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FOREWORD

My six months partnership with the Europe@mganizationfor Nuclear
Research as a Trainee, allowed me to discover the exceptional work
environmentand research community of CERN. People from various
countries with differenprofessionsand disciplinesooperatan order to
complete and achieve specific tasksl goals.

The Surveying team at CERN uses techniques from various fields such as
geodesy and photogrammetry, in order to achieve high quality results in
several tasks. The precision and the reliability are two of the main
objectives of surveyors and aretkey elements for a high quality work.

A short terminternshipof six months, may not be a sufficient amount of
time in order to comprehend fully the whole term projects that are taking
place in the facilities of CERN, however it offers a unique expegi¢nc
collaborate with experienced researchers.

Finally, | would like to mention that this diploma thesis is based on a
specific task that took place at CERN, is a sequel of previous projects and
thesis from other students that had alsogpportunity as me to work at

the CERN facilities. The objective of all the information that is gathered
and presented is to be used in the future as tools for various CERN
applications.
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ABSTRACT

The djective of this thesis is the development of an algorithm for the
automatic detection and position determination of encoded and uncoded
targets. The developed algorithm includes several parts which are

)l
)l
)l

the automatic detection afl the targets
their precise 2D image coordinates determination

the decoding of the encoded targedsd the detection of the
corresponding uncoded targets

An application of the algorithm has been done on the cryomagnets of the
LHC at CERN. The aim of the application was the position determination
of the fiducialson whichuncoded targetare mounte@nd the calculation

of their offset distance with respect to an installed stretched wire.

Fiducials are fixed points which are usasl reference marks and their
position is linked with the inner geometry of the magnet.

This thesis is summarizeauh the followingchapters:

l

The first chapter is an introduction about CERN and providks
readerwith the basic information for the orgaatmn, the Large
Hadron Accelerator and the objectives of this work.

In particular, reference is made to the establishment of the
organization, andf which member states it is composed, including
Greece, which is a founding member.

Then there is a presentation about the @WM-ESA section and
its functions, the LHC accelerator and the alignment tasks.

At the end of the chapter a brief reference is made to the process of
automatic target detection, measurement and decoding.

The second chapter presents theapplication of closerange
photogrammetry, the equipment and the targets that were used in
the accelerators and the process of distortion correction.

Furthermore, the principle of offset measurement with respect to a
stretched wired referenced and the usefulness of this metitite
CERNO sacceleratorss mentiored and the high precisioto the

level of few micrometerthat it provides.
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At the end of the chapter, the advantages of the usage of
photogrammetry for the measurementl atetermination of wires
are highlighted.

The third chapter describes the development of the algorithm for
the automatic detection of targets, what this algorithm includes and
what are the conditions in order to achieve the detection.

Initially, the typesof targets that are commonly used are presented
which are distinguished to the ones that are encodedraoded.

Afterwards, there is a brief descriptiohthe MATLAB software,
which was chosen for the development of the algoritfine basic
parameters, are introduced and the different kindreprocessing
procedures that are implemented, are presented.

For the detection of the targets, reference is maxehtee
algorithms, concluding that the most reliable is the one based on
theregionpropsfunction.

At the end of the chapter, there is a comparisoth@fesults that
are producedoy usingthe detection algorithm and the AICON
software. The number of teeted targetsby the developed
algorithm but also by the AICON softwareare at the same level
and almost equal.

The fourth chapter presents various algorithms that were tested
for the target position determination, their advantages and
disadvantages arbe precision that has been achieved.

At first, implementing an algorithnm orderto position the targets,

the image should be cropped into multiple pieces, where each piece
contains one target individually. Then the target position
determination algoiitms can be executed.

Among the algorithns that are being presentedthis chapter the
most reliable is the one thatakesthe ellipse adjustment because it

is able to provide the standard deviations for the image coordinates
Thus, it is feasibleto evalate the quality of the position
determination. The results of this algorithmill be used as
observations for the bundle adjustment.

At the end of this chapter, various anafsare presented
concerning:

1 the precision oftte determination of each target
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9 the residuals after the bundle adjustment

1 the RMS on X, Y and Z resulting from the various
algorithms

1 the residuals thatome outafter the transformation of the
t ar geotdimabes when the threlemensional coordinates
that are used as reference poants providedria AICON

After all the analyss, the most reliable results arisetht image
coordinates which were calculated by the ellipse fitting are used as
observations

The fifth chapter describes how the decoding algorithm works for
encoded targets that have a particular pattern and the problems that
occurred during the decoding proceBlsese targethave a circular

black or white bodyat their centewhich is surrounded by circular
code segmentsfespecific patterns.

Thanks to the pattern, a binary number sequence can be created
which represents the color changes from black to white and the
inverse, on the code segments. Each sequence corresponds to a
number when the binary number isnwverted to an integer in the
decimal system.

Every target, depending on the number of bits available, can

produce an equal number of binary sequences. For instance, a 14
bit target can create 14 different binary sequences by simply
moving the first digit of the binary number at the end and thus 14

different codes are created.

From all the code numbers, the smallest one is selected and then a
search for correspondence on a lookup table is executed to find the
match of the number found, \withe code that AICON provides.

However, there are some issughich may make the decoding
nearly impossible, sudhs:

1 the very small size of targets
1 the lightning conditions
1 the quality of the targets

At the end of this chapter, how to find the correspondence on each
image amongincoded targets analyzedThis @n be achieved by
using the collinearity equations combined with least squares.

The sixth chapter presents the basic functionalities of the LGC2
adjustment software that is developed at CEHRN the basic types
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of observations that are used such as UVD,EQY ANGL and
ZEND.

Afterwards, it is described how the data that concern the targets
and the wire are handled, depending on the observation type that
has been selected to be used.

Also, it is mentioned that the extraction of the approximate
coordinatesof the targetsis carried outby using the bundle
adjustment repoxif AICON.

However,the approximate coordinatés the wirecan be obtained

by the intersection of 2 planeshich contain the wire These
planeswill produce a line whichrepresentshe wire. Then the
intersection of this line with the rays from the projection center that
head to the wir@rovide the approximate spatial coordinates of the
points on the wire

When all the available data are gathered and transformed to the
format that LGC2 rguires then the adjustment can be executed.

The seventh chapteris concerned with the calculation of the 3D,
radial and vertical offset of the fiducials with respect to the
stretched wire.

For the calculation of these distances ph@togrammetric projects
were carried out at a section of the LHC where the targets and the
stretched wire were installed.

After the determination of th8D coordinates of the fiducials and
the determination of the wire, these targets should be projected o
the wire. Once this isompleted the projected points should be
insertedinto the LGC2, so that the final adjustment carchegied

out and the final coordinates of the projections and the fiducials
can be calculated’hus the offsets can be calculated

The offset calculations have been initiatlgrried out byusing all

the photos beach project and later by using43,5 and 6photos
cameras on specific positions, having the idea of the creation of a
frame in the future that will have a specific rugn of cameras
installed on it.

Fromthe analysis of the results, as it has begrected, the highest
precision waschieved when all th80-35 photosper projectwere
used This is not feasible to banplementedon a frame, because
such a big number ofameras cannot be installed @n The
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number of cameras which is aliteprovide satisfactory results, is
equal to 4.By using4 cameras the precision of the 3D distance
offset for the fiducials igbout 15¢ m t20e m.

The eighth chapter presentsthe ®nclusions of the work and
proposals for itsletailedimplementation.

The detection algorithm has the ability to detect nearly all the
targets whose diameter is greater thanpixek. For targes with a
diameter of more than-8 pixek, satisfiedprecison and reliability

of the algorithm isachieved The comparisons for the number of
targets identified by the AICON algorithm and the developed
algorithmshow thathe results were equivalent.

Among the algorithms of the target position determination, the
most precise and reliablene isthe one that usethe ellipse
adjustmenbf measured edge pointsth least squares.

The precision of both the image coordinates in the image space and

the 3D coordiates in the objecspace is almost the same to

AICON. Specifically, the precision of the position determination

on the image is in the range of N
the three dimensional spaisd r om N 3 efonadistanc® 8 & m
of gpoproximately 1.0 m from the objecthesevalues demonstrate

the high precision of the position determination of the targets.

In addition, the decoding of the targets, as wellfiading the
homologos points using the collinearity equatidmgleast squaes
provideadequaterecision to the correlations of the targets among
multiple images. In series of experiments with up to 16000
encoded targets, over 98%thémdetected by AICON, receive the
same code by the developed algorithhhat indicates the high
reliability of the decoding algorithm.

Finally, the calculation of the offset distances of the fiducials with
respect to the stretched wire was
to BmMO This preci s theathieved byghgui v al e
manual ecartomaty method which is developed at CERN to
measureradial offset distances from the fiducials to the stretched

wire.

Due to the lack of suitable equipment and conditions during the
experiments, theonnectiorto gravity withadequatgrecision was
not possible Thus, it is difficult to determine the distance
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components (radial and vertical). In order to achieve twis high
precision bidirectional inclinometers should be installed

By the procedures explained in this work and the developed
algorithms, the position determination of targets as well as the
measurements of the offset distancas be achieved precisely

Thus, in addition to the satisfactory precision, measurement
automation is achieved, eliminating the errors due to the human
factor.

Finally, for the precise measurement of the radial and vertical
offsets of the fiducials to the stretched wire, two high precision bi
directional inclinometers should be installed in the frame where the
cameras will be mounted in orderdchievethe connetion to the
gravity.

The number of camergsoposed to be installedhahe frame is
four. With this numberof cameras,the required precision and
reliability for the targets and wire determination and the
measurement of the offset distancatisined
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INTRODUCTION

The elaboration of this thesis took place at CERN, and specifically at the
EN-SMM-ESA group, which is affiliated with the surveying works at the
organization.

Theaim of this work is to develop @hotogrammetrienethod in order to
measure offset distancem fiducials with respect to a stretched wire.

In order to accomplish this task, several steps were required to be
implemented.

First of all, an algorithm, whiclwill be ableto realize the automatic
detection of the photogrammetric targets, which @tker encoded or
uncodedoughtto be created. The part of the algorithm that concerns the
detection of targets, was established around-egenpropsfunction of

the MATLAB, which is thesoftwarethat was used to create the code.

By introducing severgbresuppositionshe detection of the targets can be
enhanced and be more efficient, in terms of excluding objects that are not
real targets.

The second step was to determine the 2D positicdheotenter ofeach
targetprecisely. This procedure required special care, in order to find the
most suitable, reliable and precise methodd&terminethe position.
Methods as thealculationof the centroid, the weighted centroid and the
determination of lie center of the beditting ellipse were usedThe
method that predominated was the ellipse fittify using theleast
squares adjustment. In this way, the best ellipse is adjusted on the edge
points that are detected on a target from the subpixel esigetdr. The

fact that, the least squares are used in order to define the best ellipse, is
advantageous, because an estimation of the quality and precision is
provided through the standard deviations of the image coordinates of the
center of the adjustedlipse.

Since, the detection and the position determination for each target is
completedon every single image, the homologous points should be
referredto each other. The correspondence among the encodedstarget
can be achieved by the decoding of thede segments$-or theuncoded
targets, intersectiorshouldbe appliedby using the collinearity equations
with the least squares, wherestimations for the precisionf the
intersections can be provided and can be interpreted. When the precision
of an inersection isbelow a defined thresholdypically N50 em) then,
thetwo-targetedooints are homologous.

1



After all the implementation of all the procedures conicgythe targets,

the wire needs also to be definethis is carried outby using an
algorithmfor wire measuremerdlready developedt CERN This wire
measurement algorithm provides on each image the 2D coordinates of
two points that the wire passes throughese two points are on the edges

of each image.

After the gathang of data forthe wires andthe targets, they need to be
integrated together under the platform of the LGC2 wiheradjustment
Is applied in order to determine them in the §iaceln order to be able
to execute LGC2, the data needs to be converted teethered LGC2
format.

Afterwards, the fiducials whiclare used for the offset measurements,
need to be projected on the stretched wire. Their projection generates the
projected points whichare the ones that are used for the offset
measurementsThe secad and lastadjustments later executed which
providesthe final 3D coordinates for bothefiducials and the projected
points Thus,the offsetdistancesare calculated after thaientation of the
coordinate system with one of each axis vertical



Chapter 1

ABOUT CERN

1.1. General information about CERN

On this section general information about CERN being presented,
focusing on when the institution was established and which countries are
at this moment its member states. Afterwards, a moedepth report is
presented about the functionalities of SNMM-ESA section, where this
study has been elaboeat

After the end of World War Il, a group of visionary European scientists
imagined the creation of a European atomic physics laboratory which
would not only unite the scientists from different nationalities but allow
them to share the knowledge amongnthé.ouis de Brogliewho wasa
French scientisigave the first official proposal for the creation of such a
laboratory. Several conferences and meetings followed until the final
formation of CERN on 29 September 1954 by the 12 founding member
states whichwere Belgium, Denmark, France, the Federal Republic of
Germany, Greece, ltaly, the Netherlands, Norway, Sweden, Switzerland,
the United Kingdom and Yugoslavia. Since then a couple of countries
have joined the organization. The total number of membersatatd

now is 22 (Fig. 1.1) with several other states havirige status of
associate member statés=RN History 2018)

At the European Organization for Nuclear Research, a large group of
scientists, engineers and not only, collaborate together in order to
investigate the structure of universe, by using complex instruments and
machines to study the fundamental particlestié?es are accelerated to
reach a speed close the speed of light and then to collide. This process
finally, provides to the scientists clues and information about the
interaction of the particles and nature. The mésiquently used
equipmenthat are usg for particle physics at CERN are the accelerators
and detectors. Accelerators are respongindoosing of beams to high
energies in order to collide with each other or with targets, while
detectors are used to record these collisions.



Figure 1.1 Member states of the CERNikipedia.org/wiki/CERN)

1.1.1.EN-SMM-ESA section

The present study has been elaborated at th&MM-ESA section at
CERN. Thesacronyms havéne following meanings:

EN: Engineering
SMM: Survey, Mechatronics and Measurements
ESA: Experiments, Survey and Alignment

The SMM group is responsible and maintains centralized competence in
Survey, Mechatronics systems, tests and Measurement. The Survey group
Is responsible for the geodetic madbgy of the accelerators, the beam
transfer and detectors for the whole CERN site. This includes the
alignment of sections of accelerators, the metrology of detectors for
assembly and positioning on the beam line&RN ENSMM Group

2018)



The ESA section of the SMM group is in charge of the detector large
scale metrology and alignment for CERN physics experiments. In
general, some of the workd# which the section is responsible are the
installation, measurement amdaintenane of geodetic infrastructure at

the experiments, the metrology of detector prototypes and components,
the geometrical measurements for the alignment of Physics detectors with
respect to the corresponding accelerator and beam geometries and the
mathematicalrespectively statistical processing and analysis of related
survey data in order to supply the precise spatial position and orientation
of the detectors.

1.1.2.CERN accelerators

Accelerators areised to speed up and increase the energy of a beam of
particlesby creating electromagnetic fields which accelerate them, steer
and focus them. Accelerators might have two forms. The first one is to
have a form of a ring where particles travel in a round loop and the
second one is to have a linear accelerat@éiRN Accelerators 2018)

The main components of an accelerator are:

1 Radiofrequency cavities, which are metallic chambers that allow radio
waves to interact with passing particle. Each time a beam passes the
electric field inaradiofrequency cavity, an amount of energy from the
waves is transferred to the particles, pughirem forwards.

1 Vacuum systems, which are needed for the pipes in which particle
beams travel.

1 Various types of magnet, which serve different functions around a
circular accelerator. In general, the more energy a particle has, the
greater the magnetic fekneeded to bend its path.

The accelerator complex at CERN is a succession of machines that
accelerate particles to increasingly higher energies. Each machine boosts
the energy of a beam of particles, before injecting the beam into the next
machine in thesequence€ CERN Accelerators 20180ne of the most
well-known accelerators is the LHC, whose main LHC experiments are
ATLAS, ALICE, CMS and LHCD.

In figure 1.2 the CERN accelerator complex is presented with the
ongoing experimats and the LHC which is the dark blue line.
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Figure 1.2 CERN accelerator compléxds.cern.ch/record/2197559)
1.2. The Large Hardon Collider (LHC) accelerator

One of the biggest and most important works at CERN is the
development of the Large Hardon Collider accelerator. The LHC is a 27
kilometers ring which has the ability to accelerate and boost the energy of
particles along the way. A brigiresentation abouthe LHC and its
components is present@dthis section Subsequentlyn this section the
importance of alignment is highlighted and the various methods that have
been used and can be used in the future in order to achieve high
precisions are mentioned.

The Large Hadron Collidér LHC is the largest particle accelerator in the
world at this moment with a circumference of 27 kilome{&isoto 1.1)

Its operation began on #®Beptember 2008 and since then it is able to
boost with high energy the particlabng its way(CERN Large Hadron
Collider 2018)

The accelerator is able to hold two high energy particle beams which
travel in opposite directions, at a speed chosthe speed of light, before

they collide. A large numberfomagnets which are from different
varieties and sizes are used to direct the beams at the accelerator. The
majority of the magnets are dipole and quadrupole magnets. There are
1232 dipole magnets which are used to bend the beams and 382
quadrupole magnetshich are used to focus the beams. Finally, after the
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beams arecceleratedthey collide at four points of the ring, where the
four detectors which are ALK ATLAS, CMS and LHClare located

The main components of the LHC accelerator &reiC Machine

Outreach Components 2018)

1 Power converters whichconvert A.C. to the D.Crequired by the
magnets

1 Beam dumps

1 Magnets

1 Cryogenics whichuse superfluid helium, which has unusually
efficient heat transfer properties, allowing kilowatts of refrigeration to
be transported over more than a kilometer with a temperature drop of
less than 0.1 K.

9 Vacuums and specifically LHC has three vacuum sgstasulation
vacuum for cryomagnets)sulation vacum for helium distribution line
and beam vacuum.

9 Collimator systems, which will protect the accelerator against
unavoidable regular and irregular beam loss.

1 Current leads transfer the current from wanto the cold mass of the
magnets.

1.3. Survey and alignment activities

The alignment for the LHC magnets is essential for the stability of beams
on their orbits. Until now, theadial alignment has been achieved thanks
to ecartometry, a methatiat has been developed at CERINd for the
vertical alignment, optical and digitévels are usedHowever, tlese
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method aremanual and time consuming. Moreover, the human presence
in the tunnel will gradually be limited because of the increased
radioactivity of components exposed to the beam. This is why the Survey
team is looking fo more automatic ways in order to do the
measurements.

Since the construction of the first acceleratdrich accelerated protons,

the Proton Synchrotron in 1959, the Survey team had started to develop
and to use tools for the alignment of various elemeftsachines. One

of the most common tools and techniques used for the alignment is the
usage of the stretched wires.

The principle of the measurements using stretched wires incorporate the
measuring the shortest distance of a point B tetraightline AC.
Usually, such a simple geometry as it is previewed on figldedn be

done just by measuring the angle ABC and the distances AB and BC
The line ACcouldbe materialized with a laser beafuesnel J. 2008)

N
Offset measurement Angular measurement

Figurel.3 Principle of the offset measureméathrens A. 2016)

At C E R Naceelerators, offset measurements are the main method for
the radial alignment of components. In order darry out these
measurements ecartometry is implementédr these measurements,
ecartometers are installed on a fiducial which is on the magnet and then
the perpendicular distance to a stretched wire is meatigedL4).

TP ———

[ T . - Oy
S

Y

v
Yy vy

B B

= Ma
Figurel.4 Scheme for ecartometry in LHEehrens A. 2016)

—  Wireof120m

This method provides favorable precisions compared to other methods.
For instanceat the LHC, the alignment precisions of 0.05mm ore5M
have been achieved on a distance of 1%Benalong accelerator. Thi



precision is much better than any other that can be achieved with
common instrumentatiorBehrens A. 2016)

However, there is the disadvantage that the process is time consuming
hence, novery efficient. Usually with the traditional equipment, a group

of two persols can measure ancbveraround 500 meters of accelerator
each day. This fact leads to the research to automate the procedure in
order to avoid delays on the measurement itself but also save time and
gain manpower,

Photogrammetric proceduresable to provide more automatic solutions

and can be used as possible tools for ecartonsatige in laboratory
conditions a precision oflessth 10 Om f or the wire me:
be reachedBehrens A. 2016)

1.4. Objective of the thesis

The djective of this thesis is the development of an algorithm for the
automatic detection and position determination of encoded and uncoded
targets.

The developed algorithm includes several parts whighare the
automatic detection of all the target@i) their precise 2D image
coordinates determination arii) the decoding of the encoded targets.
An application of the algorithrwas carried oubn the cryomagnets of the
LHC at CERN.

The aim of the application was the position determination of the fiducia
which areuncoded targets and the calculation of their offset distance with
respect to an installed stretched wire.

The idea of the development of such an algorithm started when tests
revealed that photogrammietr process is able to provide wire
measuement precisions of lessth. 1 0 &amrens A. 2016)When

the first results indicate that wire measurements can barried out
precisely, there was the need to develop an algorithm for the 2D
determination of the wire on several imag®égth this algorthm it is
possible to extract the image coordinates of two pomtsugh whichthe

wire pases Since this information became available, the next step was to
develop an algorithrfor the position determination of the fiducialBom

that positionoffsetdistance with respect to the stretched wire is going to
be measured.



In general, the fiducials are fixed points which are used as reference
marks and their positioffPhoto 1.2) which is linked with the inner
geometry of the cryogenic magneias determing by a procedure called
fiducialisation. Due to the fact that the inner part of the magnets is
inaccessiblethe role of theiflucialsis very important for the surveying
works, especially for the task of theceleratoalignment.

Cryogenic magnetg$Fig.15) are the parts which constitute the LHC.
Cryogenic magnetsuse cryogenic techniquem order to cool the
superconducting magnets. It would have been unable to operate the
magnets without the use of cryogenic systemfact that reveals the
importanceof the usage of such techniques.

The superconducting magnets at the LHC are able to maintain
temperaturesbout-271.3C which enable the niobiwtitanium wires to
reach a superconducting raten the top of these magnets, the fiducials
are installed whie are essential for the accelerator alignmeétiissi L.
2003)

In the future, in order to autonesathe measurement procedure and to
avoid the exposure to high radiation levels, a structure which will be able
to execute the measurements should be constructed and used. A machine
that is able to carry out such tasks is the survey collimator train. At this
moment, the train is developed in order to make remote controlled visual
inspections and radiation surveys in the LK&:hrens A. 2010)The

main parts of the train as they are presentedhe photo 1.3 are the
traction unit, sensor unit, control unitchbattery unit.

The idea is to install on the survey collimator train a specifically defined
frame which will carrysomecameras, which are going to be installed on
specific positions. In this way, a poalibration of the cameras for the
determination ofthe interior orientationshould be done Also the
parameters of the terior orientation can be computed, the relative
position of the cameras can be easily determined and the exterior
orientation of the cameras, which includes their rotations, can be
spedfied.

Since all this informations available, the wire measurement and the
target positioning of the fiducials can b&rriedout automatically without

the presence of a human. The calculation of the offset distance can be
finally accomplished automatdly since the 3D position of the fiducials

and the wire have been specified. The train makes the offset
measurements along the whole track of the LHC feasible, because it can
be performedautomatically, without the presence of any personnel and it
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Is not so vulnerable to radiation which is a prohibitive factor for the
humans.

LHC DIPOLE : STANDARD CROSS-SECTION

—— ALIGNMENT TARGET

___—— MAIN QUADRIPOLE BUS-BARS
——— HEAT EXCHANGER PIPE
__—— SUPERINSULATION
—— SUPERCONDUCTING COILS
— BEAMPIPE
| VACUUM VESSEL
L BEAMSCREEN
T AUXILIARY BUS-BARS
] SHRINKING CYLINDER / HE I-VESSEL
‘ \ S THERMAL SHIELD (55 to 75K)
" \\ NON-MAGNETIC COLLARS
N\ IRoNYOKE (COLD MASS, 1.9K)
T DIPOLE BUS-BARS

| SUPPORT POST

Figurel.5 Cross section of the LHC Main Dipole in its cryostat
(Rossi L. 2003)

Photo1.2 Fiducials on a LHC dipole magnet
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Photo1.3 Parts of survey collimator train
(indico.cern.ch/event/136182/contributions/141879/attachments/110273/1
568 7/schematic_orbit_margins.pdf)

1.4.1.Target detection

Thefirst step in order taleterminethe position of the targets, is to detect
them. The detection of the targetsaikey procedurbecause it provides
the total number of the targets found and also the approximate
coordinates of these targetsthe local coordinate system of the image.
The targets usually used, have a round shaftespecificcode segments
around the circle. Due to their geometry and features, various
algorithms have been tested on MATLAB interface, like the detection of
specific features on images, circular Hough transformation and analysis
of connected objects on a binary image usegjonpropsfunction. The
most reliable resultgpresented in chapter Bave been achieved by using
the regionpropsfunction, on which the proposed algorithm has been
based.

Photo1.4 showsthat with theregionpropsall the targets on the wooden
board have been detected. This exampbve the high reliability of this
method.In the next chapters, the conditions used in order to achieve the
detection will be discussed.

Photo 1.5 represents the outcome of the circular Hough transformation
(CHT) for this specific example. The results the usage of this
algorithm on this image reveals that with this method, most of the targets
can be detected. However, with this algorithm each image needs special
treatment depending on the illumination and the angle that the picture
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has been capturedhich influence the circular shape of the targBise

to the fact thathey get elliptical shapes in the perspective view, the
conditions are different and the sensitivity of the algorithm has to be
changed, thus it is not possible to automatize thectlenh of targets
using this algorithm.

The same algorithm has been mwith photo 1.6 butin this case the
sensitivityis changed to 0.8. At this point, the targets identified are much
fewer than previously where the sensitivgydefinedto 0.9.

Photo 1.4 Detection of targets using regionprops

Photol1.5 Detection of targets using CHT with sensitivity 0.9
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Photo1.6 Detection of targets using CHT with sensitivity 0.8

1.4.2.Target position determination

Target position determination is one of the most essential parts of this
thesis. Various ways and algorithms have been tested in order to achieve
the highest possible precision argliability. In the chaptemwhere the

target position determination is ggito be analyzed in detail, emphasis is
given to the ellipse fitting method, because of its high reliability on the
measurement and the precision that this method provides. Several other
methods have been tested such as croppingresiding thecropped
image by a factor in order to increase precision of the regionprops. Each
method has its advantages and disadvantages which have to be taken into
consideration in order to conclude to the most suitable method to achieve
high precision target position detemation.In photo1.7, the centers of

the ellipsesietermined fronellipse fitting are plotted on the targets.

Photol1.7 Centers of the targets determined by ellipse fitting
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1.4.3.Target decoding

As it is clear from the previous figures, most of the targets used during
the internship, have been coded targets. The AICON software is able to
generate coded targets of 12, 14 an2f Each of these targets has a
unique code, which represents thér (Photo 1.8) This ID is helpful to
recognize and correlate the targets that have been captured with a camera
in a great number of imageé&n example a successful decoding is
represented at the photo 1.9.

: g
.o' o\ .o .’:' lo\

: ,\' ‘\ .\ f'\ ..\ .‘.\ ..\ ..\ l.\ l,\ r.\ -f\"

Q

Photo1.8 14bit coded targets generated by AICON

The decoding method developed and used in this thesis is based on the
minimization of the binary number created from the code segments. In
particular,from 14bit coded target, a sequence of 14 numbersatiea®

or 1 will be created by it and 14 different sequences can be generated.
Each sequence represents a specific number, from which the smallest
number should be chosen. Then the number that is found will correspond
to a specific code that the AICOSdftwareprovides.

In chapter 5ananalysisin detailis going to bdocused concentrating on
the algorithm that has been developed for the target decoding.

Photo1.9 Target decoding
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Chapter 2

CAMERA GEOMETRY AND STRETCHED WIRE
OFFSET MEASUREMENT

2.1. Close range photogrammetry at CERN

Photogrammetry includes techniques of image measurement, which
provide the ability to obtain the shape and plosition of an objectby
usingone or more photos

The am of photogrammetric measurement is the 3D representation of an
object (Lunhmann T. 2006) In general, there arseveral types of
photogrammetry, among them photogrammetry and closerange
photogrammetry.

By definition, closerange photogrammetry is simply photogrammetric
data collection and processing. Collection methods can be both ground or
aerial based, and the final output can be rendered either two or three
dimensionally(Salmon J. 2018)

Due to thewide variety of applications, close range photogrammetry, can
be characterized as interdisciplinary.

In this diploma thesis, close range photogrammetry will be used for
surveying worksThe imagesisedwere capturedin such a way that the
distancesdetweerthe camerandthe objects to be analyzed were limited
to 1-:2 m(Photo 2.1)

On the following subchapters, moredepth informationis going to be
provided concerning the equipment and in general the photogrammetric
procedures.

As it has bee mentioned previously, on the accelerators at CERN, offset
measurementare carried ouby ecartometrywhich isthe main method

for the radial alignment of the componentsis method is manual and
time consuming.

At CERN digital photogrammetrigas beemused for nearly 20 years and
has proven its efficiency during the construction of the LHC experiments
with high precision and flexibility.
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Photo2.1 Close range photogrammetry at the LHC

CERN uses thalCON photogrammetric software since 19%hoto 2.2)

but in recent years the integrated feature measurement attracted interest.
Through ths software, it is possible to measuneneed lines in different
imagesBehrens A. 2016)

One of the greatest advages of photogrammetry is that it offerthe
ability to measure simultaneously wires and targets. In this way the wire
and fiducials can be determinesimultaneously Nowadays, camera
resolutionis high enough to distinguish andcognizethe wire and the
targets atshort distances, thughe measurements can kmarried out
automatically or semi automaticallylergelkuhl D. 2015)

2.2. Instrumentation

The ENSMM-ESA section has the complete equipment of digital
photogrammetry with digital cameras, seveises flashes, tripods,
scale bars and different types of targets. The last acquired camera is the
Nikon D3X cameraPhoto 2.3) It is provided with a CMOS sensof

35.9 mm x 24.0 mm with a resolution of 24.5 MPhe camera
specifications arpresentedn the table 2.1.
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A remote flash Nikon Speedlight SB0 is mounted on the camera while
taking pictures. The section has all sorts of targets that can be recognized
by the AICON software. The targets can dx®oded targets or simple
circular targets without codeurfcoded). Also, some targets might be
reflective or not depending on the purpose of their use. Metal targets
(Photo 2.4)might also be used on the fiduciatzandella L. 2017)

Thephoto2.5presenta fully photogrammetric equipment by AICON

Photo2.2 Detection, measurement and target decoding by AICON

Type Nikon D3X
Resolution 6048 x 4032 pixels
Pixel size 5.9 &m

Table2.1 Specifications of the camera
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Photo2.3 Nikon D3X camera
(fotointern.ch/archiv/2008/12/01/nikedtBxjetzt mit-vollformat/)

Photo2.5 Photogrammetric equipment by AICON
(accurexmeasure.com/dpespect.htm)
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2.3. Camera calibration

The calibration of a cameisa performed in order to determirts interior
geometrical parameters. During the process of camera calibration, the
interior orientaton of the camera is determined. The interior orientation
parameters describe the inner geometry and characteristics of a camera
(Schenk T. 2005)

There are severgrocesseso calibrate a camera. One is pgerforma
calibration under laboratoryconditions and arother is the auto
calibration, where the parameters of the interior orientation are calculated
during the bundle adjustment. Cameras should be calibyzaddically
because exterior factors such as stress, temperature change and pressure
differences may change some of the interior orientaparametersbut

also when parameters as focal length aperture and others are changed by
the user. All tlese change the interior geometry in a camera and a
calibration is required.

2.3.1.Interior orientation

The interior orientation defirsg among other parametetise position of

the perspective center and the radial distortion curve. A camera with
known interior orientation issquivalent to afimetric c a me if the
orientation elementare stald. An amateur camera, for example, is hon
metric because the interior orientation changgsevery time the camera

is focused.

A camera can be modelled as a spatial systlmh consists of a planar
imaging area and the lens with its perspective cemtex.parameters of
interior orientation of a camera define the spatial position of the
perspective center, the principal distance and the location of the principal
point. They also encompass deviations from the principle of central
perspective to includeadial and tangential distortion and often image
affinity and orthogonalityl. uhmann T. 2006)

The mrameters of interior orientation are

M9 Principal point HE:
The projectionof the perspective centen the image planwith
i mage c o0og4 dyyfbadtaadard ¢ametas approximately
equaltothec ent er of ét he i mage: HE
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1 Principal distance c:
Normal distance to the perspective center from the image plane in
the negati ve 2z Eelykqual @the fomldengthafp pr o x i
the lens when focused at infinityé €

1 Parameters of functions describing imaging errors:
Functions or parameters that describe deviations from the central
perspectrive model are dominated by the effect of resjiadmetric
di stortion omreE

The figure 2.1 represents visually the aforementioned parameters.

Figure 2.1 Interior orientation (Luhmann T. 2006)

It is important to mention that for digital cameras fiducial marks to define
the coordinate system are not required. The image coordinate syfstem
digital cameras usualllgas asorigin of the system the upper left corner
pixel center creating a left haratl coordinate system, which is linked
with the chip of the sensor.

If these parameters of interior orientation are knowsgrdinates of a
pointon anerror free imagean be defined dselow:

ex' g Xg- X, - O
X'=gy' FYe Yo ¥ (2.1)
e&2h € -c
Where
x,y,, measured coor dontheairnages of point P

X9y ¥t coordinates of the principal po

Dx', Dy':  axisrelated correction values for imaging errors
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The measured image coordinates, y', are corrected by a shift of the
principal pointx',, y',, thus this results to image coordinates related to
the principal point :

W 0w W (2.2)

W e o (2.3)
Where image radius distance from the principal point is:

i W W (2.4)
Thus, the image coordinates, w are corrected by:

W W 0w (2.5)

W 0 oW (2.6)

This results to the corrected image coordinaiés .

2.3.2.Radial distortion

Radial distortion constitutes the major imaging error for most camera
systems. The distortion curve can be expressed pglaomial with
parameters Kto K:

wee UVie Oie Uie E (2.7)

In most cases theoefficientscan be reduced to the second or third term
without any significant loss of accuracy. The image coordinates are
corrected proportionally:

W W W— (2.8)
i a2
W e

W W 0 ——— (2.9)
| e

The distortion parameters defined in edquat(2.7) are numerically
correlated with image scale or principal distanite.equation (2.7)a
linear part of the distortion function is added which leads to the rotation
of the distortion curvéorcing it to passfor second time from the O at the
rE a(kig. 22) Then formula 2.7 can be expresse@as0)
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Figure2.2 Distortion curve passingvot i mes from dr 6 =0¢1
(Luhmann T. 2006)

Alternatively,there is the following polynomial expression:
W e ol i i 0Ol i i ol i i (2.11)

Therearrangement afquation(2.11)to equation (2.12) leads to the same
result as equation (2.1Q0)uhmann T. 2006)

W *x Oiee Oiee Oie 1 01 0 i 0 i (2.12)

A typical effect of radial distortiors presented at the figure 2.3.

|
-15 -10 5 0 5 10 15

Figure 2.3 Effect of radial distortior{stackexchange.com)
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2.3.3.Tangential distortion

Tangential distortion or radial asymmetric distortion is mainly caused by
decentering and misalignment of individual lens elements within the
objective(Luhmann T. 2006)It can be expressed by the formu(asl3)

and (2.14:

(A2 0 i ) CO wure (2.13)
wuee 0 i CW CO woume (2.14)

Compared to the radial distortion, the tangential distortion shows much
smaller quantities for most quality lenses.

A typical effect of radial distortion is presented at the figure 2.4.

L L L
10 5 o 5 10

Figure2.4 Effect of tangential distortiofstackexchange.com)

2.3.4. Affinity and shear

Affinity and shear are used to describe deviations of the image coordinate
system with respect to orthogonality and uniform of the coordinate axes.
On dgital cameras these effects can be produced if the sensor has its light
sensitive elements with rectangular even parallelogramehapes rather
than square. The formulg2.15) and (2.16provide the corrections for
these phenomena
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(OB 0 aee 0 ume (2.15)
wuee T (2.16)

2.3.5.Total correction

All the individual correction terms that have been mentioned until now
can be used to correct the most typical photogrammetric error sources and
they can be summarized at the followrmguationsLuhmann T. 2006)

WO W Q0 (V=2 (2.17)
W W W wuee (2.18)

In order to correct the measured image coordinates completely from the
distortion, the correctioishould be applied iteratively. That means that
once the image coordinates of a point are corrected onefdimine
distortion, then these corrected coordinates should be used again at the
procedure of distortion correction, until thew and ww of two
consequetive iterations provide tlaémostsame value. Then the final
image coordinates are entirely free of distortion.

2.4. Evaluation of stretched wire measurements

The usage of the stretched wire is a technique which has been mainly
developed at CERNrd it is traditionally used for the alignment of the
accelerators. The method has been proven to be precise and accurate
enough for the works that are required. Until recently, the treatments and
measurements on the wire have been done manually, howewdszsst

have shown that photogrammetry is able to provide adequate accurate
results also efficiently with a lot of advantagesndeuvre C. 2016)

The principle of the measurements can be summarized as the shortest
distance of a point to a straight linigure 1.3 presents the principle
(Quesnel J. 2008)

In addition to the standard photogrammetric projects with signalized
target measurement, orientation and calibration up to the calculation of
3D coordinates, photogrammetry gives the possibility to measure curved
lines if they are visiblan different imags.In therecentyears die to the
increased camera resolution it is possible to measure stretched wires of
0.3 mm diameter at limited distances e2 in(Behrens A. 2016)
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Photogrammetry has also several advantages in this case because it is a
nornconta¢ measurementtechnique, which is advantageous for
automation Collimator train already uses photogrammetry for
measurement of collimator fiducials and both targets and wires can be
measured simultaneously.

Due tothe usagef photogrammetry and the appr@ie treatmentshe
identification measuremerdandthe calculatiorof the coordinatesn the
stretched wiresan be carried out with a typical precision@ . 5 e m [/ m

Photo2.6 Detected wire

Photo2.6 is an image captured at LHC where the stretched wire is visible
and detected. For the stretched wire identified, the image coordinates at
the edges of the image are calculated.

The development for the detection and measurement of the stretched wire
has beerelaboratedy Lucie Scandella who wadsoa Trainee at CERN
(Scandella L. 2017)
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Photo2.7 At work inthe LHC

Photo 2.7 presents a photogrammetric work in the LtH@ing the
shutdown in Jiy 2018, where a stretched wire, encoded and uncoded
targets were mounted on the accelerator for the offset distance

calculation.
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Chapter 3

DEVELOPMENT OF AN ALGORITH M
FOR THE TARGET DETECTION

3.1. Photogrammetric targets

A photogrammetric target is an artificial object of known geometry,
which is placed on the field when taking picturésually the targets
should be clearly distinguishable in the images and present an
undisputable central point. The targets may uncoded or encoded
(Photo 3.1).

The usage of first ones is limited to the identification and measurement,
while the ldter can also be decoded thanks to their code segments.

Theercoded targets usually include a small circle which will be used for
the neasurement in order to find the center and segments that are around
the circle, whose main purpose is to provide a specific code to each target
(Manolopoulos K. 2017)

o

1211 AICON

(a) (b)
Photo3.1 Uncoded (a) and encoded (b) targets

In close range photogrammetry, targets are very essérdialreswhich

are usedor various photogrammetric tasks. However, without the ability
of automatic detection of the targets, the effectiveness of metrology
systemsabatesand the time required for various tasks increases due to
the need for manual or sewiitomatic measurement tdrgets onthe
images. The need for fasteand more objectivéletection of targets in a
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projectwhich may include many images leads to the research for a more
automatic way for recognitiorand pointingof the photogrammetric
targets.

The most common targgethat are used by CERN EBMM-ESA section
are the targets represented by figures 3.1 and 3.2. The first taaget is
anodized aluminuntargetand the second is a conventional white target.
Targets such as the figure 3.2 can be produced as retro reflalsiov

Generally, retro reflectors, reflect light very efficiently back to the light
source. For example, they are typically 100 to 1000 times more efficient
in returning light than a conventional white target. A low power flash
mounted on the camera isad to illuminate the targets. Hence, the
targetscan be detectedasily. In additionasthe targets are illuminated
completely by the flash, the target exposure is independent of the ambient
illumination. Pictures can be taken in bright light or tatatkness and

the target exposure will be the same. The fact that the environment does
not affect the outcome of the image when retro reflective targets are used,
makes the whole process very convenient.

Although retro reflective targets haveseveral advaapes over
conventionaltargets,they tend to lose their special reflective properties
when viewed at steep angles, becoming dim and unmeasurable. For best
results, the targets should not be viewed more thét 60 6 Sds o f f
(Geodetic Systems 2018In addition, some other factors, which may
make both retro reflective and conventional targets unmeasurable, are the
dust and dirt, which may be on the targets and prohibit their detection.

3.2. MATLAB as development environment

The development environment is very crucial for the entire development
of the algorithm, since the libraries that are available on each
environment should be used in their own specific way and also the syntax
and the rules should be obeyed. Furthermoeectiordinate system of the
development environment should be determined in order to be able to do
transformations between various coordinate systems.

The interface within which the algorithm has been developed is
MATLAB (Fig. 3.1) MATLAB is a highperformance language for
technical computing and it integrates computation, visualization and
programming environment. MATLAB provides an interactive
environment ad the basic data element thatiges is the arraj-Houcque

D. 2005)
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The version of MATLAB that the algorithm has been developets
MATLAB R2016b. The interface of MATLAB is very convenient for
programming because it includes many libraries with functions that are
ready to use.

»
MATLAB

J MathWorks:

Figure 3.1 MATLAB R2016b logo
3.3. Image elaboration parameters
3.3.1.Coordinate system

Every image in MATLAB has its own coordinate systérhe usercan
specify locations in images using various coordinate systems. Coordinate
systems are used to place elements in relation to each other. Coordinates
in pixel and spatial coordinate systems relate to locations in an image.

Pixel coordinates enablbe ugr to specify locations in images. In the
pixel coordinate system, the image is treated as a grid of discrete
elements, ordered from top to bottom and left to r{&d. 3.2)

"y

Figure 3.2 Pixel indicesMathworks Coordinate Systems 2018)
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For pixel coordinates, the number of rows),, downward, while the
number of columngc), increase to the right as it is shown on figuiz 3.
Pixel coordinates are integer values and rang® ft to the length of the
row or column.

Spatial coordinates enable to specify a location in an image with greater
detail than pixel coordinatg$ig. 3.3) In the spatial coordinate system,
positions in an image are represented in ternigactions of(Mathworks
Coordinate Systems 2018)

0.5 1 1.5 2 2.5 3 3.5
T 1 " I L

Yr

Figure 3.3 Spatial coordinate system
(Mathworks Coordinate Systems 218

Because each image has its own coordinate system, calculations and
transformations from the coordinate system of an image to another
coordinate systemmustbe carriedreally carefully.

3.3.2.Input parameters

One of the first steps of the algorithm is to ingotne parameters. The
parameters that are requested to betiapar

The bit value of targets (12, 14 or 20)

The type of targets, if they are retro reflective or conventional
The color of the targets (White or Black)

The minimum diameter of thargetsn pixel

The maximum diameter of the targetigixel

The maximum value for , for which the

=4 =4 =48 -89

value 3 is recommended
1 Thepreprocessingnethod for the grayscale image
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3.3.3.Image preprocessing

Before, the automatic target detection, several in@gprocessingre
required in order to enhance the reliability of the algorithm.

The usemustdifferent kind ofpreprocessinglepenthg on the project.
There are three different ways of imagpeeprocessingwhich are
proposed. The first one includes an edge preserving smoothing filter
called guided filter, while the second includes a Gaussian filter which is a
smoothing filter which igypically used to reduce the noise. HoweYer,

both preprocessing proceduras adaptive histogram equalization will be
implemented. The third one which is recommended for the most cases,
uses image sharpening in order to enhance the edges and thetauntra
each target which is helpful later for the binarization of the image.

It should be mentioned that depending on the environment, the adaptive
histogram equalization might not beEnoughin order to provide the
optimum results. Under some circumstandls,outcome might be even
worse than the original image.

3.3.3.1. Adaptive histogram equalization

The histogram equalization algorithm has been a conventional image
enhancement algorithRnown for its simplicity and efficiency. It adjusts

the gray level of anmage according to the probability distribution
function of the image and enlarges the dynamic range of the gray
distribution to improve visual effects of the image. The histogram
equalization algorithm may be divided into two types: local histogram
equaliation and global histogram equalizatiatnu Y. 2012)

Adaptive histogram equalization is an imggecessing techniqubat is
used to enhance the contrast on an image. It differs from simple
histogram equalizationin that the adaptive method computes several
histograms, eackorresponohg to a distinct section of the image, and
uses them to redistribute thBumination values of the image. It is
therefore suitable for improving the local contrast and enhancing the
definitionsof edges in each region of an imagemal Vi) 2011)

Ordinaryglobal histogram equalization uses the same transformation that
comes from the image histogram to transform allgixels. This works

well when the distribution ofigel values is similar throughout the image.
However, when the image contains regions that are significantly lighter
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or darker than most of the image like in our case where the targets might
be black or white, the contrast in those regions will not bacserftly
enhanced.

Adaptive histogram equalization improves on this by transforming each
pixel with a transformation function derived from a neighborhood region.
In its simplest form, each pixel is transformed based on the histogram of a
square surroundgthe pixel.

Figure 3.4 Pixel neighborhoods for adaptive histogram equalization
(wikipedia.org/wiki/Adaptive histogram_equalization)

Photo 3.3 presentsthat the targetsafter the adaptive histogram
equalizationhave an increased contrasiowever, many texture and
minute elements have also been illuminated due to the increase of the
contrast, for which there is no interest and they may even increase the
processing time at theext phases.

The implementation of the global histogram equalization does not
provide as satisfying results as the adaptive histogram equalization. For
instance, the lower left cornef photo 3.2is not so well illuminated and

the intensity values there are lemwcompared to the whole image, thus
some issues might be facadth the automatic detection thera these
cases, the global histogram equalization might provide poor results on
some specific targetsHence, on the processed images after the
implementation of istogram equalization the targets that might be on the
dark regions, might have after the processing dark tones and might not be
distinguished easily from their backgrounéin example of the poor
results of the global histogram equalization is illustrangahoto3 4.
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Photo3.2 Original grayscale image
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Figure 3.5 Histogram of theohoto 3.2
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Figure 3.6 Histogram ofthe photo 3.3
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Figure 3.7 Histogram ofthe photo 3.4

3.3.3.2. Guided filter

After the implementation of the adaptive histogram equalization on an
image, a lot of texture appears that previously waswmsible. This
texture in some cases might work asm@se, whichmay delay the
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processing time of the algorithm. Considering that, a filter which is able
to smooth the image should be applied.

An important advantage of the guided filter is that it is an edge preserving
filter also, thus the geometry tfetargets after the usage of the filter will
not change.

The guided image filtering performs smoothing of an image using the
contents of anotltdmage picture called "guide”. This image guide may
be the image itself, a different version of the image or an entirely
differentimage

The preservation of edges is based on the variance value of the image that

I's used as a (g u(regudarizatidnjisegivgnavhichnse t e r U
going to be used to ascaterionto consider whether a variance is high or

| ow. Regions th3geateaianalUvareaneeaiis
areas that have a var i(SwandegalLl20lWer t ha

An example of image filtering with the guided filter is illustrated on the
photo 3.5.

e=0.1° :=().2° £=0.4°

Photo3.5 Image filtering with guided filtefScandella L. 2017)
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3.3.3.3. Gaussian filter

The Gaussian smoothing operator istveo-dimensional convolution
operator that is used to blur images and remove detail and noise. Simple
smoothing filters such as the Gaussian filter are able to reduce the noise
that exists in an imagey filtering and smoothing the high frequencies.
However, these filters might remove also intensity variations in an image
which might result to the destruction of some structures. Sometimes
crucial information has beesmoothed;thus this information is dst
(Fisher R. 2003)

A multivariate Gaussian form:is

"OGhw “L Q- (3.1)
C ”
0.2
0.15- )
0.1 V)
£ iy

L
AN

Figure 3.8 Multivariate Gaussiardensitywi t h  mean ( 0, 0)
(stackexchange.com)

3.3.3.4. Image sharpening

The third way of imagereprocessingwhich is recommended for most of

the cases, is usingn unsharp masking method, which returns an
enhanced version of the grayscale or truecolor (RGB)} impage, where

the image features, such as edges, have been sharpened. Sharpness is
apparently the contrast between different colors. A quick transition from
black to white looks sharp, however a gradual transition from black to
gray and from gray to whiteoks blurry. Sharpening images increases

the contrast along the edges where different colors miéathworks
Sharpening 2013)The technique uses a blurred, or "unsharp", image to
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create a mask of the original image. The hamped mask is then
combined with the original image, creating an image that is less blurry
than the originalTwo examples of image sharpening are presented on the
photo 3.6 and photo 3.7.

(b)

Photo3.6 Group of targets before (a) and after (b) image sharpening

Photo3.7 Sharpened image
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3.3.4.Image binarization

After the preprocessing@f the image, a binarization should be applied in
order to create a binary image and use itegnonpropsfunction for the
automatic detection of the targets.

In some cases, where theresidficientillumination in the environment,
Otsu's method has beepplied. The algorithm assumes that the image
contains two classes of pixels following bimodal histogram so that the
pixels either fall in the foreground or background. Then it calculates the
optimum threshold separating the two classes so that the &uhe o
foreground and background spread is minim@reensted A. 2010)

Ot sub6s method exhibits relatively g

between the twogaks. However, if the object area is small comp#wed

the background area, for instance when the object is a target, the
histogram no longer exhibits bimodality. If the variances of an object and
the background are large with respect to the mean difference, or the
iImage is affected by additive noise, therghaalley at the histogram is

not present anymore, thus an incorrect threshold could be determined by
t he Ot subs metsbgmentationr exrgrgChabdirakag M.
2016)

Exampl es of successf usmethadgspesertadt at i o
in photo 3.8 and 3.11, where prior of the execution of the binarization, the
images were processed by using the adaptive histogram equalization
(Photo 3.10).

In cases where the image is almost entirely dark, for example when retro
reflective targets are used, the small objectstliesetargets are not able
to create bimodal histografRhoto 3.12 & 3.13)

B @ EE e

Photo3.8 Group of target®n binarized mage wusi ng Ot suods
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Photo3.9 Original grayscale image

Photo3.11 Image after the binarization
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At these cases, Otsub6s method for
results. Under these circumstances, in order to avoid poor results, the
maximum and the minimum value of pixel intensiigeds be found.
When these values are determined, the following computation will be
used in order to find the new threshgklue:

SO OB &'Q d D aBTE 66 D (3.2)

For instance, if the maximum value of the intensitytra@d pixels is 249
and the minimum is,Xhen the new threshold will be T=100.

Atthephoto3.13 t can be easily seen that
and the targets the binary image are destroyed because the threshold
valueis very low. Hence, théhreshold should be calculated by formula
(3.2. The new image created from the second binarization presents the
targets muchclearer than previously and the targets are completely
undamagedPhoto 3.14)

Photo3.12 Project with retro reflective targets
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Figure 3.9 Histogram of the project with retro reflective targets

Photo3.13Binarizaton wi t h Ot sudés met hod
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Photo3.14 Binary image usingad & @ w 0 0 V¢ w « Gr o

3.4. Target detection algorithms

During the development of the algorithm file automatic detectioof

the photogrammetric targeta lot of methods had been tested. These
methods are the detection of specific features on images and matching
between images, circular Hough transformation and analysis of connected
objects in a binarymage usingregionpropsfunction. Each of these
algorithms has its own advantages and disadvantages. However, the most
reliable results out of these three come from régionpropsfunction

with the implementation of some conditions. The results are lagsf for
further analysis and development of the algorithm in order to do the
measurement and the decoding.

3.4.1.0bject detection using point feature matching

This method involves an algorithm for detecting a specific object based
on finding point correspondeas between the reference and the target
image. It is able to detect objects despite a scale change or rotation
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This procedureéhas been one of the first tries during the beginning of the

elabaation of the thesis in order to achieve the automatic detection of
targets. The principle of this method is the detection of the strongest
features on the reference imgg¢oto 3.15)

The same specific task is going to be applied on a larger ifRigeo
3.16)

Photo3.16 Feature detection on target image
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On the greater image there is a large numbefeatures which do not
match with the features of the reference image. Hence, there should be a
matching between the feature points of reference image and the greater
image(Photo 3.17)

On this example, a limited number of points were able to be matched.
However, the detection has been achigwbto 3.18)

The lack of ability to match a great number of corresponding points is the
greatest disadvantage of this method. Furthermore, this method is unable
to find corresponding points with precision among s$itzabets like the
photogrammetric targets, thus the detection is not reliddesover, due

to the fact that the photogrammetric targets have a lot of common
features, whenever the algorithm was able to make a match, usually it
was wrong because the aggponding points were mistakenly chosen

tests revealed

Photo3.18 Detected target using feature pomatching
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3.4.2.The use of Hough transformations

The majority of photogrammetric targets commonly used have a circular
area in the middle. The center of this area corresponds to the center of the
target, which is the aim of the target measurement. Since the shap
circle, an algorithm, which is able to identify circles, might be really
helpful. Such an algorithm is the circle Hough transformation.

The circle Hough Transform (CHT) is a basic technique used in Digital
Image Processing, for detecting circulajealts in a digital image and is a
specialization of the Hough Transform.

3.4.2.1. Linear Hough transformation

The Hough transform can be described as a transformation of a point in a
two dimensional region to a parameter space, dependent on the shape of
the objects to be identified. The basic functionality of the HT is to detect
straight lines. A straight line in the xptane is described by:

w 4 (3.3)
This line is representeth the Cartesian coordinate system by its
parametersoanda whered is the slope andis the intercept. Due to
the fact that perpendicular lines to thexs can give unbounded values

for parametersd and @ (® and & rises to infinity), lines are
parameterized in terms of theta d an

i AT S 0DEF+ "Q¢H (3.4)
wherei is the distance between the line and the orighis the angle
between the x axis and the lineThus, given x and y, every lip@assing
through point @ ) can uniquely be represented by-{) (Fig. 3.10)

Both —andi have finite sizes. The distancewill have the maximum
value of two times the diagonal of the image. It is therefore possible to
associatea pair {, - with each line a the image. Thei( — plane is

sometimes referred to as Hough space for the set of straight lines in two
dimensions(Fatoumata D. 2015)

There are infinite number of lines passing through one point @ngthe
only parameter that varies is the orientation. The representation of the
straight lines in the Hough space will result in a sine w#ig. 3.11)
When multiple points are aligned, the line that connects them can be
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found at the parametric spaceHdugh as an intersection of several sinus
curves(Scandella L. 2017)

",

o

Figure 3.10 Parameterization of a straight liné~atoumata D. 2015)

Y 4 I'a
L ] 1 A C
X C < .
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> X * 0
Image space Parametric space of Hough

Figure3.11 Straight line in image and parametric space of Hough
(Scandella L. 2017)

The method of Hough transform uses these properties for detecting sets
of pixels lined up in an imagevia their representation in the new two
dimensional space.

3.4.2.2. Circular Hough transform

Unlike the linear Hough transform, the circular Hough Transform relies
on equations for circles. The equation of the circle is:

i w O 0 ® (3.5)

Where®andorepresent the coordinates for the center,iaistthe radius
of the circle.
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In contrast to a linear Hough Transform, a circular Hough transform
relies on 3 parameter&)(a i ), which requires a larger computation time
and memory forstorage, increasing the complexity of extracting
information from an image. This is one of the reasons that during the
computation on MATLAB interface the amount of time it takes to run the
algorithm is a couple of seconds. For simplicity, most circulangto
transformation programs set the radius to a constant value (hard coded) or
provide the user with the option of setting a range (maximum and
minimum) prior to running the application.

The parametric representation of the circle is:

W O 13DEé+ (3.6)

® o 13Jd 0 (3.7)
Thus, the parameter space for a circle will belong¢ARy. 3.12)while
the line only belonged to 2RAs the number of parameters needed to
describe a shape increases, the space R also increases which results to
increased complexity of the Houdghansform. Thereforethe Hough

transformis in general only considered for simple shapes with parameters
belnging to R or at most R

The process of finding circles on an image using circular Hough
transform is:

First, all edges in the image should be found. For this step any edge
detector can be used like Canny or Sobel.

Figure 3.12 Parameter space used for circular Hough transformation
(Pedersen S. 2007)

At each edge points identified, a circle which will have the edge itself as
center will be created with the desired radius. Tmsle is drawn in the
parameter space, such that x axis istHderalue and the y axis is thibd
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value while the z axis is the radii. An accumulator can be created which
will contain the number of circles passing through individual coordinates.
The posiion which has the highest number corresponds to the center of
the circle(Fig. 3.13)(Pedersen S. 200.7)

Figure 3.13 Process of finding the center of cirgleedersen S. 2007)

Having in mind all these, the question is how reliable and precise in each
case can circular Hough transform be. As it is known, in order to
automae the detection ofargets, a hard coded radius cannot be inputted,
because depending on the distance and the angle that each picture has
been captured, the size of the targets change

Furthermore, depending on the angle that each image has been captured,
some targets chge the geometry that they are projected, thus circles are
being transformed to ellipses.

Hence, circular Hough transform is not able to detect and provide reliable
resultsin cases where the angles that images are captured have a high
value(Photo 3.19)If the Hough transformatiois applied for ellipses the

number of parameters increases even more than for the circles and this
results toadditional calculation timeFinally, the algorithm sometimes

depending on the level of sensitivityd ent i fi es some MAnoi s
targets, an effect which may be detrimental for further processing.
Considering all that, the usage of circular Hough transform for automatic

target detection is limited and not sufficient.
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Photo3.19 CHT with radius 2665 pixels and sensitivity 0.94

In photo 3.20due to the fact that the perspective projection of the targets
Is an ellipse the CHT is unable to identify one of the targets. Furthermore,
with the radius thaits provided theCHT uses the outer side of ttergets

in order to detect them and not the inner side which is the main object
body that should be used for the detection and position determination.
Smaller range for radius should be chosen in order tectiéte targets
using the inner body.

Photo3.20 CHT unable to find targets that are projected as ellipses
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3.4.3.Target detection with analysis of connected objects

The target detection with analysis of connected objects catlieved

by using the functiomegionpropsof MATLAB. In order to enhance and
make the algorithm for the detection more efficient several conditions
should be taken into account. A brief dgsiion of the function and a
presentation of the conditiofsllows.

3.4.3.1. Regionprops

The MATLAB function regionpropsreturns measurements for the set of
specified properties for each connected component in a binary image.

Regionpropsmeasures a variety of image quantities and features in a
black and white image. Specifically, given a black and white image it
automatically determines the properties of each contiguous white region
that is 8connected. For instance, one of these padicofopertiess the
coordinates of the centromr center of mass:inding the coordinates of

the @ntroid is just one of the properties.

Other useful properties are the aréee perimeterthe major axis length,
theminor axis lengththe orientation ¢ ellipse and the weightezkntroid,
whichis the center of a region based on location and intensity value.

The first element of weighted centroid is the horizontal coordinate-(or x
coordinate) of the weighted centroid. The second element is the vertical
coordinate (or ycoordinate)Regionprops Matlab 2018)

All properties that have been mentioned provide valuaif@mation,
which can be used in order to sort out and exclude objects that do not
have an elliptical geometry,hich thetargetshave.

A further advantage of theegionpropsis that it is able to provide
approximate coordinates for the center edch targets This has a

significant importancdor the ellipse fittingwhich requires least squares
adjustment.
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3.4.3.2. Modesof operation and conditions

After gathering all the available data for the objestich havebeen
found, entities that are not photogrammetric targets can be sorted out and
excluded. The conditions that are used in order to do that are very simple
and rdiable.

The geometric shape of the targets when theypasgcted on an image,
asit hasbeen mentioned previously is an ellipse.

An dlipse is a curve in a plane, such that the sum of the distances to the
two focal points (Fland F2) is constant for enyepoint on the curvéFig.

3.16) usually denoted as 2a where a>0 and higher than the distance
between the two focal points. A parameter that defines the shape of an
ellipse is the eccentricity, which ranges between 0 and less than 1. For
eccentricity eqal to 1 the ellipse is a circle. Ellipses have eccentricity
higher than 0 and lower than/Adamopoulos L. 2018)

Ellipses can be produced by conic secti@tig. 3.14)
The general equation for a conic section is:
0w O0wwow OVOw Ow O m (3.8)

The equation of an ellipse whose center is at (0, 0) and has a rotation
angle of O degrees is:

W 0
— = P (3.9)
w w

Figure3.14 Intersection of a cone with an inclined plane
(en.wikipedia.org/wiki/Ellipse)
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The coordinates of the focal points are=H({) 0) and F2=( ) 0) where
wis equal to:

~

» O O (3.10)

One of the most important properties of an ellifigethe testghat have
been carried ous the areaThe area of an ellipse is:

6 “ O (3.11)
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Figure 3.15 Ellipse with its elementsn.wikipedia.org/wiki/Ellipse)

|PF|+ |PE;| = 2a

Figure3.16 Definition of an ellipséen.wikipedia.org/wiki/Ellipse)
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Whered andware the lengths of the semiajor and semiminor axes
(Fig. 3.15) respectively.The regionpropsfunction is able to provide to

the user the propertie§ @wand the area for each object that has been
identified. This is very helpful, because in this way the user is able to use
the formula of the area of an ellipse.

Hence, the observed area froegionpropsandthe calculated area from
the user are available. In this way, a comparison between the values of
these areas can be done.

The objects that are truly ellipses fulfill the condition that these two areas
should be nearly equal. Thus, the objebtst do not fulfill this condition

are excluded from the list of targets because the observed area by
regionspropsand the calculated area from the formula are not equal.

The ratio of the observed area to the calculated should be equal to 1 if the
objectis an ellipse. Of course, these two areas cannot be exactly equal
because an image might have some distortions and each pixel has a pixel
size of some micronand the measurement of the areaagied out ora
binarized image that has steps of 1 pixel

Hence, in order to keep an object in the list of the possible targets, the
ratio of the observed area framgionpropsto the calculated area should

be in a range. This range is different each time and it depbpdbe
minimum target size. In principled¢harger a target is, the more probable

it is for the ratio to be closer tovalue equal to one.

On the following graph(Fig. 3.17) there are some targets of different
sizes and through them it is visible how the size of a target (area) can be
related wih the range that is required in order to do the detection of the
targets.

5

s p i OEQQ (3.12)

This condition is very important for the development of the algorithm
because it helps to exclude points, whiale not targetsThus, it
increases the speed of algorithm and its reliability.

It is essential to mention that the higher the value of rtpe more
probableis to include as possible targets, points that are not targets. By
applying higher range vads, the condition is more flexible and small
spots which have similar geometry with targets are considered as well as
targets, which is an occurrence that may be adverse for further
processing.
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In order to avoid the selection of some objects, which may have elliptical
shapes, but are not targetsdto exclude damaged targets and generally
unwanted data, a second condition has been set.

The second condition is also a ratio. This time ellipsastth hav & a r at i
tocdd higher than a specific value are
the reliability of detection because unwanted objects are being removed

in this way. The ratio can be defined by the user, however the
recommended value &(equation 3.13)

An example of successful target detection is presented on the photo 3.21
where the targets have bestachedn the LHC.
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Figure 3.17 Graph for determination dherange value

Depending on the type of target and the minimum target size, a value for
the range can be selected from the table 3.1. Targets whose diameter is
below 3 pixels, cannot be detected with reliability. For this reason, range
values exist for targets that haaeleast a diameter of 3 pixels.
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Type of target Minimum targ_et size Diameter Area (pixel Range
(pixels)
c O v X 0 ¢m 0.05
Retro reflective v ’O X Cmo tm 0.03
X O pm TMTo yYm 0.02
pm O g od 0.01
c 0 v X 0 ¢m 0.03
Conventional v ,O X Cmo tm 0.025
X O pm TTo yYm 0.02
pmt O g o 0.01

Table3.1 Proposed range with respect to minimum target size

@ 3.13
_‘(i) 0] ( )

As the value of the range gets higher, there is a highethaslsome code
segments around the circular area of the real target might be considered
also as targetdhoto 3.22)

In order to avoid this, two additional conditions have been introduced.

The first onas:

l
)l
)l

iIf the distancebetweentwo possible targeterters is less than 3
times the halbf themajor axis of the object that is tested and

if the difference ofthe area between the larger object and the
smaller object is higher than 25% the area of the larger object
then the larger object is the considessdthe real target and the
smaller object is excluded from the list.

The second onis:

)l
)l
)l

)l

if the distancebetweentwop o s s i b | eentdrsas lesethas 8
times the half major axis

the difference of area between the larger object and the smaller
objectis smaller than 30% the area of the larger object and

if the ratio—- of the one object is smaller than the ratiof the other

object
then the real target is the one that has the smallest ratio.

This condition has been introduced, due to the fhat two code
segments united might have a larger area than the circular region,

however their ratie- is also larger than the circular region which has a

ratio closer tdhevalue 1. Thus, the circular region which is the target
itself will be kept ashe real target.
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Photo3.21 Detection of the targets at the LHC
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Photo3.22 Exclusion of code segments as possible targets
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In some cases, thagorithm is not able to detect some targets because
they might be partially damaged or have some dust which changes the
geometry of the targets, thus their shape on the binarized image is not an
ellipse and their detection is not possilflhoto 323 & Photo 323).
However, sometimes these undetected targets are detected on other
images.

Photo3.24 Binarization of an image with a damaged target
3.5. Evaluation of the automatic detection algorithm

So far, three possible algorithms have been proposed for the automatic
detection of targets. The most reliable of them is the target detection with
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analysis of connected objects using theegionprops function of
MATLAB.

The reliability of this algorithm is higher than the other two. Furthermore,
many valuable properties of the ellipses can be extracted by using the
aforementioned function. Such properties de Wweighted centroid, the
half major and half minor axes of the ellipses and the orientation. The
values of these properties are going to be used as initial approximate
values for the ellipse adjustment using least squares.

AICON is used at CERN as one thie main photogrammetric software,
which provides highly reliable result¥hus, AICON results will be used

as reference in order to evaluate the outcomes of the detection algorithm
that has been developed.

The figures 319 and 320, present theesults ofthe target detection by
AICON and the developed algorithm on a project, which took place at the
LHC (Photo 3.25)

The camera that has been used is the Nikon D3X with 28mm AICON
Metric Lens, ISO 320, Flash 1/8 with diffusion plate on and large flash
angle, Aperture 11, Exposure time 1/125 and focus 1.25m.

Photo3.25 Photogrammetric project at the LHC
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Figure 3.18 Detected encoded targets biging AICON andthedeveloped
algorithm

Percentage of detected encoded targets by using the
developed algorithm in relation to AICON
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Figure 3.19 Percentage of detected encoded targetsdiyg the
developed algorithrm relationto AICON
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It is presentedn figures 3.19 and 3.20that the number of detected
encoded targets is at the same level as the AICON and some times the
number of detected encoded targets is eb&ger This is a very
important factor, due to the fact that the numbfeolmservations that are
going to be useds adequatdo have a accuratedetermination for the
interior orientation and also that the risk ri#glectingsome points and
informationis lower.

The @me analysisis carried outfor seven projects with various
specifications in order to check the reliability of the developed algorithm
and the limits that it can reach.

Projects 1, 2, 3, 6 and 7 have been taken using the D3X camera, however
the projects 4 and 5 use different cameras. Furthermore, projects 3 and 5
use retro reflective targets while the rest are conventional targets.

Especially at project 5, targets are relatively small compared to the other
projects.

Table 33, presentghe total number of detected targets by AICON and
the developed algorithm ohd aforementioned projectahile the figure
3.20 presents theepcentage of detected number of targets thy
developed algorithmn relation to the number of targets detected by
AICON. 1t is clear, that the number of recognizedtargets by the
developed algorithm and AICON is nearly equéhis fact prove the
reliability of the algorithm for the detection of targets.

However, there are some limitatioms the ability of the automatic
detection. These limitdepend orthe size and the typef target. If the
target is conventiongl encoded, then the detection ability abakdeen

they havediameter below % pixels. This is due to the fact that the code
segments are very close to the circular objects which are the targets
themselves and theynfluence their binarization. For thencoded
conventional targets detection ability declines below 4 pige@meter.

Retro reflective encoded targets are hardly detectable for diameters below
5 pixels and also thencodedretro reflective targets can nbé detected

with convenience when their diameter is belo% gixels.
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Project 1 Project 2

Project 3 Project 4

Project 5 Project 6

Table3.2 Photogrammetric test projects
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Percentage of detected number of targets by the
developed algorithm with respect to the number of
targets detected by AICON
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Figure 3.20 Percentage of detected number of targets by the developed
algorithm with respect to the number of targets detected by AICON

Project AICON Developed
Algorithm

1 3733 3727
2 2146 2080
3 1332 1322
4 623 684

5 1537 1496
6 3209 3470
7 2791 2759

Table3.3 Total number of detected targets by AICON and developed
algorithm on each project

65



66



Chapter 4

DETERMINATION OF TARGET POSITION

4.1. Target measurement algorithms

After the detection of the targets, a number of ellipgeeperties are
available to the user such as the coordinates of the edipseters, the
half-major and halminor axis and the orientation tie ellipses. These
properties are valuable, for the part of the target position determination.

Since, the apximate position of the targets is already determined, there
should be a focus on each specific target in order to achieve the highest
possible precisionThus each target, is croppeaxit of the imageand a
number of algorithms run on these newly cropp®dges so that the
measurement can lmplementedrecisely.

There are several algorithms that have been tested in order to determine
the position of the targets. These:

the localregionpropsproviding results with weighted centroid

local regionprops with image resimg providing results with
weighted centroid
1 ellipse fitting

l
)l

4.1.1.Image cropping

The approximate position for the center of each target is already
determined, as well as the hatfajor and halminor axis. With this
information a unique rectangle at each target for the image cropping can
be generated.

In order to define a rectangle for the cropping, 4 elements should be
defined. These are the ,w , width and height.

For an ellipse which has an orientation angle smaller thaartbbigger
than 138thew ,w are defined as:

67



W Ow W ¢®dwW 0w od®

@ 60 @ BO 6w oBD

W 0w w AW 0w B

@ 60 @ BO 6w oBD
Where:
0w : The xcoordinate of the center of the target
0w : They-coordinate of the center of the target
W : The half major axis of the ellipse
&) : The half minor axis of the ellipse

The coefficient value 2.5 is defined so that the rectangle will include the
entire targetaind its binary codaside, since with the coefficient equal to

(4.1)
(4.2)
(4.3)
(4.4)

2, the cropping rectangle would reach exactfy tothe code segments.
Thus, the dimension of the cropped image is calculated an®Sthe

half axis lengthso include the entire binary code of the targets.

For an ellipse which has an orientation angle betweérad® 138 the
W ,w are defined as:

W
W
W

w

6 d ®
0w W
6w ®

0w W

CA®
CHW
CR®
CRW

Hence, the width and height are:

Figure 4.1 showsan example for the creation of the rectangle for the
cropping where half major axis of the target is equal to 2. Thus, the
multiplication of 2by 3.5 times gives 7. Hence, the distance from the

L QO w

0w oD
0w oW
0w oD

0w oD

&)

w

center to the side of the raagle will be equal to 7.
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Figure 4.1 Rectangle fotarget cropping

4.1.2.Local regionpropswith weighted centroid

The principles in order to do the determination of the position with
regionpropsare more or less the same with the detection algorithm.

The basic idea is to ugegionpropsfunction on the cropped image in
order to find the weighted centroid of the tdargéhe main difference
between the usage odégionpropsin order toachievethe detection and
the measurement is tineethod thathe binarization of the image is done.

The binarization of the image, which now is the target itself, is dedicated
to it. At the vast majority of the cases, same illumination conditions are
present to the whole target and its segments. Keeping this in mind and
having available already some approximate values for ithage
coordinates of theenters of the targets, it is possilaleterminea pixel
intensity sampling.

Hence, a matrix can be created which will include the intensity pixel
values for the center of each target. Because each target has almost the
same lighting conditions on its surface the binarization can be applied
easily.
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In order to have a threshold at a level which will not cause probdems
delete thecode segments of the targets, which are important for the
decoding, the threshold value that it is propased

SR O 6 Q0 Q¢ 0 QI 0 O@wHa 6'Q  (4.11)

Of course, instead of 0.55, the value 0.50 can be used, however several
tests have revealed that the value 0.55 is very religviery change on

the threshold value directly influences the results of the target position
since the binarized imagehdt is used on theegionprops will be
different.

It is important to mention that the cropped imagf&soto 4.1)3do not need

any preprocessingand the original grayscale images are used, thus the
target geometry remains the same and abiitginal state in order to
achieve higher precisions.

4.13. Local regionpropswith image resiang

By the sameprocedure as in the previous paragra@ygionpropsis

executed once more, however this time on a resized cropped image
(Photo 4.2) which is elarged by a specific scale. In this way, the number

of pixels is increased which makes a target more detailedaantl is

revealed from the results of the various experimergsamsncrease the

precision of the measurement. The results from this ighgorare very
promising, since the RMS frasmgt he bt
the image coordinates from this method, that are produced reveal
sufficient precision for photogrammetric works.

Photo4.1 Original cropped image
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Photo4.2 Resized cropped image by a factor of 4

4.14. Ellipse fitting on each target

The most robust, accurate and reliable method for the measurement of the
targets is the ellipse fitting. Extracting elliptic edges from targets and
fitting ellipse equations to them is vefyndamental becausercular
objects, are usually projected agpses on images. However, in order to

do the ellipse fitting with least squares, edge points are required. These
edge points of the targets have been identified by an algorithm called
subpixel edge detection which has been developed by Agustin Trujillo
Pino.

This edge detector is based on an edge and acquisition model derived
from the partial area effect, which does not assume continuity in the
image valuesTrujillo-Pino A. 2013)
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Figure 4.2 Edge estimationScandella L. 2017)

Since in most cases the edges are cuftegure 4.2) these can be
estimated by approximating the edge by a second order curve:

O O O W (4.12)

Theintensities on each side arggand k. The algorithm uses a 5x3 pixel
window, centered on a pixel, moving on the image. In each window, the
areas under the curve,Syv and & are calculated.

Therefore, a 2quation system is obtained using the sumshef 3
columns of the window. Then, the values of coefficiefsy w are
obtained solving the systemrujillo-Pino A. 2013)

B S;+5r—25y
~ 2(A-B)
_ Sg—=51
b= m (4.13)
_ 25 — 5{14 + B} _ ic
 24-DB) 12
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From these parameters, the normal vector of the edges can be calculated:

. ‘© O ..
0 ———= uhp (4.14)
Mp w
The curvature is defined by:
o 5 (4.15)

p w 7

The algorithm is able to extract all the followimgformation for each
edge point with supixel precision

1 The coordinatesyandwof the edge in the image coordinate system.
M The normal vectob

1 The intensitiesSOandOon both sides

1 The curvature

The coordinates of the edge poirese going to be used later as
observations for the least squares adjustment of the ellipsg.fitthere

are two ways that the least squares can be used for the adjustment of
ellipse fitting.

The first one is to use the parametric equations of an ellipse
(Stackexchange Mathematics 2018)

These equations are:
w®d YA GAT® YOEDOEd 6 (4.16)
w®d YATOOEd YOEMAT® 6 (4.17)
Where:

1 O is center x of the ellipse.

1 O iscentery of the ellipse.

9 Y is the half major axis.

1 Y is the half minor axis.

1 wis the angle between the half major axis and the line that connects
the center otheellipse with theadgepoint.

1 0ois the rotation anglef the ellipse

The valuesciofartehealarneglldey 6k nown wi t h &
since the center othe ellipse is defined from the regionprops at the
detection.
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Photo4.3 Subpixel Edge detection on a target

T 418
W W0 Q&E—— )
©E— (4.18)
Where:

1 w isthe xcoordinate of an edge
1 w is the ycoordinate of an edge

From the equations 4%6land 4.7 it is clear thatthere are six unknown
parameters However, since each point has a unique value for the
par am@ét ert h@ number of parameters
thenumber of the edge points.

The system of the observation equations in least sqisares
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(4.30)

(431)

W e o .
}%"YAI@Alm YOEFAT O (4.2)

Since, there are available approximate values for all the parameters these
derivatives can be calculated in order to make the first A matrix.

Then thematrix N is calculated:
0 00O (4.33)

(L e (4.34)
(4.35)
o 6 0 (4.36)

The matrixowwill be equal to

o ! é |:| (4.37)

Hence, the corrections for the unknown parameters are determined. Thus,
the new values for the parameters are going to be:

Oe 0 10 (4.38)
Oe 0 10 (4.29)
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Ya Y 1Y (4.40)

Ye 'Y 1Y (4.41)
e 0 ] O (4.42)
e W ] O (4.43)

The new values for the parameters will be used in order to determine the
new matrix A and the least squares adjustment witdrdedagain. The
process will stop when the valig® and] 0 of matrix o will be
minimized and converged.

After the siccessful calculation of the final values of the parameters, the
variance and covariance matrix should be computed in order to
determine the precision of the calculation for the ellipse centers and the
rest of the parametefé gatzaBalodimou A.M. 2009)

¥ ow 1 @ (4.44)
il (4.%5)
! € A
w ,0 (4.46)
Where
n : the number of the observations
m the numbepf independent unknown parameters

By the least squares approach the Hestllipse can be determined
which will include the most reliable and precise coordinates for each
ellipse cente(Photo 4.4)

After the end of the ellipse fitting, two conditions have been set in order
to checkthequalty of the measurement.

The first condition is to check if the determination of the center of the
ellipse has both on x and y axisnainimum precisionof 0.5 ¢ m,
otherwise if the standard deviatioh»oand y exceeds that value the point
is excluded fronthe list of targets.
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The second condition is to check the residuals of the edge points that
have been used during the ellipse fitting. The condition that has been set,
aims to exclude edge points which have residuals higher dl@n.,
namely 99.7% anfidence level As it is known 3 standard deviations
account for 99.7%Hence points that have residuals that are higher than
this value must be excluded as observations and a new least squares
adjustment should bearried outin order to define more prisely the
ellipse. It should be mentioned that in orderafoply a least squares
adjustment a minimum of six edge points should be available.

Photo4.4 Ellipse fitting result

The aforementioned second condition is very important in order to

exclude points when targets are damaged. For instahtee figure 43,

there is a damaged target which is not circular. The subpixel edge
detection will find all the edges as previously, hoerea calculation of

an ellipse with all the edge points will provide an ellipse which is not

representative of a target. Thus, the center of the target will not be the
correct one. In order to avoid that, the points on the right side of that
targetshouldbe excluded since they are going to have residuals higher
thanoQ, . The new ellipse will be calculated ignoring these edges and

using all the others which are not damaged. This will increase the
precision of the method anid reliability.
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Figure 4.3 Damaged target

Another way to make an algorithm for fit ellipse is to use the general
equation for conic sectiof

ow O0wwdéw Ow Ow O m (4.47)
Theequation 4.Z can be simplified if it iglividedby T F to:
0w Owwodw ©Ow Ow p (4.48)
Like previously the observations are the x and y coordinates of the edges.

In this case the matriX is asfollows:

e XY ¥ X M
€ >

aAz€S XY Vo % %
é: : : : :

(4.49)
I
& XY Y% % %
The 0l ma t r nakix of aes and the nunnbeamof rowegual

to the number of the observations.

Hence after the least square solution, the mairixequal ta
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The coordinates of the ellipse cenftegnter of gravitypre:
~. O [0
0 AT S— | Q&— (4.50)
CO q¢oee
: fer O L, O (4.51)
w OE+—F we +—
cOo coee
Where:
6 060 6 i oi (4.52)
6 o6f 6 wiodw (4.53)
0O 0O Oi (4.54)
0 oi 0 (4.55)
P. . ~ ~0.
— —AOAGAL (4.56)
C 0O O
o AT Oh OE+ (4.57)

These two methods that are mentioned are proposed for the ellipse fit,
however the first one with the usage of the parametric equations of ellipse
provides slightly better results due to several simplifications that are
acceptedn the second method.

4.2. Advantages and disadvantages of the algorithms

Each algorithm presented has its own advantages and disadvantages.

The algorithm that uses thegionpropsfunction on the cropped image, is
relatively quick However it lacks precision and this can be verified
through various results like the standard deviations of the residuals and
the RMS that is achieved by bundle adjustment using the AICON
software wherthe image coordinates that are provided come from this
algorithm.
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The algorithm that uses thliegionpropsfunction on the resized cropped
image, provides better result§he precision achieved is higher with a
relatively quick processing time. Howevergth is no indication of the
quality of the targets image coordinates, that later are going to be used as
input in the bundle adjustment. Nevertheless, after various tests the RMS
from the bundle adjustment reveals that this method is precise and could
be ®nsidered as a method for measuring targets.

Finally, the ellipse fitting using the parametric equation of ellipse
provides high precision and reliabilityThe RMS after the bundle
adjustment that is achievedatthe same level as the one that is acldeve
by AICON using AICON imagecoordinatemeasurements. Due to the
least squares adjustmenstandard deviations for each center are
provided, which is very important for the evaluation of the quality of the
positiondeterminatiorfor each target. Howevelhé time required for the
processing is slightly higher thaor the other algorithms due to the
iterations during the least squares calculations.

Overall, it is considered that the algorithm using the ellipse fitting with
the parametric equation of ellipgs the most robust and reliabldéence

it should be chosen as one of algorithms that is goingakethe target
measurement. The ellipse fitting using the conic section provides almost
equivalent results, with the parametric, however the precisiongislgl

lower due to mathematical simplificatiansThus for the ellipse
adjustment the mathematical model was chosen the parametric equations
of ellipse and all the tests of precision for the ellipse fit were based on
that model.

On the following subchapter, a more in depth analysis for various results
concerningb differentprojects(Table 4.1)s going to be presented.

4.3. Analysis of the results for the measurement algorithms

In order to be able to analyzeompareand interprethe results, the same
observations should be used for all the algorithms. Hence, filtandg
sortingof the targets wasarried ouin order to keep for all the developed
algorithms of the position determination and the AICON, exaitty
same observatis. Targets which were present as observations for
instance to AICON but not for the developed algorithms, were excluded
and not used.
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Project 1 Project 2

Table4.1 Photogrammetric test projects

After the bundle adjustment large amountof datais available to be
extracted, which are able to define which algorithm is the most reliable
and precise.

As in the chapter of the detection, the reference for the comparison of the
detected points that was done, was AICON, also at the position
determinatiorof targets, AICON is going to be used again as reference.

After the bundle adjustmenthe residuals of the image coordinates on
each point on each image are available. The standard deviation of the
residuals on each project will provide the precision tes achieved for

the two dimensional position determination.

The precision on the 2D target position determination that is achieved by
AICON is typically 0.03 pixelupto 0. 05 pi xe&land,n Gbot h
ellipse fitting also provides equivalent lewal precision, which is equal

to 0.03 pixel to 0.05pixel onb o t&a n @ (Fig. 4.6 & 4.7) The rest
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of the position determination algorithnmgovide precisionsvhich are
equal or exceed 0.05 pixel.

The position determination of targets which aghieved by using
regionspropson a resized cropped image, even though on some
individual targets is able to provide results which are determined with a
high precisionhowever,due to the fact that a qualigstimator for each
individual point is absent, it is more prone to include blunders on the
measurementThe blundersmay have a significant impact due to the
resiang of target by a scale, which is not the case on the ellipse fitting
due to the least squem adjustment where the results of the varidnce
covariance matrix allow the estimation of the quality of a target.

Both AICON and the developed algorithm for the ellipse fitting use least
squares adjustment in order to find the image coordinates foetiter of

the ellipse. Both provide to the user the standard deviations of the x and y
component which can be used in order to evaluate the measured center of
the ellipse(Fig. 4.4 & Fig. 4.5) Despite the fact that these values are too
optimistic, they ag& very useful to exclude blunders. AICON provides the
option to increase the number of rays at the target measurement. The
increasenenton the number of raydecreasethe valuesf the standard
deviations, however the precision itself is not increasegiteshe
indication that the standard deviation is gettamgaller The default ray
value that AICON uses is 64 rays. This value as it is shown on the figures
4.4 and 45 provide standard deviations, which are similar to the ones that
the developealgorithm for theellipse fitting.

The precisions for the 2D image coordinates that caacheved by the
least squares adjustment are for the ellipse fitipgut 0.009 pixel on

both x and y componentor the AICON 64 rays arebaund 0.010

pixel on both x and y component. These precision values compared to the
precisions of the 2D image coordinates after the bundle adjustment which
areabout 0.04 pixel, are very optimistic.

There might be several reasons why such a differermecisred Firstis

that the observations that are used both in the ellipse adjusameni
AICON are not completely independent. The subpixel edge detector uses
a 3X5pixel window in order to find the edges, which means that nearby
edge intensity values aret independent and affect the outcome of the
edge detector. The same goes for AICON where dbigousthat the

bigger the number of rayss, the smaller the values for the standard
deviations becomé&his is due to the fact that the number of obseraatio
increase by using same observations. Furthermore, the camera that is used
IS a noAametric camera, which might have an influence. The chip itself
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and whether is completely flat or not might also have an influence, as
well as the parts of the distortiohat are linked to the distance. Hence,
there might be a great number of reasons that account for these
differences, which should to be investigated.
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Figure 4.4 Precision of the 2D target position determioa for project 1
as a result of least squares adjustment for ellipse fitting and AICON
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Figure 4.5 Precision of the 2D target position determination for project 4
as a result of least squares adjustmentltipse fitting and AICON
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Figures 46 and 47, presenthe precisions of the 2D image coordinates of
points after the bundle adjustmeAmongthe algorithms that va been
developed to determine the 2D position of the targets on the images the
one that provides the highest precision is the Ellipse fittifigis
algorithm provides precisions nearly equal with the ones that AICON
provides.

Both they provide precisions raund 0.03 pixel to 0.05 pixel,
depending on the distribution of the points and the conditions that are
present during the capture of the images.

For the projects 3 (LHC mockup), 4 and 5 (both LHC) which have same
configurations, the precisions anéthe order of 0.048 pixelfor the x
component and 0.040 pixel for the y component, by usingither
AICON andor ellipse fitting.

In the figures 8 and 49, the residuals of the 2D image coordinates on
project 4 for the AICON and the tested algorithmne presentedThe
figures show that the AICON and the ellipse adjustment are able to
provide the best results concerning the residudigre theconcentration

of residuals that are betweeh02 pixel to 0.02 pixel is higher compared
to the other measuremt algorithms.

The distribution of the residualshows thathe most suitable algorithm
betweernthe developed algorithms for the target position determination is

the Ellipse adjustmerfitting which provides residuals closer to the ones

that AICON provids which are concentrated mainly on small values. It

should be mentioned that for the tests at the LHC the camera that was
used was the Nikon D3X which has a p

By figures 4.8 and 49 it is obviousthat the concentration of the residuals
around O pixel is higher on the y component rather than on the x
component. One of the reasons that such a phenonoecarsis the fact

that the images are not square, but rather rectangular, witlarder
dimension on the x. That means that targeds llave large x component
values are more distorted since they are further from the center of the
image and are prone to have higher residual values. Furthermore, the
distribution of the points on the magnet bolstered this issue, because there
was a limitel spread of points on the y direction and the targets had small
values on theaxis, which makes the points to have smaller residuals on
the y direction.
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Figure 4.8 Comparison of the 2D image coordinatsiduals
(x component) after the bundle adjustment
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Figure 4.9 Comparison of the 2D image coordinate residuals
(y component) after the bundle adjustment
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After the bundle adjustment, the 3D position determination of the targets
' avail abl e, and the 3D coegand i
RMSxyz for the object points.This verifies that the ellipse fitting
provides the closest results to the oné A&I&ON provdes.

I S

Figures 4.0 to 4.4 presentthe RMS on X, Y and Z of the 3D
coordinates in the object space for the prgjédb 5.
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Figure 4.10 RMS for project 1

RMS X RMS'Y RMS Z

Figure 4.11 RMS for project 2
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Figure 4.12 RMS for project 3
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Figure 4.13 RMS for project 4
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Figure 4.14 RMS for project 5

By executing the bundle adjustment, the object coordinates of the targets
are defined. However, in the AICON software, an arbitrary global
coordinate system is defined after the bundle adjustment, which is
dependent on the cross that has been used talizgetiand set the
coordinate system. Thus, a point that has been measured with two
different algorithms might have different coordinates because the
coordinate system after the adjustment has been defined differently.
Nevertheless, the relative position thfe points should be identical if
there is no error during the measurement. Hence, after the best fit
transformation there should not be any residuals on the points on the
project that has been transformed to another coordinate system. In reality,
achievng residuals that are equal to O is not possible. However, the lower
the residuals are, the better the fitting is done.

Figures 4.19 to 4.23present the analysis of the results of best fit
transformation has been applied on each project vdpaalcoordinates

have been computed after the adjustment of the target measurements by
the different algorithms. The referencgpatial coordinates for the
transformations have been chosen the ones that have taken into
consideratiorby AICON target measurements

Once again, the best fit transformation between the points that have been
computed using the ellipse fitting and AICON, have murhaller
residuals, which indicates the compatibility of the measurements with the
AICON measurements.
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Figure 4.15 Residualsand STDEWf spatialcoordinates of targets,
measured by the developed algorithms on projexdtel the best fit
transformation that uses as reference spatialcoordinates of targets
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Figure 4.16 Residualsand STDEWf spatialcoordinates of targets,
measured by the developed algorithms on projexdte? the best fit
transformation that uses as reference ¢patial coordinates of targets

which have been measured by AICON
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Figure 4.17 Residualsand STDE\of spatialcoordinates of targets,
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Figure 4.18 Residualsand STDE\Wf spatialcoordinates of targets,
measured by the developed algorithms on projexftet the best fit
transformation that uses as reference spatial coordinates of targets
which have been measured by AKCO
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Figure 4.19 Residualsand STDE\of spatialcoordinates of targets,
measured by the developed algorithms on projedtds the best fit
transformation that uses as reference spatial coordinates of targets

which have been measured/AYCON

The standard deviations of the residuals on project 3 (LHC mockup),
project 4 (LHC) and project 5 (LHC) for the transformation of the object

points whose targets positions have been determined using ellipse fitting,
areabout5>-6 & m o n t doraponént andfodthe they aref the

orderof 8 & m. These differences on the
because they are on the saoreler as the RMS at the X, Y and Z
componen(Table 4.2)

RMSX RMSY RMSZ STDEV STDEV STDEV
(mm)  (mm) (mm) Transformation Transformation Transformation
Res X (mm) Res Y (mm) Res Z (mm)

Project 1 0.0018 0.0018 0.0049 0.0015 0.0017 0.0038
Project 2 0.0034 0.0050 0.0087 0.0028 0.0036 0.0081
Project 3 0.0036 0.0029 0.0080 0.0055 0.0032 0.0093
Project4 0.0031 0.0053 0.0070 0.0038 0.0055 0.0068
Project5 0.0040 0.0057 0.0070 0.0045 0.0061 0.0079

Table4.2 RMS of bundle adjustment aBdDEV of theesiduals after
best fittingtransformation
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Chapter 5

TARGET DECODING

5.1. Photogrammetric encoded targets pattern

Enmoded targets are useful for automated photogrammetric processing.
They can be used for automated calibration on a test field or as control or
reference points. Each ersm target has a unique binary ring around the
circular center which indicaseits code. The code is read along an
ellipsoid path around thecenter8® hm 1. 201 8)

The encoded targets that are usually used are 12, 14 and 20bit. The
number of bits reveals the total amount of code segmeiatsarget. For
instarce, a 12bit encoded target has 12 code segments which might be
black or white.Figure 5.1presents a 1Bit codedtarget with its code
segments.

12 | 1 iy
.
Q 7 6 B

Figure 5.1 Example of 12bit encoded photogrammetric target

The principle for the decoding of the targets is to find the binary number
that is generated by the sequence of the code segnkégise 5.1
presentsa possible binary code for the target is 110110010100 which in
the decimal system is the number 3476. doer, this is not the final ID

for the target because the binary number sequence that creates the
smallest decimal number needs to be fouwice the smallest number is
found, the final code will be assigned from a look up table.
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5.2. Decoding algorithm

In order to start the decoding of the targets, points should be distributed
around the targets and specifically they should be on the code segments.
If for example, the coded target is-b# then 14 points should be
dispersed.

By usingthe ellipse fitting, theegionpropson the whole image and the
execution ofregionpropson the cropped images, the half minor and half
major axis are available for each target and they can be used in order to
spread the points.

The coordinates of the points dtéanolopoulos K. 2017)

5.1
O CRINAI @D&)—,,Qb (5.1)
, yon o G (5.2)
Efo— .
W ¢® WD 00
"Q mipf8 o Qo

Where:

T wis the half major axis
1 wis the half minor axis

The value 2.5 is ches in order to have the points the middle of the
segmentsFigure 4.1presentghat in order to be inside the code segment
part the coefficient required should be between 2 and 3, hence 2.5 is
chosen as the most suitable.

Now these points should be transferred to the coordinatensydteach
cropped image. Since each target has been cropped from the entire image,
there is one target center for each gma-urthermore, the points should

be rotated according to the rotation angle of the ellipse. Hence, the
transformation that is reqad for the points is done according to the
following formulas(LaValle S. 2018)

e 6 wATS oAl oL (5.3)
e 6 wOEF AT S (5.4)
Where:

! 0 and0 the local coordinates of the centers of the targets
1 —is the rotation angle of the ellipse
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Since, the coordinates of the points on the code segments are determined,
their pixel values can also be specified easily.

Knowing the position and the pixel valog each point, a binary number
sequence can be created which will be a possible candidate for the final
ID of the target.

If the targets are 1Bit then each target has 14 different binary code
candidates to determine its final ID. The binary sequence whia
provide the minimum value in the decimal system for the ID, is the
sequence that should be chosen. In order to find the minimum value,
multiple transfers of the first digit to the end of the binary sequence
should be done. The multiple transfersttud first digit to the end of the
binary sequence are illustrated on the example in the figure 5.2 where the
minimum value is 1011 which is generated by the sequence
00001111110011, which corresponds to the code number 170 in AICON.

3135

1011
8697

12540
6270

0/1]1]0/0/010 1111 1]1]1]0]

Figure 5.2 Process to find the minimum value from a binary sequence
5.3. The decoding issues

There are several issues, which may cause probfemshe correct
decoding of the target#n this section these issues aregsented and a
solution for thems proposed.

There aremany reasonghat the decoding algorithm might not provide
satisfactory results. Two of the most common issues are that a target has
been identified with a wrong ID and the decoding was not abjedvide

result.
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The first issue is due to the fact that some segments are partially damaged
and this may affect the binarization of the image, hence the binary image
will include some noise which will be part of the code.

Furthermore, depending on theesof the target, the illumination and the
quality of the image, the code segments may be too close, too dark or
even their shape may not be the correct one.

In addition, some points spread on the segments might fall on the edge
between two code elementsfact that makes the result of the decoding
vague and it is unclear whether the binary sequence that is generated
correcty. These factorbave an important role on the decoding algorithm
and they should be faced.

Another reasomwhy decoding may not bable to provide any results is
due to the fact that the target may be uncoded, the target might have
damagedr hiddensegments or the candidate target identified might not
even be a target, thugherobjects that have almost same properties as a
targethave been identified instead.

In order to face these issuég,abate the probability of a false decoding
andto make the algorithm more robust, a solution has been proposed.

In order to assure that the code identified is the correct one, the decoding
algaithm runs more than one time. Each time using different rotation
angle for the ellipse. In this way, the distribution of the points slightly
changes, however due to that, it provides more reliability to the decoding.
When at least two times, for each &tr@ specific ID is identified then

this ID is chosen as the representative of the target.

Depending on the number of segments that each target has, different
values for the rotation changes have been ch@ssrle 5.1)

BIT EXTRA ROTATIONI®grees)

12 -Mnb’ pb" nb'pb’ mMnb’
14 vyb' nb' nb'nb yb'
20 b ob' nb‘ob" cb’

Table5.1 Additional rotations in degrees used on the ellipse rotation
angle for the identification of the ID of the target

In most cases 14it code targets were used during the various tests,
hence the decoding algorithm has been run for all the above extrarrota

(-8degs4 deg, +4 deg, +8 deg) with respect
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Figure 5.3 Target ID decoding using different rotation angles

In figure 5.3, the blue points are the ones with the ihitatation of the
ellipse, which has an extra rotation equal tde@reesThe red and the
green have extraptations of4 and 8 degrees respectively. While the cyan
and magenta points have extra rotations equdl &md-8 degrees.

All these rotations asire that at least 2 of them will provide the same ID
for the target, hence in most cases the ID of the target can be decoded
successfully.

During the teststihas been revealed that in order to maximize the
efficiency of the decoding, the binarization mat should be chosen very
carefully. In general, the same illumination and intensity level that the
center of a target has, are present also on the code segments. Thus, the
intensity value of the center is necessary to be found. Once this is done,
the threshold for the binarization is:

O OF QM ) QQa wdd 6 Q (5.3)

After several tests, the value 55% is chosen as a reliable value in order to
minimize the noise on the targets and in general to distinguish the
background with thdoreground which is the target itself with its code
elements. This value also prohibits the deletion of the code segment
during the binarization.

Attention should be given to codes that do not correspond to the lookup
tables. If for various reasons a code generated which does not
correspond to the lookup table then the target should be giv@mdom

ID and be considered as uncoded target. On the following pages, there are
the lookup tables for the 1@able 5.3)and 14(Table 5.4)bit targets
which arethe most common.

On the projects 1 to 5 as they are mentiamechapter 4, there have been
several tests, in order to find out, how many of the total amount of coded

99



targets in a project identified by AICON have been assigned the same
code number by theedeloped decoding algorithm.

As it presentedn table 5.2 the percentage of mutual codes in all projects
Is very high, and almost all of the projedtave above 95% common
decoding. For the missing targets, no codes were assigned.

Project Coded targets idstified by AICON Same coded assignhed both by AICC %
and developed decoding algorithm

1 3724 3722 99.9
2 1320 1248 94.5
3 5441 5292 97.2
4 3187 3150 98.8
5 2746 2657 96.8

Table5.2 Number of coded targets with mutual code assigned by AICON
and developed decoding algorithm and percentage out of the total coded
targets identified by AICON
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AICON DECODING II AICON DECODINC AICON DECODINC AIGCON DECODINC

ID ID ID ID ID ID ID
1 65 45 317 89 621 133 1375
2 71 46 325 90 627 134 1391
3 75 47 329 91 629 135 1399
4 77 48 335 92 639 136 1403
5 83 49 343 93 663 137 1455
6 85 50 347 94 667 138 1463
7 89 51 349 95 669 139 1467
8 95 52 359 96 679 140 1495
9 99 53 363 97 683 141 1499

10 101 54 365 98 685 142 1535

11 105 55 371 99 691 143 1755

12 111 56 373 100 703 144 1791

13 113 57 377 101 715 145 1919

14 119 58 383 102 717 146 1983

15 123 59 399 103 723 147 2015

16 125 60 407 104 725

17 135 61 411 105 735

18 139 62 413 106 751

19 147 63 423 107 759

20 159 64 427 108 763

21 163 65 429 109 765

22 175 66 435 110 821

23 183 67 437 111 831

24 187 68 447 112 845

25 195 69 455 113 853

26 197 70 459 114 863

27 201 71 461 115 879

28 207 72 467 116 887

29 209 73 469 117 891

30 215 74 473 118 893

31 219 75 479 119 927

32 221 76 485 120 943

33 231 77 489 121 951

34 235 78 495 122 955

35 237 79 503 123 957

36 243 80 507 124 975

37 245 81 509 125 983

38 249 82 585 126 987

39 255 83 591 127 989

40 277 84 599 128 1003

41 287 85 603 129 1005

42 293 86 605 130 1013

43 303 87 615 131 1023

44 311 88 619 132 1365

Table5.312 bit Target ID lookup table
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AICON DECODINC AICON DECODINC AICON DECODINC AICON DECODINC

ID ID ID ID ID ID ID ID

1 129 45 359 89 605 133 839
2 135 46 363 90 615 134 843
3 139 a7 371 91 621 135 845
4 141 48 383 92 629 136 851
5 147 49 387 93 639 137 853
6 149 50 389 94 645 138 863
7 153 51 393 95 649 139 867
8 159 52 399 96 655 140 869
9 163 53 401 97 657 141 879
10 165 54 407 98 663 142 887
11 169 55 411 99 667 143 891
12 175 56 413 100 669 144 893
13 177 57 417 101 679 145 903
14 183 58 423 102 683 146 907
15 187 59 427 103 685 147 909
16 189 60 429 104 691 148 915
17 195 61 435 105 693 149 917
18 197 62 437 106 697 150 921
19 201 63 441 107 703 151 927
20 207 64 447 108 711 152 931
21 209 65 455 109 715 153 933
22 215 66 459 110 717 154 937
23 219 67 461 111 723 155 943
24 221 68 467 112 725 156 945
25 225 69 469 113 729 157 951
26 231 70 473 114 735 158 955
27 235 71 479 115 739 159 957
28 237 72 483 116 741 160 965
29 243 73 485 117 745 161 969
30 245 74 489 118 751 162 975
31 249 75 495 119 753 163 977
32 255 76 497 120 759 164 983
33 263 77 503 121 763 165 987
34 267 78 507 122 765 166 989
35 275 79 509 123 783 167 999
36 287 80 533 124 791 168 1003
37 201 81 543 125 795 169 1005
38 303 82 549 126 797 170 1011
39 311 83 559 127 807 171 1013
40 315 84 567 128 811 172 1017
41 323 85 573 129 813 173 1023
42 335 86 581 130 819 174 1097
43 343 87 501 131 821 175 1103
44 347 88 599 132 831 176 1115
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AICON DECODINC AICON DECODINC AICON DECODINC AICON DECODINC
ID ID ID ID ID ID ID ID
177 1117 221 1369 265 1647 309 1913
178 1131 222 1375 266 1655 310 1919
179 1133 223 1379 267 1659 311 1935
180 1145 224 1385 268 1661 312 1943
181 1151 225 1391 269 1677 313 1947
182 1161 226 1399 270 1683 314 1949
183 1167 227 1403 271 1685 315 1959
184 1175 228 1405 272 1689 316 1963
185 1179 229 1419 273 1695 317 1965
186 1181 230 1421 274 1701 318 1971
187 1191 231 1427 275 1705 319 1973
188 1195 232 1429 276 1711 320 1977
189 1197 233 1433 277 1719 321 1983
190 1203 234 1439 278 1723 322 1995
191 1205 235 1443 279 1725 323 1997
192 1209 236 1445 280 1737 324 2003
193 1215 237 1449 281 1743 325 2005
194 1223 238 1455 282 1751 326 2009
195 1227 239 1463 283 1755 327 2015
196 1229 240 1467 284 1757 328 2021
197 1235 241 1469 285 1767 329 2025
198 1237 242 1481 286 1771 330 2031
199 1241 243 1487 287 1773 331 2039
200 1247 244 1495 288 1779 332 2043
201 1251 245 1499 289 1781 333 2045
202 1253 246 1501 290 1785 334 2343
203 1257 247 1511 291 1791 335 2347
204 1263 248 1515 292 1823 336 2355
205 1271 249 1517 293 1829 337 2357
206 1275 250 1523 294 1833 338 2367
207 1277 251 1525 295 1839 339 2379
208 1303 252 1529 296 1847 340 2387
209 1307 253 1535 297 1851 341 2389
210 1309 254 1589 298 1853 342 2399
211 1319 255 1593 299 1865 343 2415
212 1323 256 1599 300 1871 344 2423
213 1325 257 1607 301 1879 345 2427
214 1331 258 1611 302 1883 346 2429
215 1337 259 1613 303 1885 347 2451
216 1343 260 1621 304 1895 348 2453
217 1351 261 1625 305 1899 349 2463
218 1355 262 1631 306 1901 350 2469
219 1357 263 1637 307 1907 351 2479
220 1363 264 1641 308 1909 352 2487
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AICON DECODINC AICON DECODINC AICON DECODINC AICON DECODINC
ID ID ID ID ID ID ID ID
353 2491 397 2923 441 3485 485 5463
354 2493 398 2925 442 3495 486 5467
355 2511 399 2931 443 3499 487 5483
356 2519 400 2933 444 3501 488 5503
357 2523 401 2943 445 3509 489 5547
358 2525 402 2967 446 3519 490 5567
359 2535 403 2971 447 3541 491 5599
360 2539 404 2973 448 3551 492 5615
361 2541 405 2983 449 3567 493 5623
362 2547 406 2987 450 3575 494 5627
363 2549 407 2989 451 3579 495 5823
364 2559 408 2995 452 3581 496 5855
365 2643 409 2997 453 3701 497 5871
366 2645 410 3007 454 3711 498 5879
367 2655 411 3021 455 3741 499 5883
368 2671 412 3027 456 3755 500 5983
369 2679 413 3029 457 3757 501 5999
370 2683 414 3039 458 3765 502 6007
371 2685 415 3055 459 3775 503 6011
372 2709 416 3063 460 3797 504 6063
373 2719 417 3067 461 3807 505 6071
374 2735 418 3069 462 3823 506 6075
375 2743 419 3279 463 3831 507 6107
376 2747 420 3287 464 3835 508 6143
377 2749 421 3291 465 3837 509 7023
378 2767 422 3293 466 3903 510 7031
379 2775 423 3303 467 3925 511 7095
380 2779 424 3307 468 3935 512 7167
381 2781 425 3309 469 3951 513 7679
382 2791 426 3317 470 3959 514 7935
383 2795 427 3327 471 3963 515 8063
384 2797 428 3383 472 3965 516 8127
385 2803 429 3387 473 3999
386 2805 430 3389 474 4015
387 2815 431 3407 475 4023
388 2863 432 3415 476 4027
389 2871 433 3419 477 4029
390 2875 434 3421 478 4055
391 2877 435 3431 479 4059
392 2895 436 3435 480 4061
393 2903 437 3437 481 4075
394 2907 438 3445 482 4077
395 2909 439 3455 483 4085
396 2919 440 3483 484 4095

Table5.4 14 bit Target ID lookup table
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5.4. Uncoded targets correspondence

A link between theuncoded targets is important to be implemented in
order to find the correspondence of these targets on every image. The
uncoded targets are placed mostly on the fiducials from which the offset
measuremas with respect tthe stretchedvire arecomputed

In close range photogrammetry and especially at CERbhded targets

are very common because they can be used on the fiduoialarious
projects, there might be a group of encoded ammbded target¢Photo

5.1), which should be identified and measuredcoded targets, have a
disadvantage that they do not have code segments, thus it is not possible
to find the homologous pointa the way that it is done with the encoded
targets, bydecodingtheir code elements.

Photo5.1 Encoded andincoded targets on a project

Usually theuncoded targets have a rigid black body and on the teyeth

is a white spot, which is the target. In tphoto 5.2 three types of
unooded targets are presented. These targets have a base, which fits inside
the fiducialssockets (Photo 5.3)They have a high resilience in time
which is one of the factors theyeapreferred. These targets can be
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precisely placed in the reference holes and the precision of the placement
Is 10e mo 2 0 aceording to the manual.

Photo5.2 Uncoded targets

Photo5.3 Components of a fiducial

5.4.1.The developedmethodto find the homologous points

The position of bth uncoded targets and encoded targets should be
determined on the image space and their coordinates shociédicbhéated
in the 3D space. In order toachieve that there should be a
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correspondence of each target, to find the homologous points on multiple
images. The encoded targets achieve that thanks to their code, however
the uncoded targets do nalfffer this possibility, hence a code should be
given to them in er to include these targetstire bundle adjustment.

The first step that is required in order to start the process of finding the
correspondence of thencoded targets on the images is to calculdtthal
parameters of the interior and the exterior orientation. Hence, a project
for the calibration of the camera should be done. Once the interior
orientation is defined, the image coordinates of the targets should be
corrected from distortion.

Since theexterior orientation is already determined from the calibration
or the bundle adjustment of a project using encoded targets the process in
order to find the homologous points of the romted targets can start.

The following procedure and formulas candpplied for multiple images

and noncoded targets, however for simplicity there will be a focus on
just 2 images and onexcoded target.

After the iterative distortion correction is applied as it is mentiamed

Chapter 2, the parameters of #derior orientation (¥ Yo, Zo, ¥, a, 3 )
for each image should be extracted from the bundle adjustment report.

Then the rotation matrices for the images should be constructed.

In this case, where there are only two images, there will bedt@tion
matrices, the Rand Rk

@C0y CoSk  sin usin jcostkcos N Kk COS Sk cgs+ g Si
R:gcoq sink sin Bin Ain k€0S QOS kCOS Siw Sipi sk cos (5.5)
g sinj - sin ncos k COS oS J

Then the image coordinates of the points should be multiplied with the
transposed rotation matriceésannidis H. 2018)

wae W

we Y o (5.6)
W &)

W e W

we Y O (5.7)
& W

Afterwards,the approximate object coordinates for the-noded target
will be:
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The indicators L an R means Left and Right.

The observation equations are the collinearity equations.

LY O O Y O o Y 0o o

U OWNTE e Yoo Y b o
., Y 00 Y O Y OO
e WTee Y oo Y o o
D0 0w 0w, 0w w w
Hence for the two images
YO ®d W Y ® © Y O ©
W Y O ® Y ® © Y O @
®w Y ® ® Y ® ®© Y O Q
YO h O Y O © Y O ©
w Y O © Y ® © Y O ©
w Y O ® Y o ® ® Y O ®

The design matrix A will have the following elements

~ Y , Y

0] W — Y —
W W

LY Y

0] W — Y —
W W

LY Y

0] W — Y —
W W

Y W

0] W — Y —
W W
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« Y ‘ W
0 Ww— Y — (5.23)
W W
« Y ‘ W
0 Ww-— Y — (5.24)
W W
+ Y Y
0 Ww-— Y — (5.25)
W W
+ Y , Y
0 Ww-— Y — (5.26)
W W
~ Y , Y
W W
~ Y , W
0 Ww-— Y — (5.28)
W W
- Y ! W
W W
- Y ! W
W W
0 0 0
N 0 0 0
0 0 0
The matrix UuUu&a wil |l be:
w O
G 0 5.32
'~ o o (5.32)
W @)

Where (X, y.) and (%, yr) are the image coordinates of the point on the
left and right imagé&oannidis H. 2018)

6 86 (5.33)
o 0 6 (5.35)
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1
O (5.36)
7 @

Then the object space coordinates of the target are going to be:

® |

e 1 (5.37)
e ® 1 ®
This procedure continues until the vedaimreaches aninimum value that
the user provides.

After the calculation of the final coordinates, the variance and covariance
Vx matrix should be computed in order to determine the precision of the
intersection.

T 0w 7 a (5.38)
5.39
st (5.39)
) € q
w ,0 (5.40)
Thus, the standar d d epatialeobrdirmtesscanl § |,

be calculated. If the standard deviations that came as results of the
intersection(Fig. 5.4)have valuesmallerthan the value the user has set

(for most cases 56 m)the points that were targeted are the same and
they are homologous, hence a number can be assigned for these targets. If
the standard deviations havmg values then the intersection is not
precise This means that the points were not correspondent hay t
should not have the same number because they are different targets.

By this method, homologous points can be found with reliability.

XY,z

Figure 5.4 Intersection
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Chapter 6

LGC & LGC2 SOFTWARE

6.1. LGC

LGC is asurveying software that has been developed at CERIé
software enables a survey measurement network to be analyzed and
processed in three different ways:

1 Processing of the observed measurements through a least squares
algorithm for the calculation of € unknown coordinates of the
network and other additional unknown parameters such as instrument
highs, total station orientations and measurement constants.

9 Error detection process for the observed measurements, where the
unknown parameters such as thdrun®ent heights and total station
orientations are calculated.

1 A simulation of a given network configuration.

A least squares solution requires that sufficient constraints are included in
the network so that the process will converge. The position atient

and scale of the network need to be fixed. This is possible by introducing
points which have fixed positions or distances. An alternative is to make
a free network adjustmefERN LGC 2018)

Due to the fact that new eigment and sensors were integrated at CERN
so as to allow a larger field of applications and measurements such as the
unlevelled polar measurement with the laser tracker, the LGC program
was upgradedin order to cover the needs for the processing of the
measurements and to include the new instruments.

At the LGC2, UVEC and UVD observations can be used for
measurements by camgfag. 6.1) A ray which passes from the chip of
the camera, the center of projection and the target itself caarnverted

in a unt vector, u, with u=(i,j,k) representing the direction of the
measurements. To express this kind of observation,

1 UVD, Unit Vector with a distance
1 UVEC, Unit VECtor, as a simplification of UVD

have been defined.
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u=(i,j,k}
— >
I N 7
] Station (S)
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X = d?l.—
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L J Y

Figure 6.1 Camera representatiofarbier M. 2016)

The corresponding equations for UVD and UVEC are respectively:

O i (6.1)

0 Q N (6.2)

Wheres is the distance between the lens of the BCAM (considered as a
measuringstation) and the targetBarbier M. 2016)BCAM is a camera
looking at one or more light sources.

6.2. LGC2

The new version of LGC, the LGC2 is improved in many ways from the
previous version. Not only do@soffer a better maintainability, but also a
stack of local Cartesian frames can be introduced for observations and
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parameters. It islsoableto take more pameters and instruments into
account. All these newly introduced features increase the complexity of
the input file, however the new data pro\sdebetter control of the error
propagation and provide more sophisticated setups using local frames
(Fig. 6.2 (LGC2 User Guide 2018)

[ e ]
[ ormons |}
[ insTRUMENTS |
[ ronrs |
[

OBSERVATIONS ]

FRAME

OBSERVATIONS

FRAME

[ ]

FRAME

( END )

Figure 6.2 General file layou{LGC2 User Guide 2018)

Two of the new features introducedthe LGCZoftwarearethe creation
of frames and the introduction of a new type of observations.

The new type of observations such as PLRBIg. 6.3) ANGL, ZEND

and DIST provide the ability to combine a horizontal lan@zenith
distance (vertical angle) and a spatial distance. The values typically come
from a laser tracker or total station and cdier a better contribution to

the adjustment when they are supplied together.

Stacking local Cartesian frames (FRAME})l® configuration is a major
new feature of the LGC2. A FRAME contains points and measurements
like the UVEC, UVD, PLR3D, ANGL, ZEND, DIST and even further
frames. Each FRAME section that opens must be closed by the keyword
ENDFRAME. A frame is for exampluseful to create a group of points
that can only move together. The points must be declared tistng
CALA keywordinside the frame declaration to achieve a moving point
group. A frame is defined Ithree translationgelative to its parent
frame, threeotationsand ascale factor.
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By default,a frame is fixed, the rotations around the axes may be enabled
by adding the RX, RY and RZ flags, translations are enabled by the TX,
TY and TZ flags and scale by SCL flag.

The transformations into a frame is domg using the rotation matrix
Y Y JY JY, where firstly rotation about Z axis is applied,

followed by a rotation about Y axis, and ending with a rotation about the
X axis.

A typical input file for the LGC2 which includes measurementddoget
points and for a wire ipresented on photo 6.1

Figure 6.3 PLR3D observatiol.GC2 User Guide 2018)
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*TITR

MERSUREMENTS

*OLOC

*DUNC T

*DPREC 7

*FAUT

+*INSTR

*CaMD Ts1 TGET1 0.0
TGETL o0.008 o.0o08 0.1 o

TWIRE 0.005 0.005 0.1 o

*CAMD WIRESIM TET_WIRE 0.0

TGET_WIRE 0.00001 0.00001 0.00001 0.00%

*POIN

10005 0.9607291 0.53203Z88 -0.0586531

10008 1.080959Z1 0.43513870 -0.0072886

10007 0.9692598 0.0447312 0.1487803

10012 0.8780361 -0.3352052 0.3278310

% FPhoto 11

[ -

*FREME FHOT11 0.252459395 -0_9375829 0.8l88366 -48_43625234 15.532315831
5 -

+CALA

FHOTOLL 1] 1] La]

*CAM PHOTO11 TS1

*UVEC

10005 0_0B8ZZ147080 0._2516868564 -0_9325004540

10008 0._18056858525 0.3512515715% -0.92241023963

10007 0.2487704121 0.2205020071 -0.9104294071

10012 0._4087562368 0.2101381152 -0._8583212381

WPZ1 -0_5308888570 0.1008504418 -0.8414431116 TRET TWIRE
WEZZ 0.515994594162 0.1729422885 —0.8365067659 TRET TWIRE
*ENDFRRME

% TChoto 19

[ -

*FREME FHOT1S 0.5255377 -0_5005894 1.1782740 -15_7765022 10_203033&
5 -

“CALR

FHOTOLZ2 1] 1] La]

*CAM PHOTO1S TS1

*UVEC

10005 0.1085478000 0._2653115488 -0_9247875824

10008 0.1812701125 0.3241423217 —-0.9245270540

10007 0_20070805592 0.1687942552 -0_.9650002330

10012 0_2Z2776649584 -0.104444350& -0_9680973&874

WES7 -0.5313731481 —-0_.0778493993 -0.8431711908 TRGT TWIRE
WE3E 0.5276486318 -0.0210940921 —0.8488534428 TRET TWIRE
*ENDFRRME

% TChoto 26

[ -

*FREME FHOTZa 0.8588328 -0_4B8Z2243 1.1789530 -Z1_93928315 1.4077223
5 -

*CALR

DHOTOZE [u] [u] o

*CAM PHOTOZE TS1

*UVEC

10005 0_.03ZZ810043 0_3386920639 -0_9403433536

10008 0.1029311442 0.23120927832 -0.9444592562

10007 0_0&88372018 0.12395957389 —-0._.9885839852

10012 0_005&6040803 -0.16635694482 -0_5860429254

WPEl -0.5300556523 -0.1150442374 -0.8401225079 TRGT TWIRE
WESZ 0.5266445754 -0.0&30202589 —0.8472787380 TRET TWIRE
*FRAME WIRE -0_3324187 -0_Z4Z&877 0_.1033539 0_0000000 100_0000000 0_0000000
*FRAME WIREZ 0_0000000 0.0000000 0.0000000 355_0718766 533.1051275 351.1650538
*CAT.R

WEOD 0.0000000 0.0000000 0.0000000

*BOIN

WPZ1 0.0000000 0.0000000 —-0.3739147

WPZZ 0.0000000 0_0000000 -1.8525815

WP27 0.0000000 0.0000000 -0.3841150

Wpaa 0.0000000 0_0000000 -1.8448258

WPS1 0.0000000 0.0000000 -0.5253430

WPSZ 0.0000000 0_0000000 —1.9244534

*FRAME WIREM 0.0000000 0.0000000 -0_8227822 0.0000000 0.0000000 0.0000000 1
*CRLE

WEM 0_0000000 0_00000aa 0_0000000

Fiducial 0.0000000 0.0000000 -0.4836533 % 10005

ProjectPointZ 0_000aaaa 0_0000000 -0_5818114 % 10008
FiducialBar 0.0000000 0.0000000 -0.4822111 % 10007
Projectlointd 0_0000000 0.0000000 -0.2820088 % 10012

*CRM WEM WIRESIM

*UVEC

WPZ1 0.0000000 0.0000000 -1.0000000

WPZZ 0.0000000 0_0000000 1.0000000

WP27 0.0000000 0.0000000 -1.0000000

WP3a 0.0000000 0_0000000 1.0000000

WPS1 0.0000000 0.0000000 -1.0000000

WPSZ 0.0000000 0_0000000 1.0000000

+*ENDFRAME

+*ENDFRAME

+*ENDFRAME

*END

Photo6.1 LGC2 input file
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6.3. Input data

Each observation type requires its own data preparatiorprnogssing
Hence, for instance the UVEC needs different type of data treatment than
the ANGL and ZEND. Furthermore, in order to ékle to prepare the
data concerning the wire to be used for LGC2, several calculations should
be done. All data preparati®and the calculations required for target
points and the wire are presented on $leistion

6.3.1.ANGL and ZEND

One type of obserwi@ns that can be used for the target points are the
ANGL and the ZEND(Fig. 6.4 & Fig. 6.5) ANGL is a standard
hori zont al a n g while the ZBBND usrthe Zemith distade )
(vertical a n g | .aBeforenileeacalculatiennoé thet verticdd d )
and horizontal angle, the image coordinates should be corr&cied
distortion.

Figure 6.4 ANGL and ZEND observations
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Once the correction is applied then the angles can be computed by the
following formulas(Spherical Coordinates Wolfram 2018)

i © a (6.3)
~ 0

— Gl bae (6.4)

= (6.5)

- = D06
G %

As for the approximat@bject coordinates of the targets, they can be
extracted from the bundle adjustment report for the encoded targets and
for theuncoded targets, they can be taken from the 3D intersections that
areperformedn order to find the homologous points, asitescribed in

the chapter 5.

Z
x(1,0,0)
re o
6.
—y |
: : y
D,
X
Figure65Spher i cal coordinates (r, d,
d (theta), and azi mut hal angl e
instead of r

(wikipedia.org/wiki/Spherical _coordinate system)

6.3.2.UVEC

The other type of observations that can be usdtie UVEC. UVEC is

the measurement of a spatial direction vector made by a camera, therefore
the expected vector is a unity vector. The unity vectors are defined by the
following formulas:
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l W 0 qQ (6.6)
o (6.7)
0 :_0 (6.8)
O 19 (6.9)

6.3.3.Stretched wire

Just a part of the entire wire is visilid@ each imageHence, from the
algorithm that has been developed by Lucie Scandg&laandella L.
2017) it is possible to extract the image coordinates offilse and the

last point of the wire on each image. Thus, if a segment of the wire has
been captured by 4 images then from the algorithdifferent points can

be extracted. All these points in tBB space should corresp to points

on a straight line. bwever it should be mentioned that the stretched wire
has a small sagvhich can be illustrated at the figure 6.7

Neverthelessit can be assumed thidr small parts of 8 meters of the
wire tha are captured with the camera, the points are on a straight line,
since the sag is minimébr these lengthsThis assumption holds since a
125 m long wire stretched along ATLAS experiment has a deviation of
only 0.04 mm in its central part from the styfati line(Quesnel J. 2008)

In order to find these points and to determine their approximate 3D
coordinates in the object spaiceorderto be input at the LGC2 file, a
specific procedure should be followed.

Zenith
A

Y

Figure6.6 Sag of thewiréd Touz® T. 2007)
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The first step is the correction of the distortion for the image coordinates.
The next step is to perform a rotation and translation of the image
coordinates from #image space to the object space. The rotation should
be applied by the rotation matri¥Y Y JOY 2V, whereY,'Y,

Y are equal toRotation Matrix Wolfram 2018)

p T
Y m weili Qe (6.10)

T | QElweé i

WEQ qaT | Q& (6.11)
Y T p T

| Q¢ a1 wE N »

WE i li Qe fr (6.12)
Y i Qe bei i

Tt m p

It should be mentioned that the ¢ , I usedby the algorithmhave the
opposite sign of the, « , Il that are exported from the bundle adjustment
report, but they have the same absolute value. Once the rotations and
translations are done, for each image, 3 pamtfhe spatial coordinate
system will be availableThese are the projection center of the camera,
which isalreadydetermined by the exterior orientation and the two points
of the wire. Three points are required in order to create a plane. For
instance, letissuppose thatiRX,, Y1, Z;) is the projectn center in the
object space and,RX», Y2, Z) and R (X3, Y3, Zs) are the image points
which correspond to the wire that has been translated and rotated to be in
the object space. From these three points the following vectors can be
created.

l

00P & O O & O® OO0 G (6.13)

C

?

DOP O O O O 0O ® HO®HRO O (6.14)
Then the normal is computed as:
-Q '?‘Q ’?’Q
¢ 00P D0OP OO OM 0O OQOQ®Q (6.15)
Ow O Ow
Thefunction of a plane is:
naoé dudo O ahuhy o hd h (6.16)

NaveE®RO OW O Q 1 (6.17)
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