22222

22  (13.45) 
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kl

lklklklkkl
kk R

yyxxyyxxRyyxx
2

22)()(
22222

22  (13.46) 

 

 

 

 

Set equations 12.29 and 12.31 equal to equations 12.30 and 12.32 respectively.  

ik

kikikikiik

ij

jijijijiij

R
yyxxyyxxR

R
yyxxyyxxR

2
22

2
22

22222

22222

 (13.47) 

kl

lklklklkkl

kj

jkjkjkjkkj

R
yyxxyyxxR

R
yyxxyyxxR

2
22

2
22

22222

22222

 (13.48) 

Separate knowns and unknowns. 

ij

jiji

ik

kiki

ik

kikiik

ij

jijiij

R
yyxx

R
yyxx

R
yyxxR

R
yyxxR

22

2222222222

 (13.49) 

kj

jkjk

kl

lklk

kl

lklkkl

kj

jkjkkj

R
yyxx

R
yyxx

R
yyxxR

R
yyxxR

22

2222222222

 (13.50) 

Multiply 12.35 by RijRik and 12.36 by RkjRkl. 

][][
2

][][ 2222222222

yyxxRyyxxR

yyxxRRyyxxRR

jijiikkikiij

kikiikijjijiijik

 (13.51) 

][][
2

][][ 2222222222

yyxxRyyxxR

yyxxRRyyxxRR

kjkjklklklkj

lklkklkjjkjkkjkl

 (13.52) 

Separate RHS into x and y coefficients. 

yyRyRxxRxR

yyxxRRyyxxRR

jiikkiijjiikkiij

kikiikijjijiijik

][][
2

][][ 2222222222

 (13.53) 
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yyRyRxxRxR

yyxxRRyyxxRR

kjklklkjkjklklkj

lklkklkjjkjkkjkl

][][
2

][][ 2222222222

 (13.54) 

To get equations 12.39 and 12.40 in the linear form y=Ax+B and y=Cx+D respectively, define the 
constants A, B, C and D as follows. 

jiikkiij

jiikkiij

yRyR
xRxR

A  (13.55) 

][2
][][ 2222222222

jiikkiij

kikiikijjijiijik

yRyR
yyxxRRyyxxRR

B  (13.56) 

][
][

kjklklkj

kjklklkj

yRyR
xRxR

C  (13.57) 

][2
][][ 2222222222

kjklklkj

lklkklkjjkjkkjkl

yRyR
yyxxRRyyxxRR

D  (13.58) 

Solving the equations 12.39 and 12.40 simultaneously using the above simplifications.  

CA
BDx  (13.59) 

DCxBAxy  (13.60) 

13.4 3-Receiver Time Difference of Arrival Equations 

This set of equations is based on the derivation presented in the previous section.  These equations 
define the exact two-dimensional position of an object based on temporal information arriving at 
three fixed receiving stations of known position.  This solution uses the smallest number of recei v-
ing stations possible to get a unique solution. 

Assume that we have an object at position (x, y) and three stationary receivers (i, j and k) at known 
positions (xi, yi), (xj, yj) and (xk, yk) respectively. 

Starting with equations 12.29, 12.30 and 12.31 derived in the same fashion as in section A.1, we can 
pair 12.29 with 12.30 in the same fashion and arrive at equation 12.39 and use the simpli fications 
12.41 and 12.42.  Substituting the simplified linear equation into equation 12.31 we get the following 
equation. 

kj

jkjkjkjkjkkj

kk

R
ByAxyxxyyxxR

BAxyxx

2
222

)()(
22222

22

 (13.61) 

Factorize the top line of the RHS. 
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kj

jkjkjkjkjkkj

kk

R
xAyxByyyxxR

BAxyxx

2
][2]2[

)()(
22222

22

 (13.62) 

Simplify 12.48 by defining the following constants.  

]2[ 22222 ByyyxxRY jkjkjkkj  (13.63) 

][2 AyxX jkjk  (13.64) 

 

Equation 12.48 can now be written as follows. 

kj
kk R

XxYyyxx
2

)()( 22  (13.65) 

Square both sides of equation 12.51 to remove the square root.  

2

222
22

4
)()(

kj
kk R

xXYXxYBAxyxx  (13.66) 

Define constants D, E and F as follows for ease of reading.  

2

2

4 kjR
YD  (13.67) 

24 kjR
YXE  (13.68) 

2

2

4 kjR
XF  (13.69) 

Equation 12.52 can now be written as follows. 

222 )()( FxExDBAxyxx kk  (13.70) 

Expand the LHS of 12.56. 

2222222 2222 FxExDBABxxAByAxyyxxxx kkkkk  (13.71) 

Factorize the LHS 

 
222222 ]1[]222[]2[ FxExDxAxAyxABBByyx kkkkk  (13.72) 

Define coefficients G, H and I for ease of reading. 
 

222 2 BByyxG kkk  (13.73) 

][2 AyxABH kk  (13.74) 
21 AI  (13.75) 
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Equation 12.58 can now be written as follows. 

22 FxExDIxHxG  (13.76) 
Combining like terms 

xHExIFDG ][][ 2  (13.77) 
Divide through by F-I 

x
IF
HEx

IF
DG 2  (13.78) 

Complete the square 

22
2

][2][2 IF
HE

IF
DG

IF
HEx

IF
HEx  (13.79) 

Factorize the LHS 

22

][2][2 IF
HE

IF
DG

IF
HEx  (13.80) 

Rearrange to make x the subject 

][2][2

2

IF
HE

IF
HE

IF
DGx  (13.81) 

 
This value can be used to find y by using y=Ax+B. 
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14 Appendix B:  Plots 

The collected plots from simulations and testing performed throughout the 

research. 

14.1 Occupancy plots 

In the text, only the cumulative occupancy was presented.  Here the occupancy of each of the games 
in the data suite provided by the Industrial Partner is presented individually.  They can also be 
viewed on the attached DVD.  The electronic versions of these plots can be rotated and zoomed as 
desired.  All plots are shown to 2m accuracy in both the length and width dimensions. 

 

Figure 14.1: Game 1 occupancy. 

 

Figure 14.2: Game 2 occupancy. 

 

Figure 14.3: Game 3 occupancy. 

 

Figure 14.4: Game 4 occupancy. 
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Figure 14.5: Game 5 occupancy. 

 

Figure 14.6: Game 6 occupancy. 

 

Figure 14.7: Game 7 occupancy. 

 

Figure 14.8: Game 8 occupancy. 

 

Figure 14.9: Game 9 occupancy. 

 

Figure 14.10: Game 10 occupancy. 
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15 Appendix C: DVD index 

In which a map is given to the files included on the attached DVD.  

The attached DVD contains electronic copies of this thesis, the source code for the developed algo-
rithms and a number of the figures that were used in the thesis.  The figures are included to allow 
the reader to zoom and rotate the plots, since some of the presented concepts are easier to view in 
three dimensions.  The files are arranged by chapter where appropriate.  A basic description of the 
files and their path is given in Table 15.1. 

Table 15.1: DVD index. 

File name Description Path 

Local Area Positioning of 
Multiple Moving Objects.pdf 

Electronic copy of this thesis. Root directory 

Destroyer4_2.m The player visibility model, used to find 
which players will not be visible to the 
tracking system. 

\6 Player visibility 
model\ 

Figure5_2.fig Matlab plot of the full data suite occu-
pancy. 

\6 Player visibility 
model\  

Visibility model anima-
tion.mpeg 

Animation of the game data suite after 
application of the player visibility model. 

\6 Player visibility 
model\ 

MaxCover4Eval.m The objective function used in section 
8.5.2. 

\7 Receiver placement 
optimisation\ 

MaxCover4Ga.m Main function for the max cover optimi-
sation. 

\7 Receiver placement 
optimisation\ 

MaxCover4LUTEval3.m Objective function used in section 8.5.3. \7 Receiver placement 
optimisation\ 

MaxCover4LUTGa3.m Main function for the look-up-table op-
timisation. 

\7 Receiver placement 
optimisation\ 

OccupancyEval3.m Objective function used in section 8.5.8. \6 Receiver placement 
optimisation\ 
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Perimtoxy.m Function to convert single-dimension, 
receiver perimeter values (input to objec-
tive function) into Cartesian coordinates. 

\7 Receiver placement 
optimisation\ 

PerturbSol.m Function to compare the fitness of the 
optimum solution with that of randomly 
perturbed solutions. 

\7 Receiver placement 
optimisation\ 

ConvertGame.m Main function for converting the Multis-
pectral log file into a form useable by the 
Industrial Partner.  This includes appli-
cation of the reconstruction algorithm. 

\8 Position reconstruc-
tion\ 

CsvGenerator.m Converts any given Matlab array into a 
comma separated value file. 

\8 Position reconstruc-
tion\ 

FindSpeed.m Calculate the speed of each player. \8 Position reconstruc-
tion\ 

FixErrorFn.m The reconstruction main function. \8 Position reconstruc-
tion\ 

GameInterface.m A function to perform the quantisation 
of player positions into frames. 

\8Position reconstruc-
tion\ 

GetTags.m Finds what tag IDs are present in the log 
file. 

\8 Position reconstruc-
tion\ 

SituationErrorFix.m Performs the application specific posi-
tion reconstruction. 

\7 Position reconstruc-
tion\ 

SmallErrorFix.m Performs the interpolation reconstruc-
tion 

\8 Position reconstruc-
tion\ 

TagFileReader.m Function to import and parse Multispec-
tral log file data 

\8 Position reconstruc-
tion\ 

TwoDOnly.m Function to filter the data such that only 
two-dimensional position data are 
passed. 

\8 Position reconstruc-
tion\ 

Figure13_x.fig Individual occupancy plots for each 
game in the data suite. Where x is the 
game number (1-10). 

\13 Appendix B\ 

Occupancy.m Function for generating an occupancy 
plot 

\13 Appendix B\ 
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16 Appendix D: Nomenclature 

In which the acronyms and symbols are summarized. 

Table 16.1 provides a glossary to the acronyms used in the thesis.  

Table 16.1: Table of acronyms used in this thesis.  

Acronym Definition 

AOA Angle of Arrival 

BS Base station 

COTS Commercial-off-the-shelf 

DC Direct Current 

FCC Federal Communications Commission 

FDMA Frequency Division Multiple Access 

FIRA Federation of International Robot-soccer Association 

GA Genetic algorithm 

GAOT Genetic algorithm optimisation toolbox 

GDOP Geometric Dilution of Precision 

GPS Global Positioning System 

ID Identification 

IEEE Institute of Electrical and Electronic Engineers 

IRB International Rugby Board 

NGZC Negative Going Zero Crossing 

NTP Network Timing Protocol 

PAA Phased Array Antenna 
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PLN Position Location Network 

POE Power over Ethernet 

PSD Power Spectral Density 

RBS Reference Broadcast Synchronisation 

RFID Radio Frequency Identification 

RGB Red, green, blue.  A colour-encoding scheme for images. 

Rx Short hand for receiver 

SLI Signal Loss Interval 

TDMA Time Division Multiple Access 

TDOA Time Difference of Arrival 

TOA Time of Arrival.  Synonymous with TOF 

TOF Time of flight.  Synonymous with TOA 

Tx Short hand for transmitter 

USB Universal serial bus 

UWB Ultra Wideband 

 

Table 16.2 gives a glossary of the symbols used in this thesis.  

Table 16.2: Table of symbols. 

Symbol Definition Units 

r AOA value calculated from an iteration of an optimisation deg 

a In equation (2.1): Angle of a triangle opposite to side A 

In chapter 13: The length of the chord defined by two, overlapping circles 

deg 

m 

A In equation (2.1): Distance between the right receiver and the object  

In chapter 13: Substitution to simplify the reading of equations 

m 

no units 

ar AOA value measured at receiver r deg 
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B In equation (2.1): Distance between the left receiver and the object  

In chapter 13: Substitution to simplify the reading of equations 

m 

no units 

b In equation (2.1): Angle of a triangle opposite to side B deg 

C In equation (2.1): Distance between the receivers 

In chapter 13: Substitution to simplify the reading of equations 

m 

c Speed of light (approximated as 3x108ms-1) ms-1 

D In chapter 13: Substitution to simplify the reading of equations no units 

d Distance m 

E In chapter 13: Substitution to simplify the reading of equations no units 

e Error, usually the difference between a measured and calculated value in an 
objective function. 

m 

F In chapter 13: Substitution to simplify the reading of equations no units 

G In chapter 13: Substitution to simplify the reading of equations no units 

H In chapter 13: Substitution to simplify the reading of equations no units 

h Total number of receiver pairings no units 

I In chapter 13: Substitution to simplify the reading of equations no units 

N Total number of receivers no units 

Px X ordinate of a player in the data suite.  Usually referenced by frame and 
player. 

 

Py Y ordinate of a player in the data suite.  Usually referenced by frame and 
player. 

 

r Receiver number no units 

range The maximum range of a given receiver-transmitter pair m 

rolloff The probability that a signal will be visible to a receiver as range increases no units 

R Radial distance m 

Rtr The range between transmitter t and receiver r m 
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t Time s 

t0 Optimisation variable representing the epoch start  s 

Tr TOF measured by receiver r m 

v Velocity ms-1 

x The x-ordinate of an object.  Either the true value or an iteration.  m 

X In chapter 13: As a collection of constants to simplify the reading of equa-
tions. 

no units 

Xr or xr The x-ordinate of receiver r.  Where r can be any subscript appropriate to the 
equation (e.g. letters i-l). 

m 

y The y-ordinate of an object.  Either the true value or an iteration m 

Y In chapter 13: As a collection of constants to simplify the reading of equations no units 

Yr or yr The y-ordinate of receiver r.  Where r can be any subscript appropriate to the 
equation (e.g. letters i-l). 

m 

 




