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Abstract 

A system was developed to locate the position of a laser on a CMOS camera with 

a accuracy of less than 20 μm. This is used to determine the location of particle tracks at 

the interface of two sub-detectors. This is accomplished through the application of 

Minkowski algebra and least squares elliptical fitting. The ALICE (A Large Ion Collider 

Experiment) detector on the LHC (Large Hadron Collider) at the European Center for 

Nuclear Research (CERN) is being developed to study heavy ion collisions. Momentum 

of charged particles coming from these collisions are determined from the radius of 

curvature of the tracks in ALICE’s TPC (Time Projection Chamber) and the ITS (Inner 

Tracking System). The ITS and the TPC must work in tandem in order to detect particles 

with low transverse momentum. The precision alignment of the ITS with respect to the 

TPC is necessary for an accurate measurement of the radii for these tracks. 
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Chapter 1: Introduction 

1.1 The LHC and ALICE 

The opening of the Large Ion Collider (LHC) at the European Organization for 

Nuclear Research (CERN) will allow physicists to study matter on scales never before 

achieved. With advances in both accelerator and detector design the LHC will be able to 

test current theories used to model the makeup and interactions of the fundamental 

constituents of matter. 

The LHC is a circular particle accelerator consisting of two beam-lines. It is 

located just outside Geneva, straddling the border between Switzerland and France. 

Buried 100 m underground the LHC tunnel has a diameter of ~8.6 m. When the LHC 

becomes operational it will accelerate charged particles to energies of 7 TeV for protons, 

and 574 TeV for lead nuclei using superconducting magnets [Lh 08]. The LHC 

accelerates two beams of charged particles in opposite directions around the ring. Then, 

the particles are collided at the center of various detectors located around the LHC. 

 
Figure 1.1: A schematic of the LHC. [Lh 08]
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Two types of collisions will be examined. Both the CMS (Compact Muon 

Solenoid) and ATLAS (A Toroidal LHC Apparatus) detectors are looking for evidence of 

the Higgs Boson, the particle theoretically responsible for mass, by studying proton-

proton collisions. The ALICE (A Large Ion Collider Expermient) experiment, “is 

designed to study the physics of strongly interacting matter” [Ca 04]. ALICE will 

recreate the conditions similar to those present 10-9 s after the Big Bang [Rh 08]. By 

colliding two lead nuclei ALICE hopes to take measurements on the interaction of 

fundamental particles in an extremely hot and dense media known as a “quark gluon 

plasma.” 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2: Cross Section of the ALICE Detector [Al 08] 

ALICE will essentially continue the efforts of its predecessor, the STAR 

(Solenoid Tracker at RHIC [Relativistic Heavy Ion Collider]) experiment, located at 
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Brookhaven National Laboratory on Long Island, New York. However, ALICE will be 

able to study collisions with 27.5 times greater energies than those that occur at STAR. 

This increase in energy will give the ALICE detector the opportunity to more fully study 

the stopping power and interactions of dense hadronic matter (matter that is described in 

terms of quarks and gluons). 



Chapter 2: Heavy Ion Collisions 

2.1 Introduction 

Heavy ion collisions have been used to study the constituents of nuclear matter by 

CERN and RHIC for many years. The experiments that have taken place at these 

facilities have tested one of the most successful theories to model nature on the sub-

nuclear scale, the Standard Model. 

The force that governs the behavior of matter at the level of quarks is the strong 

force, which is the same force responsible for holding nuclei together. A nucleus consists 

of protons and neutrons. Protons and neutrons, in turn, are made up of quarks. What 

holds quarks together in the form of protons and neutrons is the gluon, or the carrier 

particle of the strong force. Hadronic matter can come in two types: baryons, which are 

made up of three quarks, and mesons, which are made up of a quark and an antiquark. 

Attempting to study how quarks interact with one another, or studying the nature 

of the strong force, becomes problematic in the sense that there is no experimental 

evidence that quarks can exist by themselves. Experiments that attempt to split baryons or 

mesons have met the same result, which is the production of “jets.” Trying to stretch 

apart a quark-antiquark pair within a meson, for example, results in a cascade of more 

mesons instead of a separated quark and antiquark, as shown in Figure 2.1. The strong 

force, in this sense, acts quite differently from the electromagnetic force, where one can 

isolate two charges and bring them near each other and observe how they interact. 

Studying the strong force through the manipulation of quarks requires a radically 

different approach. One such method is through the use of heavy ion collisions to create a 

state of matter called the “quark-gluon plasma.” Looking at the “shadows” cast by the 
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produced particles as they pass through this dense region of nuclear matter gives an 

insight into the location of “opaque” and “translucent” regions and so too the internal 

structure of the interacting mass.  
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Figure 2.1: A jet of particles created when trying to separate two quarks [Da 07].  

2.2 The Quark-gluon Plasma 

Heavy ion collisions, like those that will take place in ALICE, are used to probe 

the strong force in head-on collisions between two nuclei. In these head-on collisions 

baryonic matter from both ions are forced to occupy the same space. As the collision 

continues the medium is compressed and internal random motion is increased, creating an 

extremely dense and hot state of matter. This kind of heavy ion collision is termed 

“hadronic,” since hadrons are produced as the baryons interact predominantly through the 

strong force rather than through an electromagnetic interaction, for example. Colliding 

two ions, however, does not guarantee that their protons and neutrons will interact 

hadronically. Most baryons in the two nuclei will graze or bump each other as the ions 

pass through one another.  
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The result is a system that can be treated as a statistical ensemble. Thus heavy 

ions are used because they have a large number of protons and neutrons, which increases 

the likelihood that their protons and neutrons will become a part of an extended 

interacting system. 

 

 

 

 

 

 Figure 2.2: The 1st view shows the two ions just before the collision. The 2nd view is during the 
collision as the two ions overlap. Blue represents the baryons that have not interacted hadronically. 

The 3rd view is the completed collision with the QGP in the center, represented by the red and 
green quarks [Hi 08].  

A quark-gluon plasma is predicted to form when the wavefunctions of the 

nucleons overlap. Figure 2.2 depicts the stages of the heavy ion collision. As the ions 

begin to overlap some of the baryons collide hadronically and begin to form the quark-

gluon plasma. Figure 2.3 shows a simulation of two lead ions colliding. The quark-gluon 

plasma is formed at the center of the collision after the two ions have completely 

overlapped. 

 

 

 

 

 

Figure 2.3: The collision of two Pb ions. The non interacting baryons are shown in white, while 
the QGP is the collection of quarks, which are shown in red, green, and blue. [Qg 08] 
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As the plasma is formed the quarks that make up the baryons that interact 

hadronically are no longer confined to individual baryons, and are considered 

“delocalized” [Bm 07]. Quantum mechanically, the probability distributions of the quarks 

in the plasma overlap, forming a blob of quarks, so to speak. Since their quantum 

mechanical wave-functions overlap there is no way to distinguish one quark as belonging 

to a particular hadron. Hence, the quark-gluon plasma is not a large number of free 

quarks, but a state of matter in which the quarks are free to move about and interact with 

the collection of quarks contained within the distribution. 

These interactions only occur for a fleeting moment, as the quark-gluon plasma is 

predicted to only exist for less than 10-25 s [Bm 07]. As time goes on, the quarks that 

make up the plasma begin to reform into hadrons. The production rates and distribution 

of certain hadrons coming from these collisions gives an idea of how the quarks 

interacted within the plasma. Since there are quark on quark interactions this also allows 

the study of the nature of the strong force. 

Determining whether or not the quark-gluon plasma has been formed in a 

particular collision will be one of the central tasks of ALICE. One of the predicted 

signatures of the quark-gluon plasma at the energies used in the LHC is an increase in the 

production of certain hadrons that contain a charmed-anticharmed quark pair, or J/Ψ-

mesons [An 07]. At the energies currently used at RHIC to study heavy ion collisions 

there is what is termed a suppression in the production of the J/Ψ mesons, as shown in 

Figure 2.4 [An 07]. 

Charmed quarks have the second largest mass in comparison to other quarks, and 

3.1 GeV of center of mass energy is required to produce a charmed-anticharmed quark 
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pair in a collision. The energies used at RHIC in heavy ion collisions are high enough to 

produce only a few charm-anticharm pairs during the formation of the quark-gluon 

plasma. Because the quark-gluon plasma is a large collection of quarks all interacting 

with one another via gluons, the interactions are chaotic and tend to separate the charmed 

anti-charmed pair. When the plasma reforms into hadrons, the charmed quark and 

anticharmed quark will most likely reform into hadrons with other quarks, such as the up, 

down, or strange quarks, producing D-mesons (charmed quarks paired with lighter anti-

quarks) [Bm 07]. 

 

 

 

 

 

 

 

 

 

 

 

Since the LHC has more energy available, more charm-anticharm quark pairs are 

predicted to form. A similar screening effect should occur in the event a quark-gluon 

plasma is formed. However, since there are more charmed and anticharmed quarks within 

the plasma there is a greater probability that they will reform into J/Ψ mesons. This can 

Figure 2.4: Predicted J/Ψ suppression factor for RHIC and the LHC. Data from
the Phenix detector (at RHIC) is shown in blue [An 07]. 
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only happen if the charmed quarks reform with charmed quarks from another region of 

the plasma. Thus, the charmed quarks must move about the plasma to enhance the 

production of J/Ψ mesons, which suggests that the quarks are delocalized [Bm 07]. 

Delocalization further suggests the quark-gluon plasma was formed in a significant 

portion of the hadronic volume.  

The production of D-mesons, J/Ψ-mesons, and ρ-mesons from the high energy 

collision in ALICE will hopefully give physicists a better understanding of how charmed 

quarks interact with the quark-gluon plasma. ALICE’s Inner Tracking Detector will be 

important in verifying the formation of the quark-gluon plasma as it is designed 

specifically with the intent of detecting the decay of these particles containing charm 

quarks. 



Chapter 3: ALICE 

3.1 Introduction 

Charged particles emerging from the collisions at the center of ALICE are tracked 

with the two innermost detectors: the Inner Tracking System, and the Time Projection 

Chamber. For particles with low transverse momentum both the TPC and the ITS must be 

used in order to accurately extract trajectory and vertex data. 

3.2 The Time Projection Chamber (TPC) 

Like the time projection chamber in the STAR experiment, the ALICE TPC 

consists of a large cylindrical volume of gas, with inner and outer radii of 85 cm and 250 

cm, respectively. An illustration of the TPC is shown in Figure 3.1, below. The TPC is 

divided into two cylindrical sections at the center of its length by a thin Mylar membrane. 

These two halves are filled with an ionizing gas, which consists of a mixture of 85.5% 

Ne, 9.5% CO2, and 5% N2 [Ae 08]. Ne is used because it ionizes in collisions with 

charged particles. Because a pure mixture of Ne would result in a discharge across the 

TPC CO2 is mixed in as a safety buffer. N2 is used as an added means of control, as “CO2 

mixtures are sensitive to ambient fluctuations such as temperature and pressure.”[Ga 1]  

When a charged particle passes through the gas, the Ne atoms may be ionized. The 

electrons, left in the wake of a charged particle emerging from the heavy ion collision, 

are used to determine the path of the charged particle. 

An electric field in the TPC causes the electrons freed from the Ne to “drift” 

through the gas towards the ends of the TPC. At both ends are detectors, located inside 

the “end-caps”, used to detect the position of the electrons directly in the two dimensions 
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perpendicular to the drift field. Using the drift velocity of the electrons and the time it 

takes for the electrons to make it to the end-caps, the points of ionization and so the 

positions of charged particles from the collision, can be determined in the third 

dimension. 

 

 

 

 

 

 

 

 

Figure 3.1: The ALICE Time Projection Chamber. [At 08]  

Because the drift speed of the electrons is used to find the position of charged 

particles coming from the collision it is imperative that this speed be controlled. This is 

accomplished by applying a uniform electric field through the TPC and controlling the 

mixture of Ne, CO2, and N2. The electrons experience a force in the direction of the 

electric field, but the drifting electrons also experience a “drag-like” force due to 

interactions with the gas mixture. The drag force is dependent upon the density of the gas 

through which the electrons are moving, as well as the speed of the electrons. The forces, 

on average, become equal in magnitude and opposite in direction and the electrons 

exhibit an essentially constant drift velocity over any measurable distance. A uniform 
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electric field will therefore insure the drifting electrons move at a constant average speed 

and direction in their respective halves.  

The uniformity of the electric field depends upon the potential gradient between 

the center of the detector and the end-caps. In order to create an electric field through 

both halves of the TPC a voltage difference of 100 kV is maintained between the end-

caps and the central dividing membrane [At 08]. The potential gradient is controlled via 

the inner and outer field cages, which are wrapped about the inner and outer diameters of 

the TPC. Both field cages consist of strips of Mylar wrung about the circumference of the 

inner and outer diameters. The strips of Mylar on each field cage are connected 

successively by resistors and provide equipotentials that gradually step down the voltage 

between the end-caps and the central membrane. This effectively tacks down the 

potential between the inner and outer diameters at discrete positions along the TPC’s 

length. Using basic concepts of electric field plotting, this guarantees that the electric 

fields only point inward towards the central membrane, or perpendicular to the 

equipotentials. This is shown in Figure 3.2. 

 

 

 

 

 

 

 

 
                            

ΔV 

Ε 

Mylar Membrane 

Outer Field Cage 

Inner Field Cage 

Figure 3.2: Electric field plot of a cross section TPC. The E- field is in red, while the equipotentials are shown in blue. 
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3.3 The Inner Tracking System (ITS)  

The ITS consists of six “ladders” of silicon detectors and is the first series of 

detectors through which particles coming from the collision pass. Figure 3.3 is a 

depiction of the ITS’ cross section. Each ladder consists of an array of silicon detectors 

arranged on a cylindrical frame. The type of silicon detectors used on each ladder 

depends on their relative distances from the center of the collision. After the collisions, 

the particles spread outward as they emanate from the collision point. The density of 

particles is therefore greater at small distances from the beamline.  

 

 

 

 

 

 

 

44 cm  

L = 97.6 cm 

4 cm 

Beamline 

 

Figure 3.3: The ITS Cross Section; black = SPD’s, red = SDD’s, and green = SPD’s  

The two innermost ladders of the ITS, shown in black in Figure 3.3, consist of 

Silicon Pixel Detectors (SPD’s) that are designed specifically to handle a high density of 

particle tracks (up to within 50 tracks/cm2 )[Sd 08]. The next series of ladders consists of 

Silicon Drift Detectors (SDD’s). Located slightly further from the beam-line, the particle 

densities at these points are less than those for the SPD’s. The SDD’s, although not as 

finely segmented as the SPD’s, are efficient at detecting particles at radii of 14.9 cm and 

23.8 cm [Sd 08]. They are less expensive than the SPD’s. The two outermost detector 
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arrays of the ITS consist of Silicon Strip Detectors (SSDs). Similarly, the SSD’s were 

chosen for their efficiency at detecting particles at the predicted densities at their 

respective distances from the beamline.  

Each of the silicon detectors, although slightly different, operate on the same 

basic principle. They all consist primarily of p-n junctions with a reverse bias, as shown 

in Figure 3.4.  

 

 

 

 

 
 

Figure 3.4: Reverse biased p-n junction diode, as one would find in a silicon 
detector [Si 08]  

Charged particles that are incident on the silicon junction will ionize the silicon 

creating a free charge and a hole within the silicon lattice. This creates a current, as in 

Figure 3.5, that indicates a detection of a charged particle at the position of the junction in 

the ITS. 

 

 

 

 

 

 

Figure 3.5: A particle incident upon a silicon detector. Ionization of a silicon lattice producing holes, 
electrons, and a subsequent current [Si 08] (Edited to indicate a current). 
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3.4 Tracking and Alignment 

Tracking particles from the data taken by the ITS and TPC is based on the same 

basic principles familiar from introductory physics. The ITS and the TPC are situated in a 

relatively uniform magnetic field that is applied through the entire ALICE detector, and 

runs parallel to the direction of the beamline and the TPC drift field. Particles that have 

momentum transverse to the magnetic field, or perpendicular to the beamline, will 

experience a centripetal force due to the magnetic field. This force causes the particles to 

sweep out an arc whose radius of curvature is a function of their mass and velocity. 

 

 

 

 

 

 

 

 

As shown in Figure 3.6, the magnetic field picks out velocity components 

transverse to the magnetic field. Because the magnetic force acts perpendicular to the 

velocity of the particle, it is equivalent in magnitude to the centripetal force causing the 

change in the particle’s trajectory. 

 

 +
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Figure 3.6: A positive charge entering a uniform magnetic field B, pointing into the page. The 
magnetic force is the centripetal force on the charge q, moving with a  transverse velocity vT 

(depicted by the dotted trajectory). 
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Substituting the transverse momentum, pT = mvT, into equation (3.1) and solving 

for pT yields a simple expression, where the transverse momentum is directly proportional 

to the radius of curvature swept out by the particle as it traverses the magnetic field. 

 RBqpT =  

Velocity and position data taken from the ITS and the TPC are used to apply tracking 

algorithms, such as Generalized Hough Transformations [Ch 06], which utilize the 

track’s radius of curvature. This information can in turn be used to identify particle tracks 

as well as to extrapolate the tracks to their vertices, or starting point. 

Particles with high transverse momentum will generally pass through the TPC and 

into other parts of the detector, such as the electromagnetic calorimeter. These particles 

leave enough data within the TPC such that the tracking can be done with a good degree 

of efficiency. However, particles with low transverse momentum require the ITS, as the 

radii of curvature of their tracks are small. For particles with low transverse momentum 

but enough momentum to cross over between the ITS and TPC the two detectors must 

work in tandem with one another in order to accurately process track information for later 

data analysis.  

 

 

 

 

 

 

 

 
Figure 3.7: An example of a track left in a misaligned ITS. 

(3.2) 
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If the ITS and the TPC are misaligned, as in Figure 3.7, the tracking algorithm 

may produce radii larger or smaller than the actual radius of curvature, throwing off an 

accurate measurement of the particle’s momentum. The tracking algorithm could also 

identify three unique tracks. Figure 3.7 shows such an example.  

A precise measurement of the full track is essential when trying to extrapolate a 

decay vertex in the beam-pipe. Just as the uniformity of the electric field and the 

magnetic field were required for accurate tracking, knowledge of the exact position of the 

ITS with respect to the TPC is therefore imperative in order to insure the validity of 

ALICE’s experimental results. 



Chapter 4: ITSAMS 

4.1 ITS Alignment 

The alignment system used to monitor the position of the ITS with respect to the 

TPC is a laser tracking system, which reflects a laser off of a spherical mirror and onto a 

CMOS array of a webcam. A basic schematic of the setup is shown in Figure 4.1 below.  

 

 

 

 

 

 

 

 

 

Figure 4.1: ITS Alignment set-up. The distance between the TPC end plate and the SSD 
support structure is 1885 cm [Fu 07]. 

Laser, CMOS camera, 
and Supporting 

Electronics 

The final installation in ALICE will contain three of these laser and mirror 

systems. In each case, the spherical mirrors are mounted onto the support structure of the 

SSDs at angles of 45o, 135o, and 315o from the vertical, while the cameras and lasers are 

mounted at the same angles on the endplate of the TPC. The housing that contains the 

camera and the laser diode is shown in Figure 7.2, which peeks over the end of the TPC. 

A mirror set at 45o with respect to the laser reflects the beam onto the spherical mirror. 

The mirror reflects the beam spot back onto the initial mirror with a magnification of 1. 

Finally, the beam is reflected back into the housing where it is incident on the webcm’s 

CMOS array. 
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Monitoring begins by determining the position of the laser on the CMOS array. 

Once the position on the CMOS array is determined then the position of the ITS with 

respect to the TPC can be extrapolated using the geometry of the setup. This is 

accomplished using the ITSAMS (ITS Alignment Monitoring System) software 

application. ITSAMS software is a set of C++ programs which use VideoInput Library 

and OpenCV for capturing and analyzing images, and PVSS for providing an interface to 

the users and the database. 

4.2 ITSAMS Image Analysis Overview 

The code which I developed for ITSAMS determines the center of the laser spot 

that is incident on the CMOS array. This is accomplished by taking a bitmap image from 

the camera and converting it into a grayscale image. A bitmap image is used because it is 

a well known format that can easily be integrated. Once the program has a grayscale 

image it can sample the image at various threshold values, or varying degrees of 

grayscale brightness. In terms of a grayscale image, thresholds range between 0-255. 

Each threshold value defines a set of points with the same minimum relative intensity for 

the pixel values in an image. Sampling an image at different thresholds reveal different 

contours within the image based on these pixel intensities. An example of different 

thresholds within an image is shown below in Figure 4.2. 

 

 

 

 

 
Figure 4.2: The 1st image is a grayscale image. The last two are images sampled at thresholds 

of 40 and 140, respectively, and reveal different contours within the image [Op 07] 
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For the ITS alignment, the images taken will be saturated at the center of the laser 

spot and get darker the further the position is from the central maximum. Sampling at 

different thresholds within these images will reveal successive contours that are ideally 

centered about the position of the laser spot. Once the contours are found the analysis can 

fit an ellipse to these contours. The center of one elliptical fit, in turn, is used to 

extrapolate the center from 10 contours within one image.  

The reason for choosing this particular method to find the center of the laser spot 

was the saturation of the CMOS array near the center of the beam spot. The images 

obtained from the setup, such as Figure 4.6, produce a very broad and uniform intensity 

about the laser’s central maximum. The effect is the “tree stump” like distribution, shown 

in Figure 4.3, making it difficult to perform a Gaussian fit to the image’s intensity levels. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3: The “tree-stump” distribution. This image was created using ImageJ, by Mr. 

Jiro Fujita. 
 

 20



4.3 Color Spaces 

Although the setup uses a red laser of a single wavelength of 635 nm, the image is 

a reconstruction based on the electrical singles produced by the pixels in the CMOS 

array. Placed on top of the array is a Bayer filter [Bf 08]. Each individual pixel receives 

filtered light, red, green, or blue, depending on their position in the array. An example of 

a Bayer filter is illustrated in Figure 4.4. 

 

 
Figure 4.4: Bayer filter placed on top of an array of pixels [Dc 08]. 

 

 

 

 

 

Each pixel (though receives one color filtered from the source) is assigned three 

color intensities based on its primary color and using the average intensity of the 

neighboring pixels, for the other two colors. For example, the blue pixel in the middle of 

Figure 4.5 would contain the intensity value for blue based on its own signal. An 

intensity value for red is assigned to the middle pixel by average intensity of R11, R13, 

R31, and R33. A green intensity value would be assigned in a similar manner. An 

interesting feature of the Bayer filter is it contains twice as many green pixels than blue 

or red [Dc 08]. This is intended to mimic the human eye, which is more sensitive to green 

light [Bf 08]. The image produced, though compressed, is equivalent to a camera with 

three color values per pixel element. 
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Figure 4.5: Each pixel is assigned three color intensities for image reconstruction; its 

primary value, and the average intensity of its neighbors for the remaining colors [Bf 08]. 

A typical picture taken from the alignment mockup at The Ohio State University 

is shown Figure 4.6 [Ou 08]1, and reveals that there is a significant saturation in the red, 

yellow, and orange intensities throughout the image. The two dominant color spaces 

within the image are therefore red and green, since mixtures of the two give rise to the 

yellows and oranges. The intensity of the laser spot is greatest where the image is white. 

This means that the central maximum consists of a mix of red, green, and blue. Since the 

position of the central maximum is the area of interest and since this is the only region 

where blue is likely to occur in the image, it is a natural choice to filter out the red and 

green and to perform analysis exclusively on the blue color space. 

 

 

 

 

 

 

 
Figure 4.6: A typical image taken by The Ohio State University’s ITS Alignment 

mockup [Ou 08]. Each image is an array of 1280x1024 pixels.  

                                                 
1 Other images of the laser spot may be found at [Ou 08] 
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Since the fitting algorithm is accomplished using intensity contours taken from 

our images, all three color spaces could still be utilized to find the center of the laser spot. 

Each color space provides a set of unique contours. However, to accurately fit an ellipse 

to our contours there must be, ideally, one unique contour per threshold value2. 

Otherwise, the fitting routine may attempt to fit to an outlying contour; such fits don’t 

contribute to an accurate average of the center position. One factor that can contribute to 

multiple contours for any given threshold value are fluctuations in the intensities in a 

particular color space. Blue was ultimately chosen for fitting because the intensity of blue 

color tends to taper off uniformly about the center of the laser spot, yielding one unique 

contour per threshold level. Red and green, on the other hand, tend to have multiple local 

maxima and minima in intensities, as shown in the series of images of Figure 4.7. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 

   
 

   
Figure 4.7:  The image on the upper left shows the contours produced by the green color space. 

Contours from the red color space are on the upper right. Contours from the blue color space are on 
the lower left, and the original image is on the lower right. 

2 See chapter 4.6 for handling multiple contours 
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4.4 Morphological Operators 

Once the image is converted into the blue color space the image must be 

processed. As evident from Figures 4.6 and 4.7, the original images contain a fair degree 

of noise. Imperfections in the mirrors or scratches on the thin layer of plastic covering the 

CMOS array will degrade the image. Electronic noise can also contribute to multiple 

contours for a given threshold value. An example of extracting contours before 

processing the image is shown in Figure 4.8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Contours based on the unprocessed image in Figure 4.6  

Removing imperfections from the image is accomplished using OpenCV’s erode 

and dilate functions [Oc 99]. Both of these functions employ a 10x10 pixel structuring 

element that samples the boundary of several subspaces within the image. A subspace is 

defined as a region of unique color and threshold value. Since the image has been 

converted into the blue color space this simplifies the problem to finding regions of 
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unique threshold alone. In terms of the original blue image, the boundaries of each 

subspace makeup a contour plot of the image’s intensity values.  

The dilate function places the center of the structure element on the inside of the 

boundary between the subspace and the neighboring subspace, or background. The 

structuring element sweeps over the entire boundary, and anywhere the structuring 

element overlaps with the background the value of the subspace replaces that area of the 

background. In other words, anywhere the subspace is in union with the structuring 

element the value of the subspace replaces the value of the background occupied by the 

structuring element. 

Figure 4.9 demonstrates the dilate function, where the subspace in question is 

given a green color and is assigned as the space “A.” In this case the background is 

shown in white.  

 

 

 

 

 

 

 

 

 

 
 

 
Figure 4.9: The dilation of the subspace A by a 3x3 structuring element B 

 

The structuring element in this example is the entire 3x3 pixel element on the top 

right of Figure 4.9, and is assigned as the space “B.” The origin of B, or the center pixel 
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of B, is the space “b.” The second image in Figure 4.9 gives the outline of the structuring 

element as it sweeps over the boundary. Where the outline of the structuring element 

overlaps with the background white is replaced with green, which gives the result of 

dilating the subspace “A.” Mathematically this is a demonstration of Minkowski addition, 

which is given by equation 4.1 [Or 01]. 

bA
Bb

+
∈
U       (4.1) 

Similarly, the erode function places the center of the structuring element on the 

outside of the boundary between the subspace and the background. The structuring 

element is swept out over the entire boundary. Wherever the structuring element overlaps 

with the subspace the value of the subspace is replaced with the value of the background. 

Mathematically, anywhere the structuring element is interchanged with the subspace, the 

value of the subspace is replaced by the value of the background. 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 4.10: The erosion of the subspace A by a 3x3 structuring element B 

Figure 4.10 demonstrates the erode function. Again, the subspace is assigned as 

the space “A’ and the background is allowed to be white. The center of the structuring 
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element, “b”, is placed on the outside of the boundary between the subspace and the 

background. The second image shows the result of eroding the subspace “A,” which is 

equivalent to dilating the background. Mathematically this demonstrates Minkowski 

subtraction, as in equation 4.2 [Or 01].  

bA
Bb

−
∈
I      (4.2) 

ITSAMS uses the dilate and erode functions in what constitutes a morphological 

“opening” and “closing” [Mm 08]. A dilation followed by an erosion is by definition an 

“opening,” and an erosion followed by a dilation is a “closing.” In the case of dilating the 

image the function effectively expands the boundary of the subspace, while eroding the 

image shrinks the boundary of the subspace. The morphological opening and closing 

advances and retreats the boundary of the subspace. If there are isolated imperfections 

within a subspace in the image, which are smaller than the size of the structuring element, 

the sweeping of the boundary over these imperfections eliminates them from the image. 

The result of applying the opening and closing is shown in Figure 4.11.  

 

 

 

 

 

 

 

  

 

Figure 4.11: On the left, the morphological opening; erode then dilate. On the right, the 
morphological closing; dilate then erode. 
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The end result, although it has removed the noise in the image, leaves the 

boundaries within the image considerably pixelated. This is a consequence of the finite 

size of the structuring element used in the erode and dilate functions. Since ITSAMS 

attempts to fit an ellipse to the contours produced by these boundaries it is necessary to 

smooth out the edges to insure a reasonable fit to the boundary. 

Smoothing the image is accomplished using OpenCV’s Gaussian Blur [Oc 99]. A 

Gaussian blur looks for boundaries between two subspaces within the image. Where there 

are boundaries, the Gaussian blur blends the neighboring pixel values into one another in 

a Gaussian manner. With each successive blur, the boundaries between the subspaces 

within the image become less and less defined. Figure 4.12 demonstrates the Gaussian 

blur at the boundary between a green and white subspace. 

 

 

 

 

 

 

 

 

 

 Figure 4.12: Gaussian blur between two subspaces of an image.  

The final result of applying the opening, closing, and Gaussian blur is shown in 

Figure 4.13. 

 

 28



 
Figure 4.13: Gaussian blur applied to the blue color space after an 

opening and closing. 

 

 

 

 

 

 

 

 

 

Currently ITSAMS blurs the blue image 351 times. Figure 4.15 show the contours 

produced after blurring the image 51, 151, and 35113 times. With each successive blur the 

boundary approaches a shape more akin to an ellipse. 

 

 

 

 

 

 

 

 

 

 
Figure 4.14: The utility of blurring the image 51, 151, and 351 times. 

 
                                                 
3 Certain functions in OpenCV require odd integers, such as cvSmooth [Oc 99] 
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4.5 Boundary Extraction 

Once the blue image has been processed and blurred the blue color image is 

converted into a grayscale image. A grayscale image is required by OpenCV in order to 

sample the various thresholds in the image. Since there is not a considerable amount of 

blue in the image, converting the blue image into a grayscale makes the image very dim. 

Blurring the image further reduces the contrast between boundaries in the image. Both of 

these effects are compensated for by “equalizing” the image [Eq 08]. Examining the 

histogram of an image before and after equalization is shown in Figure 4.15.  

 

        
 

Figure 4.15: Intensity histograms of an image before and after 
equalization [He 08]. 

 

 

 

 

 

 

 

 

The histogram on the right in Figure 4.15 shows an intensity distribution of an 

image with little contrast. Equalization effectively redistributes the intensity values over a 

broader range in intensities. This results in a larger separation between intensity values, 

giving more contrast between the subspaces of the image, and a smaller number of 

unique intensity values. In short, equalizing the grayscale image reveals its gradient. An 

example of two equalized images is shown in Figure 4.16 and previously in Figure 4.7. 
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 Figure 4.16: An equalized image from the grayscale of Figure 4.13. 

Sampling a threshold value from the equalized image returns a binary image, 

where the background is black and the foreground is white. In this case, the background 

is the space consisting of all lower threshold values while the foreground includes the 

subspace in question and region of all the subspaces with thresholds above it. Figure 4.17 

shows the result is a white region on a black background. The boundary of the subspace 

is defined by the particular threshold value. 

 

 

 

 

 

 

 

 

 
Figure 4.17: A Threshold value of 190 sampled from Figure 4.16 yields a binary image. Black is the 
space of all threshold less than 190, white is the space of all thresholds greater than and equal to 190 
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At this point the program makes a copy of the binary image and puts it aside. The 

copy is then eroded with a 3x3 structuring element, which takes the boundary slightly 

inward. Subtracting the copy from the original yields a binary image in which only the 

contour of the boundary is present, as in Figure 4.18. At this point the program attempts 

to fit an ellipse to the contour. 

 

 

 

 

 
Figure 4.18: The contour obtained from Figure 4.17. 

4.6 Elliptical Fitting & Multiple Contours 

The image analysis uses OpenCV’s cvFitEllipse function, which applies a least 

squares fit to the 2D data supplied by the contour [Sa 08]. After the laser beam is 

reflected off the mirror and passes through the focal point it assumes a conical profile. As 

the beam is incident on the CMOS array, the conical beam is at a slight angle with respect 

to the array’s surface. Hence, the spot that is obtained on the array is a conical cross-

section at an angle, which is an ellipse. 

Although much of the image processing results in minimizing the number of 

contours per threshold level, there are several factors that may still contribute to multiple 

contours. Because ITSAMS uses three off the shelf webcams, the design specifications of 

the manufacturer is not quite as consistent from camera to camera as we would like. The 

image quality of one webcam may not quite be the same as another for a given set of 
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settings (brightness, exposure, white balance, etc). Corrections can be made at the driver 

level for each camera, but this still does not guarantee a fluctuation in image quality that 

could occur over time or in the event the laser moves. Being able to handle multiple 

contours is therefore important to maintain the system without demanding constant 

changes to settings or software. 

The image analysis handles multiple contours by storing all the contours it can 

find in an array, for a given threshold value. The program goes through the array and 

picks out the contour that correlates to the central bright spot. This is accomplished by 

fitting an ellipse to all the contours in the array and comparing their sizes and 

eccentricities. 

Most of the contours that may result in an inaccurate fit of the laser’s center 

position is small outlying contours still left over from the opening, closing, and blur. 

These contours can be ignored by comparing the size of the contours in the array and 

choosing the largest one. This, of course, only works when the only left over noise is 

small. When there are large outlying contours, then it is necessary to also compare each 

contour’s eccentricities. Large outlying contours generally occur when there are 

significant fluctuations in the blue color space. Such fluctuations generally result in a 

“halo” around the central bright spot, as outlined in Figure 4.19. 

 

 

 

 

 

 Figure 4.19 The “halo,” or example of a large outlying contour. This is also the contour in 
the upper right of Figure 4.7. 
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In the case of a halo, the ellipse fit to these contours will be stretched considerably 

compared to the ellipse fit to the contour about the central bright spot. The halo ellipse is 

then said to have a larger eccentricity than the contour about the central bright spot for 

the given threshold. 

An ellipse can be described by the following parametric equations for the x and y 

positions of the ellipse. 

 

θ
θ

sin
cos

by
ax

=
=

 (4.3) 
 

In this case “a” is the semi-major axis of the ellipse and “b” is the semi-minor 

axis, which is illustrated in Figure 4.20. Equation 4.3 is identical to the parametric 

equation of a circle in the event that a = b (the radius). 

 

 

 

 

 

 

 

 

The eccentricity of the ellipse, essentially a measure of how much the ellipse 

resembles a circle, is given by equation 4.4 [We 08]. 

b 
a x 

y 

Figure 4.20: An ellipse. The semi-major and minor axes are parameterized 
by a and b, respectively. 

2

2
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a
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As b approaches the value of a, in equation 4.4, the ratio of b2/a2 approaches one. 

The eccentricity therefore approaches zero the more circular the ellipse becomes. As b 

gets appreciably smaller than a, on the other hand, the eccentricity of the ellipse 

approaches the value of one. 

A large eccentricity for a given contour means the contour is not very circular. 

Although the halo contour in Figure 4.19 may be a large contour the analysis program 

will reject it since the halo’s eccentricity will be larger than the eccentricity of a contour 

about the central bright spot. The program therefore looks for the largest contour with the 

smallest eccentricity. 

One additional constraint must be placed on the program. The program must 

reject contours with extremely small eccentricities. The contours obtained about the 

central bright spot, though small, will not be perfect circles. Occasionally images taken 

by the system may contain an aquamarine anomaly, which is an artifact of the camera 

itself. Figure 4.21 shows an example of the anomaly.  

 

 

Figure 4.21: An image with the anomaly, aka the “blob.” 
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Since the anomaly is nearly a perfect circle the image analysis is instructed to 

ignore contours with eccentricities less than 0.15. The dot in the center of Figure 4.21 is a 

marker of the average obtained by the program, which is ignoring the anomaly. 

4.7: Extrapolating The Position  

The conical cross-section of the laser beam, though helpful to the extent that it is 

an ellipse, posses one last problem to obtaining an accurate fit to images taken by the 

system. The contours closest to the beam’s center are, for the most part, centered closest 

the actual position of the beam spot. However, because of the slight angle of incidence, 

the centers of the outermost contours begin to diverge from the true center of the beam 

spot. This is demonstrated in Figure 4.22. 

  

Figure 4.22: Contours furthest from the central bright spot (smallest contour) become 
less and less centered about the central bright spot. 

 

 

 

 

 

 

Currently, the image analysis samples a set of 10 contours between thresholds of 

150 and 200. This threshold window was chosen for the quality of contours. Sampling 

every five contours avoids repeated fits to the same contour caused by equalizing the 

image. Each center returned by OpenCV is expected to fall along a line that would pass 

through the semi-major axes from each elliptical contour. A line can then be fitted to all 

ten centers. Figure 4.23 shows ten centers and the best-fit line for a given image. 

 36



 y vs x: ellipse centers
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Figure 4.23: Centers plotted from a single image.  

The true center must therefore fall along this line, lying closest to the center 

obtained from the highest threshold and furthest from the center obtained by the smallest 

threshold. Extrapolating the true position of the laser is possible by utilizing the conical 

nature of the laser beam. 

The contours obtained from the image are conical cross-sections at varying angles 

of divergence from the optical axis. Equivalently, these cross-sections can be visualized 

as circular cross-sections projected onto the CMOS plane from the same angle of 

divergence, as in the image on the right in Figure 4.24. 

 

 

 

 

 

 

 Figure 4.24: Conical cross-sections on the plane of the CMOS array. On the left, cross-sections at varying angles of 
divergence from the optical axis. On the right, circular cross-sections as projected off the cone at the same angle of 

divergence. 

γ
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If both edges of the circular cross-sections are plotted from each ellipse on the 

CMOS plane another conical cross-section, or parabola, is revealed. The parabola’s 

projection onto the plane can therefore be plotted from each center that is returned by the 

program by using the semi-minor axes and the best-fit line. 

 

 

 

 

 

 

 

 

 

 
Figure 4.25: Parabolic cross-section of the cone passing through both sides of each 

ellipse’s semi-minor axes.  

Plotting the parabolic projection, which is itself a parabola, begins by determining 

the best-fit line’s slope. The slope determines the average angle each semi-major axis 

makes with respect to the CMOS’ coordinate system. This in turn can be used to plot the 

semi-minor axis on both sides of the best fit-line, for each center, at an angle of 90o with 

respect to the slope using Equations 4.5. 

 

  

xb = xc ±
b /2( )2

1+ m2( )

yb = yc m m ⋅
b /2( )2

1+ m2( )

 
 

(4.5) 
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In this case xc and yc are the coordinates for the ellipse centers, m is the slope of the best 

fit line, and b is the length of the semi-minor axis. Using a quadratic fitting routine4, a 

parabola is fitted to the points from Equation 4.5. The point the parabola intersects the 

line, or where the semi-minor axis goes to zero, is the position of the laser. An example 

of using this method to find the laser’s true position is plotted in Figure 4.26 below. 

 

 

 

 

 

 

 

 

 

 

y vs x: ellipse centers and semi-minor axes
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Figure 4.26: Ellipse centers are plotted in blue. The semi-minor axes are plotted in red for each 

center. The fits shown use Microsoft Excel routines as a demonstration [Ms 04]. 

At this point the image analysis is complete and the extrapolated position 

measurements and their error are passed to a program that calculates the subsequent 

movement of the ITS based on the geometry of the setup. 
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4 The program uses GNU Scientific Library (GSL) linear fitting routines for both the best-fit line and the 
quadratic fit [Gn 08]. 



Chapter 5: ITS Position 

5.1: Determining ITS Position 

The ITS’ position is determined by a program called AliITSAMSGeometry, 

written by Mr. David Truesdale at the Ohio State University [Ou 08]. It uses the 

displacements of the laser spots from a set of three cameras and calculates the subsequent 

position of the ITS based on the geometry of the set-up.  Figure 5.1 shows the positions 

of the cameras mounted on the TPC endplate, set at angles of 45o, 135o, 225o, and 315o 

from the vertical. The beam-line, or z-axis, runs into and out of the paper. 
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 Figure 5.1: The camera positions on the TPC endplate. The X and Y positions are 
the axes of each individual camera. The camera at 255o was ultimately not installed. 

 

Originally the alignment system was designed to be over-constrained, consisting 

of four laser and mirror pairs, such that calculations from each of four cameras could be 

done iteratively. Unfortunately, due to spatial constraints within the detector, the mirror 
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could not be installed for the camera located at 255o. Calculating the displacements of the 

ITS from a set of three cameras can still be used to determine displacements based on the 

ITS’ six degrees of freedom.  

5.2: Displacements In the x and y Directions 

Displacements of the ITS that occur in the x y plane will correlated directly to 

displacements in the Xi Yi plane1 for the three cameras. A pure x displacement of the ITS 

as seen by the cameras is illustrated in Figure 5.2. 
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Figure 5.2: The camera’s coordinate systems with respect to a pure x displacement in the ITS’ 
coordinate system. The illustration on the right is a zoomed in perspective of the displacement with 

respect to camera 0 and 3. 
 

Using the geometry on the right in Figure 5.2 the displacement on camera 0 and 

camera 3 can be used to determine the x displacement of the ITS. 

 
dx =

δX0

cos450 & dx =
δX3

sin450 (5.1)  
 

Adding the two expressions in equation 5.1 and solving for dx yields equation 5.2 

[Tr 08] for the x displacement of the ITS. 

                                                 
1 The Yi axes are inverted as a consequence of the camera’s reference frame (as defined by the 
manufacturer). 
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An equally valid expression may be derived using the Yi coordinates of the two 

cameras.  
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Figure 5.3: A pure y displacement with respect to camera 0 and 1.  

Similarly, an expression for the y displacements is found using the geometry of 

Figure 5.3. 

)3.5(
2

10 XX
dy

δδ +
=  

 

5.3: Displacements Along The Beam Axis 

Displacements along the beam axis, or dz displacements, are movements towards 

or away from the TPC endplate. The geometry of such displacements can be seen by 

examining a side view of the alignment system, as in Figure 5.4. 
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Figure 5.4: A side view of the alignment system. φ is 3.29o, or 

the angle between the laser’s path and the beam axis. 
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Ignoring the space between the two mirrors, and looking down at the axis 

connecting cameras 1 and 3 (on a diagonal with respect to the x and y plane) is illustrated 

in Figure 5.5. 
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Figure 5.5: Displacement along the beam axis. This is equivalent to moving the 

plane of the TPC that bisects the lasers for cameras across from one another  

Using the geometry of Figure 5.5, dz can be solved for in terms of δY3 and δY1, 

which gives equations 5.4 [Tr 08]. 
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Adding the two expressions and solving for dz gives us the displacement of the 

ITS along the beam axis using the displacements from camera 1 and 3, or equation 5.5 

[Tr 08].  
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Had camera 2 been installed an equivalent expression could be derived using 

cameras 0 and 2. 

5.4: Rotations About the x and y Axes 

Rotations of the ITS about  the x or y axes is geometrically equivalent with 

respect to the geometry of the ITS. As an example of such displacements, consider a 

rotation about the x axis in which mirrors 0 and 3 are moved towards the TPC endplate 
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(an equivalent dz) and down (an equivalent dy), while mirror 1 is moved away from the 

TPC endplate and up. Figure 5.6 shows such a rotation of the ITS about its geometric 

center. 

 

 

 

 

 

 

In this case, the distance from the center of the ITS to the surface of the mirror is 

given by d = 789.29 mm and the distance from the beam axis to the surface of a mirror is 

h = 640 mm [Tr 08]. 

Taking a side view of the displacement is shown in Figure 5.7. 
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Figure 5.6: Rotation of the ITS about the x direction 
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Figure 5.7: A side view of the δθx displacement. Only half the ITS is shown for 
simplicity. The red triangle is used to calculate δθx. 
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Using the red triangle highlighted in Figure 5.7 the angle δθx is calculated in 

equation 5.6 [Tr 08]. 
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Using the values of h and d, ρ is calculated to be 57.30o, and dzθ is essentially a z 

displacement. The form of equation 5.6 is identical for the δθy displacements, the only 

difference being the value of the dzθ. 

In order to find dzθx, consider a pure dθx displacement as in the example above. 

Again, this is equivalent to displacing the mirrors for camera 0 and 3 dy then towards the 

TPC endplate by dz. For camera 1 it is equivalent to displacing the mirror upwards dy 

and away from the TPC endplate by dz. A shift of the laser dots on all three cameras is 

shown for this equivalent displacement in Figure 5.8. 
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Figure 5.8: The shift of all lasers on their respective cameras for an equivalent dz and dy 
displacement of dθx. The illustration on the right is a zoomed in version for camera 0. 

dy 
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Using the image on the right of Figure 5.8, the equivalent dz displacement can be 

calculated by only taking the Y0 component of the first shift. This can be found by 

subtracting the Y0 component of the equivalent dy shift from the total δY0 measured by 

the camera, as in equation 5.7 (see equation 5.4 as well). 
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Similarly, dz can be calculated using camera 1 and 3, as in equation 5.8. 
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In equation 5.7 and 5.8 only the dy shift will result in a displacement in the Xi 

direction on the cameras. Since the camera is at a 45o angle with respect to the dy shift, 

dXi will be equal to the dYi component of the dy shift alone. As in chapter 5.3, the 

components of the dy shift for cameras that are across from one another will be 

equivalent. Hence, δX3 may be used to substitute in for δX1 in the first expression of 

equation 5.8. Adding the first expression of 5.8, in terms of δX3 and δY1, to equation 5.7 

and solving for dz gives the dzθ for rotations about the x axis. 
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Similarly, dzθ for rotations about the y axis is given by equation 5.10. 
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5.5: Rotations About The Beam Axis 

Rotations about the beam axis involve displacements of the laser spots on the 

camera’s array to sweep out an arc that is proportional to the distance between the beam 

axis to the camera and the angle of rotation. Looking down the beam pipe at the surfaces 

of the cameras, as in Figure 5.9, the arc traced out by the lasers can be used to calculate 

the rotation. 

 

 

 

 

 

 

 

 

Rotations of the ITS about the beam axis are constrained to be small, due to the 

mounting brackets of the ITS. Displacements in the δYi directions for the cameras will 

also be small. The δXi displacements on the cameras can therefore be used to 

approximate the arc length of the rotation. Using the illustration on the right of Figure 

5.9, the rotational displacement is calculated for small angles in equation 5.11 for camera 

3 and camera 1. 
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Figure 5.9: Rotations about the beam line. The red lines shows the paths 
traced out by the lasers when the ITS undergoes a θz displacement. 

 47



Adding the expressions in equation 5.11 and solving for δθz gives the rotation 

about the beam axis using camera 1 and 3, equation 5.12 [Tr 08].  
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The conversion from radians to degrees included, as is the minus sign, to indicate 

that counterclockwise rotations are positive. An equally valid expressions may be found 

by iterating over existing camera pairs, or with camera 2 if it were available. The radius, r 

= 645 mm [Tr 08], is taken as the distance between the beam axis and the cameras. 

5.6: Conclusion 

Because the geometry program works in tandem with the image analysis program, 

the coordination between these two programs and the image capture program is necessary 

in order to insure a properly functioning system. This coordination is facilitated via the 

controls software (PVSS). 
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Chapter 6: Controls System 

6.1 PVSS 

PVSS is the software used to integrate the ITSAMS analysis code, the code for 

determining the position of the ITS, and the hardware controls into a single coherent 

controls system. PVSS provides the experiments at the LHC with a Supervisory Controls 

and Data Acquisition (SCADA) [It 08] system that allows for the control of external 

hardware devices, the storage and acquisition of data from these devices, and monitoring 

of certain parameters from the collected data. The control, acquisition, and monitoring of 

data taken from the ITS cameras is accomplished by PVSS by integrating the C++ code 

for the analysis with a controls interface. 

 

6.2 Integrating ITSAMS Code 

The ITSAMS image analysis software, the image capture code, and geometry 

program are each integrated into the controls system by executing each program’s 

respective executable files (.exe files). Each executable file was created using Visual 

C++1. When called, the executable files carry out the task of their corresponding C++ 

program. For example, the ITSAMS.exe file takes images stored on file by the image 

capture program and carries out all the tasks discussed in chapter 4. The exe files 

essentially do everything we need the computer to do for our controls system. However, 

calling each program manually each time we want to perform a task is inefficient and 

                                                 
1 Microsoft Visual C++ 2005 Express Edition [Mi 08] 
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time consuming, and PVSS provides the means to integrate all the programs into one 

system while providing an extra layer that interprets the results of each program. 

The analysis software is integrated using a custom Graphical User Interface 

(GUI), that is created using PVSS. The GUI is a computer-based analogue of a classical 

controls system. It effectively replaces physical gauges, buttons, and alarms that would 

otherwise be used to control the hardware in our system. A prototype of the ITS GUI is 

shown below [Fu 07].  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: Prototype of the ITS GUI. Each button is linked to a series of 

commands, which include the execution of the C++ code.  

Each button corresponds to a series of control tasks, which include calling the exe 

files for the C++ programs. For example, when the “Cap all cameras” button is pushed 
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the image capture exe file is executed for all cameras of the ITS. These images are stored 

on file and displayed in the windows of the GUI. Once the images are on file, the image 

analysis program is executed and the average center and standard deviations are saved 

and stored in a log file for archiving. Finally, the geometry program is executed, which 

takes the values stored on file by the image analysis and displays the displacements of the 

ITS in the GUI panel. Data from the geometry code is then archived using PVSS for 

future use in the data analysis of the experiment. If displacements are detected by the 

code, PVSS raises an alarm, informing the control operators of any movement of the ITS. 

Like many of the controls systems on the LHC, the hardware for the ITS tracking 

is connected to a computer on the experiment platform. For radiation safety during the 

experiment’s operation, no one can be within the vicinity of the ALICE detector, or the 

experiment platform. The platform computer must be accessed remotely from a control 

room. PVSS provides our controls system with remote access by providing a Distributed 

Information Management (DIM) Client and DIM Server protocol [Pv 08]. 

The DIM client and server protocol establishes one computer as a server, in this 

case the platform computer, and the other computer(s) as the client, such as computers in 

the control room. The server computer contains all the information and software, 

including the executable files, necessary to operate the hardware for the controls system. 

The client contains the PVSS project with the ITS GUI. The client can send controls 

commands accessed from the GUI panel to the server. In turn, the server executes the 

client’s commands, runs the hardware and collects the data according to task given by the 

client. Data collected by the server is then sent to the client for display and/or storage in 

data acquisition. Although PVSS may also include controlling devices remotely, as in 

 51



 52

other applications on the LHC, the only devices the alignment system controls are the 

state of the power supply for the laser and camera, which is either on or off, and motors 

to adjust the mirrors. Actual alignment of the ITS is not accomplished through the control 

of devices that physically move the ITS. Rather, the controls program is used to monitor 

the position the ITS and store that information for future use. Corrections for the 

alignment are accomplished on the software level, where tracking data from the ITS is 

corrected based on displacements measured by the monitoring system. 



Chapter 7: ITSAMS Resolution 

7.1: ITS Test Setup 

Testing the ITSAMS software and controls system has been done using The Ohio 

State University mockup of the system, using the hardware which was later implemented 

at CERN. Figure 7.1 shows a picture of the mockup.  

 

 

 

 

 

 

 

 

 

 

 
Figure 7.1: ITSAMS test mock-up, at the Ohio State University. 

 

The aluminum support on the left is a scale model of the TPC endplate support 

with the camera and laser housing mounted on the end. The housing, including the laser 

and camera, is shown in Figure 7.2. The aluminum support on the right is an arc of the 

SSD support structure, built to scale. Mounted on the SSD support arc is the spherical 

mirror. Each aluminum support is positioned on an optical table such that the spacing 

between the laser housing and the spherical mirror is the prescribed 1.885 m [Tr 08]. The 
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SSD mockup is designed so that it may be displaced in the x and y direction at the base, 

using a micrometer, which is shown in Figure 7.3. 

 

 

 

 

 

 

 

 

 

 Figure 7.2: ITSAMS mock-up. The laser and camera housing. 

Images taken by the test setup were used to calibrate the system and to test the 

resolution of the system with the ITSAMS analysis software. 

 

 

 

 

 

 

 

 

 
Figure 7.3: ITSAMS mock-up. The spherical mirror, with the micrometer used to displace 

the aluminum support structure at the bottom. 
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7.2: Resolution and Calibration 

There were two types of runs used to test the performance of ITSAMS with the 

ITS mockup; resolution runs, and movement runs. The resolution runs were designed to 

test the resolution of the system without any movement. The system was allowed to take 

a series of 50 images at five minute intervals. Figure 7.4 shows position of the laser spot 

with respect to the CMOS array for all 5 resolution runs taken with the system [Ro 08]1. 

Each run, shown in different colors, was scaled to zero according to the average center of 

the distribution. 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.4: Resolution runs with errors bars. Each color indicates a unique series of ~50 

images without the intentional displacement of the mirror. There are 5.66μm/pixel in the x-
direction and 5.76mm/pixel in the y-direction. 

Movement runs were used to determine the calibration of the system, in addition 

to providing more data about the system’s resolution. The movement runs involved the 

displacement of the aluminum SSD support arc at set displacements in both the x and y 

directions with respect to the CMOS array. Each movement run began by taking 25 

                                                 
1 All data graphs in this chapter were created using ROOT [Ro 08]. C code for these graphs are included in 
Appendix 2.  
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images without the displacement of the mirror. Then, the mirror was displaced a total of 

10 μm ( -7.07 μm in the x-direction and 7.07 μm in the y-direction) and the system took 

10 images. This was repeated at 10 μm displacements up to a total displacement of 100 

μm. At this point the mirror was displaced at 50 μm intervals, taking 10 images for each 

displacement, until a total displacement of 1000 μm was achieved. As in the resolution 

runs, the system took images of the laser on the CMOS camera every five minutes. 

The results from the displacement runs are used to determine the calibration, or 

the correlation between a pixel value and the actual scale, in microns, of the movement 

on the CMOS array. By fitting a linear trend-line to the pixel position vs. mirror 

displacement the inverse of the slope gives the conversion ratio of microns to pixel. 

 

 

 

 

 

 

 

 

  

 
Figure 7.5: Average x vs. x-displacement. Each pixel value is the average off all positions (pixels) at the 
particular mirror displacement (microns). Each run was scaled relative to their individual y-intercepts. 

Figure 7.5 shows the results of the x-movement for all five movement runs. The 

average position of the laser’s position on the CMOS array was taken for each individual 

displacement of the mirror. Using a weighted linear regression, the slopes were 
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determined for each line. These are given in Appendix 3. The average slope gives 5.66 

μm/pixel in the x-direction.  

Similarly, Figure 7.6 shows the results of the y-movement for all five movement 

runs. The weighted linear regressions give a scale factor of 5.76 μm/pixel in the y-

direction. 

 

 

 

 

 

 

 

 

 

 
Figure 7.6: Average measured y vs. y-displacement. Each pixel value is the average of all positions (pixels) at 

the particular mirror displacement (microns). Each run was scaled relative to their individual y-intercepts. 
 

Examining the frequency distribution of displacements in the x and y-directions 

gives the resolution of ITSAMS with the test mockup. Displacements between each 

image in the resolution runs and the displacements between images for each individual 

mirror displacement are plotted in histograms, as in Figure 7.7 and Figure 7.8. The 

standard deviation of the distribution (RMS) gives the resolution of our entire data set. 
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Figure 7.7: Frequency vs. x displacements (pixels). Each displacement was measured over a five minute 
interval. The RMS gives a resolution of 3.125 pixels in the x-direction, which corresponds to ± 17.7 μm. 

The resolution of in the x-direction, using Figure 7.7, gives a resolution of            

± 17.7 μm, and the resolution in the y-direction is ± 42.1 μm for a single image using the 

data in Figure 7.8. 

 

 

 

 

 

 

 

 
Figure 7.8: Frequency vs. y displacements (pixels). Each displacement was measured over a five minute 
interval. The RMS gives a resolution of 7.295 pixels in the y-direction, which corresponds to ± 42.1 μm.  

For displacements between two images, this gives a statistical resolution of ± 0.50 

μm in the x-direction and ± 1.18 μm in the y-direction, using the error on the mean. 

Higher resolutions are attainable by taking images at smaller intervals. 
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Chapter 8: Recommendations and Conclusions 

8.1: Alternative Methods 

Although ITSAMS exceeds design specifications and offers a better resolution 

than similar systems used at the LHC [Bc 08], alternative methods of determining the 

center of the laser spot should be considered. Center detection using a Circle Hough 

transformation has been considered and tested as a means of replacing the elliptical fit 

provided by OpenCV. 

The Circle Hough Transformation is based on the parametric representation of a 

circle, where the x and y coordinates are given in equation 8.1. The Hough 

Transformation transforms equation 8.1 from a circle centered about “a” and “b” to a 

circle centered about x and y for a given radius, equation 8.2.  
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For a circle described by equation (8.1), the Circle Hough Transformation takes a 

sample of (x,y) points on the circle and draws a new circle with the same radius treating 

(x,y) as the center. An illustration of the transformation is shown below in Figure 8.1. 

 

x

y

a

b

bRy
aRx

+=
+=

θ
θ

sin
cos

θ
θ

sin
cos

Ryb
Rxa

−=
−=

a

b

x

y

 
Figure 8.1: Circle Hough Transformation. 
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Figure 8.1. shows that if the circles centered about (x,y) have the same radius as 

the original they will intersect at the center of the original. ITSAMS would effectively 

treat the contours from our image as circles and apply the Circle Hough Transformation 

to a sample of points on the contour. Unfortunately, the contours are more elliptical than 

circular and knowledge of the radius is necessary before hand to avoid looping over 

several fits before determining the best radius of curvature. Further more, an ellipse has 

both a semi-major and semi-minor axis, which would give to two R values in which the 

Circle Hough Transformation would overlap, as in Figure 8.1. 

This may be avoided by applying the geometry of overlapping circles to the 

Circle Hough Transformation. Suppose, instead, that two points are sampled close to one 

another on a contour and the Circle Hough Transformation is applied to those two points 

for a radius much less than the semi-major and semi-minor axis. The points of 

intersection between the two circles may be found using the geometry of Figure 8.2 
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Figure 8.2: Geometry of two intersecting circles with the same radius.  
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From Figure 8.2, the point of intersection is at (x3, y3), which may be used for the 

upper or lower intersection points. If “h” is the distance between (x3, y3) and (x2, y2) and 

“d” is the distance between (x0, y0) and (x1, y1), then (x3, y3) may be solved for using 

equations 8.3 and 8.4. 
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The ± sign will change depending upon the location of the contour that is 

sampled. A line may be drawn between the two intersection points and extrapolated 

towards the inside of the ellipse. Applying 8.3 and 8.4 to four locations on the contour 

will give something like Figure 8.3. 
 

 

 

 

 

 

 

 

 

 
Figure 8.3: Hough Transformation applied to four areas of a contour. The 

intersection of the circles may be used to extrapolate four lines towards the 
center of the ellipse.  

Four points of intersection may be obtained if the contour is sufficiently well 

behaved. Likewise, these four points can be used to find a rough approximation of the 

center from the intersection of the lines connecting them, which are shown in red in 
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Figure 8.3. This method could yield useful results in cases where the contour is 

sufficiently small. It would speed up the analysis time because the elliptical fit would not 

be required. 

Unfortunately, this method cannot be used with a great deal of precision for the 

current images from the ITS mock up. Currently the gain on the webcam is such that the 

image is highly saturated about the center of the beam spot. The contour that is closest to 

the actual beam center is too large and often too irregular. An example of applying this 

algorithm to a typical contour is shown below in Figure 8.4. If there is a means of 

controlling the gain, in the future, or passing the beam through a filter this approach may 

be applicable. The Hough Transformation which was studied is included in Appendix 4. 

 

 

 

 

 

 

 

 

 

 
Figure 8.4: The Hough Transformation applied to a typical contour 

obtained using ITSAMS and the test setup.  

Another disadvantage of the Circle Hough Transformation is it still requires 

cleaning and blurring the image in order to obtain reasonably smooth contours. A method 
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that could completely bypass processing the image, particularly the use of the Gaussian 

blur, would speed up analysis considerably. A method that utilizes a Fast Fourier 

Transform (or Discrete Fourier Transform) to compare the difference between two 

images may prove to be more efficient in terms of processing speed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5: The Fast Fourier Transform. The images on the right are grayscales of the 
laser. The images on the left are the phase space transformation of the grayscale images. 

The idea behind the Fourier Transform method relies on taking the Discrete 

Fourier Transform on an original image and on a displaced image. Once the two have 

been transformed into the Fourier phase space their “cross-correlation” can be used to 

determine the relative phase shift between the two images. By applying an inverse 

Fourier Transform on the cross power spectrum the displacement between the two images 

can be obtained. An advantage of the Fourier Transform method is that it does not require 

the opening, closing, and blur before analysis as long as the background, which is unique 

for a given camera and mirror setup, is relatively stable for the two images. 
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Comparing two methods of obtaining the cross-correlation using OpenCV’s 

cvDFT [Oc 99] function are shown below in Figure 8.6. The image on the left shows the 

results of using a method of applying cvDFT onto OpenCV’s IplImage format, while the 

image on the right shows a method applying cvDFT to a matrix format of the original 

image. 

 

 

 

 

 

 

 

 Figure 8.6: The IplImage method on the left and the matrix method on the right. 
OpenCV requires the image to be broken up into real and imaginary quadrants.  

 

Mathematically, the inverse Fourier Transform of the cross-correlation should 

produce a Kronicker delta function, which would result in a dot on the final image 

corresponding to the absolute value of the displacement between two images. Only the 

IplImage, which is more expensive in terms of processing speed method produces this 

result. The run time for the IplImage is approximately 17 seconds, while the current run 

time of ITSAMS is approximately 3 seconds. The lag in run times may be attributed to 

the cvDFT function, which requires a 64 bit depth image format in order to work 

properly. The Fourier method may therefore be more effective using a different library of 

analysis functions, such as GSL (GNU Scientific Library) [Gn 08]. 
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8.2: Conclusions 

An image analysis program to determine the center of a laser spot on a CMOS 

camera has been implemented as a means of determining the relative displacement of two 

important sub-detectors (ITS and TPC) for the ALICE experiment. With the highest 

resolution of ~20 μm on the ITS, the combined image acquisition software, analysis 

software, and hardware system meets and exceeds the design requirements needed for the 

alignment of the ITS.  



Appendix 1: ITSAMS_ImageAnalysis.cpp 
 
 //////////////ITSAMS Image Analysis Program////////////////// 
�//By: Benjamin Rizzo (Creighton University)                // 
�//This program finds the position of a laser spot on a     // 
�//CMOS webcam. The position is passed to a geometry program// 
�//which is used to calculate the subsequent position of the// 
�//ITS sub-detector in ALICE.                               // 
�///////////////////////////////////////////////////////////// 
� 
�#pragma once 
�#define WIN32_LEAN_AND_MEAN 
�#define GSL_DLL 
�#include <stdio.h> 
�#include <tchar.h> 
�#include "stdafx.h" 
�#include <cv.h> 
�#include <cvcam.h> 66 �#include <cvaux.h> 
�#include <highgui.h> 
�#include <cmath> 
�#include <iostream> 
�#include <cxcore.h> 
�#include <fstream> 
�#include <ctime> 
�#include "gsl/gsl_fit.h" 
�#include "gsl/gsl_multifit.h" 
�#include "gsl/gsl_vector.h" 
�#include "gsl/gsl_matrix.h" 
�#include "gsl/gsl_poly.h" 
�using namespace std; 
� 
�void process_image(int h, int m_points, IplImage* gry, CvMemStorage* &stAll, CvSeq* &allPts, CvMemStorage* 
                   &stAxis, CvSeq* &allAx); 
�void stat(CvPoint* points, double &avgx, double &avgy, double &stdvx, double &stdvy, int &i_points); 

   �void center_fit(int points, CvPoint *ellip_centers, CvPoint *ellip_axis, double &x_center, double &y_center,  
                      double avg_x, double &sigma_x, double &sigma_y); 

�void quadratic_fit(int n_data, gsl_vector *vec_x, gsl_vector *vec_y, double &chisq, double &C0, double &C1,  
                   double &C2); 
�void check(double &x_center, double &y_center, double avg_plus, double avg_minus, double x_plus, double x_minus,  



             double c1, double c0); 
� 
�int main(int argc, char** argv) 
�{ 
� if(argc != 4) 
� { 
�  printf("Usage: ITSAMS.EXE <base-image-file> <out-file> <out-image>\n"); 
�  exit(0); //input format for executing ITSAMS.exe; <base-image-file> = imageName.bmp ... 
� }            //<out-file> = textName.txt (or .dat) <out-image> = textName.jpg (see outFile, below) 
� else 
� { 
� 
� IplImage *image00 = 0, *blue = 0; //declaration and initialization of images for processing 
� IplImage *grayB = 0; 
� 
� char* filename;            //generic file name for loading images from the camera capture code 
� char* outFile;             //generic file name for the output text or dat file 
� char* outImage; 
� 67 � filename = argv[1]; 
� outFile = argv[2]; 
� outImage = argv[3]; 
� 
�  image00 = cvLoadImage(filename, -1);                 //loads image from camera capture code 
�  if((image00 = cvLoadImage(filename, 1)) == 0) 
�  return -1; 
� 
� 
�  IplImage *image01 = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 3); 
�  IplImage *split_blue = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 0); 
�  IplImage *split_green = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 0); 
�  IplImage *split = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 0); 
� 
�  image01 = cvCloneImage(image00);                   //declares bit depth and format of images 
�  blue = cvCreateImage(cvSize(image01->width+60, image01->height+60), IPL_DEPTH_8U, 0); 
�  grayB = cvCreateImage(cvGetSize(blue), IPL_DEPTH_8U, 0); 
� 
� 
�  CvPoint* ptArray;                     //point array (x,y) for the contour centers of an image 
�  CvMemStorage *storeAll = cvCreateMemStorage(0); //allocates memory for the following sequence 
�  CvSeq *allPoints = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), storeAll); 



�  int n_points = 0;           //a sequence for an unknown number (n_points) of center positions 
� 
�  CvPoint* axisArray; 
�  CvMemStorage *storeAxis = cvCreateMemStorage(0); 
�  CvSeq *allAxis = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), storeAxis); 
� 
�  cvSplit(image01, split_blue, 0, 0, NULL); 
�  cvSplit(image01, 0, split_green, 0, NULL); 
� 
�  CvScalar mean_blue = cvAvg(split_blue, 0); 
�  CvScalar mean_green = cvAvg(split_green, 0); 
� 
�  //cout << "avg blue intensity: " << mean_blue.val[0]*100/255 << endl; 
�  //cout << "avg green intensity: " << mean_green.val[0]*100/256 << endl; 
� 
�  if((mean_blue.val[0])*100/256 > 20) //checks average blue intensity level in the image 
�  { 
�   split = cvCloneImage(split_blue); 
�   for(int i = 0; i<1280; i++){ //bounds the image with a 30 pixel deep border 68 �    for(int j =0; j<1024; j++){ 
�     
�    CvScalar v; 
�    v = cvGet2D(split, j, i); 
�    cvSet2D(blue, j +30, i +30, v); 
�    } 
�   } 
�  } 
� 
�  if((mean_blue.val[0])*100/256 < 20) //if blue intensity is too small, analize green image 
�  { 
�   split = cvCloneImage(split_green); 
�   for(int i = 0; i<1280; i++){ 
�    for(int j =0; j<1024; j++){ 
�     
�    CvScalar v; 
�    v = cvGet2D(split, j, i); 
�    cvSet2D(blue, j +30, i +30, v); 
�    } 
�   } 
�  } 
� 



� 
�  cvErode(blue, blue, NULL, 10);                         //morphological opening 
�  cvDilate(blue, blue, NULL, 10); 
�  cvDilate(blue, blue, NULL, 10);                        //morphological closing 
�  cvErode(blue, blue, NULL, 10); 
�  cvSmooth(blue, blue, CV_GAUSSIAN, 351);                //gaussian blur 
� 
�  grayB = cvCloneImage(blue); //grayscale (bit depth is 0).  
�                              //for color image (development) required conversion at this point. 
�  cvEqualizeHist(grayB, grayB);                          //equalization 
�  
�  process_image(0, n_points, grayB, storeAll, allPoints, storeAxis, allAxis);//processes the image 
� 
�  n_points = allPoints->total;                           //finds the number of points in the sequence 
�  ptArray = (CvPoint*)malloc(n_points * sizeof(CvPoint));//makes the appropriate size for ptArray 
�  cvCvtSeqToArray(allPoints, ptArray, CV_WHOLE_SEQ);     //converts a sequence to an array 
� 
�  axisArray = (CvPoint*)malloc(n_points * sizeof(CvPoint)); 
�  cvCvtSeqToArray(allAxis, axisArray, CV_WHOLE_SEQ); 69 �   
� double avex, avey, devx, devy; 
� double center_x, center_y, phi, xy_slope; 
� 
� stat(ptArray, avex, avey, devx, devy, n_points); //finds the average and standard deviation 
� 
� int j_points = n_points; 
�  
� devx = 0; 
� devy = 0; 
� 
� center_fit(n_points, ptArray, axisArray, center_x, center_y, avex, devx, devy); //finds position 
� 
�  if( center_x > 0 && center_y > 0) 
�  { 
�   ofstream file(outFile, ios::app); 
�   file << center_x << " " << devx << " " << center_y << " " << devy << " " << 0 << endl; 
�   file.close(); 
�   cvCircle(image01, cvPoint(center_x, center_y), 1, CV_RGB(0, 0, 127), 1); 
�   cvCircle(image01, cvPoint(center_x, center_y), 10, CV_RGB(0, 0, 127), 1); 
� 
�   cvSaveImage(outImage, image01); //image with center marker 



�  } 
�  
� 
� cvReleaseImage(&image00);                            //releases images from memory 
� cvReleaseImage(&image01); 
� cvReleaseImage(&split); 
� cvReleaseImage(&blue); 
� cvReleaseImage(&grayB); 
� 
� free(ptArray);                                       //releases the point array from memory 
� free(axisArray); 
� cvDestroyAllWindows();         //destroys any windows used for displaying images (development) 
� cvClearMemStorage(storeAll);                        //clears memory allocated for the sequence 
�} 
�  
�  return 0; 
�} 
� 
�void process_image(int h, int m_points, IplImage* gry, CvMemStorage* &stAll, CvSeq* &allPts, CvMemStorage*  70                    &stAxis, CvSeq* &allAx) 
�{  
� IplImage *bcircle = 0, *temp = 0;                         //images used in processing... 
� bcircle = cvCreateImage(cvGetSize(gry), IPL_DEPTH_8U, 0); //..& their bit size 
� temp = cvCreateImage(cvGetSize(gry), IPL_DEPTH_8U, 0); 
� 
� CvMemStorage *contStor; 
� CvSeq *contPts; 
� CvSeq *ContPts; 
� CvPoint *contour; 
� CvPoint *Contour; 
� CvPoint2D32f *fcontour; 
� CvPoint2D32f *fContour; 
� CvBox2D32f *box; 
� CvBox2D32f *Box; 
� int i_points = 0; 
� int j_points = 0; 
� 
� contStor = cvCreateMemStorage(0);                 //allocates memory for a contour 
� ContPts = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), contStor); //sequence 
� 
�for( int threshold = 150; threshold < 200; threshold += 5){ 



�      //loops through threshold values and obtains contours for each threshold 
� cvThreshold(gry, bcircle, threshold, 255, CV_THRESH_BINARY); 
� 
� cvErode(bcircle, temp, NULL, 1); //These bits here are used to bring out the bondary of the circles 
� cvSub(bcircle, temp, bcircle);  //This gives back only the circle boundary (binary) 
� 
� cvFindContours(bcircle, contStor, &ContPts, sizeof(CvContour), CV_RETR_LIST, CV_CHAIN_APPROX_NONE, 
cvPoint(0,0)); 
�                                                  //finds all the contours and stores it in a sequence 
� CvPoint pts; 
� CvPoint smAxis; 
� 
� for(contPts = ContPts; ContPts; ContPts = ContPts->h_next) //finds the largest contour with smallest 
eccentricity 
� { 
�  int i_points = contPts->total; 
�  int j_points = ContPts->total; 
� 
�  box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f));   //allocates memory for box 71 �  Box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f)); 
� 
�  Contour = (CvPoint*)malloc(j_points * sizeof(CvPoint)); //allocates memory for the point array 
�  fContour = (CvPoint2D32f*)malloc(j_points * sizeof(CvPoint2D32f)); //allocates memory for float point 
array 
� 
�  contour = (CvPoint*)malloc(i_points * sizeof(CvPoint)); //allocates memory for the point array 
�  fcontour = (CvPoint2D32f*)malloc(i_points * sizeof(CvPoint2D32f)); //allocates memory for float point 
array 
� 
�  double A, B, a, b; 
�  a = 0; 
�  b = 0; 
�  A = 0; 
�  B = 0; 
� 
�  if(ContPts->total > contPts->total) 
�  { 
�   if(i_points >= 6 && j_points >= 6)  //if statement avoids raising an error in cvFitEllipse 
�   {         
�     
�    cvCvtSeqToArray(contPts, contour, CV_WHOLE_SEQ); //converts sequence to a point array 



�    cvCvtSeqToArray(ContPts, Contour, CV_WHOLE_SEQ); 
� 
�    for(int i =0; i < i_points; i++) 
�    { 

    fcontour[i].x � = (float)contour[i].x;//converts point array into a floating point array 
�     fcontour[i].y = (float)contour[i].y;  //required by cvFitEllipse 
�    } 
� 
�    for(int j =0; j < j_points; j++) 
�    { 
�     fContour[j].x = (float)Contour[j].x; 
�     fContour[j].y = (float)Contour[j].y; 
�    } 
�     
�    cvFitEllipse(fcontour, i_points, box);   //fits an ellipse to the contours 
�    cvFitEllipse(fContour, j_points, Box); 
� 
�    double H = cvRound(Box->size.height*0.5); 
�    double h = cvRound(box->size.height*0.5); 72 �    double W = cvRound(Box->size.width*0.5); 
�    double w = cvRound(box->size.width*0.5); 
� 
�    if(H > W) 
�    { 
�     A = H; 
�     B = W; 
�    } 
�    else 
�    { 
�     B = H; 
�     A = W; 
�    } 
� 
�    if(h > w) 
�    { 
�     a = h; 
�     b = w; 
�    } 
�    else 
�    { 
�     b = h; 



�     a = w; 
�    } 
�      
�    double ec = sqrt( 1 - pow(b, 2.0)/pow(a, 2.0)); 
�    double eC = sqrt( 1 - pow(B, 2.0)/pow(A, 2.0)); 
� 
�    //cout << "ec: \t" << ec << " eC: \t" << eC << endl; 
� 
�    if( ec > 0.15 /*&& a >250*/) 
�    { 
�     if( eC < ec ) 
�     { 
�      pts.x = cvRound(Box->center.x) - 30; 
�      pts.y = cvRound(Box->center.y) - 30; 
�      smAxis.x = A; 
�      smAxis.y = B; 
�     } 
�     if( ec < eC ) 
�     { 73 �      pts.x = cvRound(box->center.x) - 30; 
�      pts.y = cvRound(box->center.y) - 30; 
�      smAxis.x = a; 
�      smAxis.y = b; 
�     } 
�    } 
�    else //if( ec < 0.15 ) 
�    { 
�     pts.x = cvRound(Box->center.x) - 30; 
�     pts.y = cvRound(Box->center.y) - 30; 
�     smAxis.x = A; 
�     smAxis.y = B; 
�    } 
� 
�   } 
�   
�  } 
�  else //if(ContPts->total < contPts->total) 
�  { 
�   if(i_points >= 6) 
�   { 
�    cvCvtSeqToArray(contPts, contour, CV_WHOLE_SEQ); 



�     
�    for(int i =0; i < i_points; i++) 
�    { 

    fcontour[i].x � = (float)contour[i].x;//converts point array into a floating point array 
�     fcontour[i].y = (float)contour[i].y;  //required by cvFitEllipse 
�    } 
�    
�    cvFitEllipse(fcontour, i_points, box);   //fits an ellipse to the contours 
�     
�    pts.x = cvRound(box->center.x) - 30; 
�    pts.y = cvRound(box->center.y) - 30; 
� 
�    double h = cvRound(box->size.height*0.5); 
�    double w = cvRound(box->size.width*0.5); 
� 
�    if(h > w) 
�    { 
�     a = h; 
�     b = w; 74 �    } 
�    if(w > h) 
�    { 
�     a = w; 
�     b = h; 
�    } 
� 
�    smAxis.x = a; 
�    smAxis.y = b; 
�   } 
�  } 
�   
� 
�  free(contour);                      //frees memory from the point array 
�  free(fcontour);                      //frees memory from the float point array 
�  free(box); 
� 
�  free(Contour); 
�  free(fContour); 
�  free(Box); 
� } //for loop for contour check 
�  



� //cout << pts.x << " " << pts.y << endl; 
� cvSeqPush(allPts, &pts); 
� cvSeqPush(allAx, &smAxis); 
� m_points ++; 
�}                                            //end of for loop 
� 
� 
�cvReleaseImage(&bcircle);                    //releases images used in processing 
�cvReleaseImage(&temp); 
�cvClearMemStorage(contStor);                 //releases memory used in for storing contours in a sequence 
� 
�} 
� 
�void stat(CvPoint* points, double &avgx, double &avgy, double &stdvx, double &stdvy, int &i_points) 
�{ 
� double sumx = 0;   //values used to find average and standard deviation of the array 
� double sumy = 0; 
� double varx = 0; 
� double vary = 0; 75 � double i_points_new = 0; 
� 
� for(int j = 0; j< i_points; j++){ 
� 
�  if(points[j].x != 0) 
�  { 
�   sumx = points[j].x + sumx; 
�  // cout << "x: " << points[j].x << "\t y: " << points[j].y << endl; 
�   i_points_new++; 
�  } 
� 
�  if(points[j].y != 0) 
�  { 
�   sumy = points[j].y + sumy; 
�   //i_points_y++; 
�  } 
� } 
� 
� //i_points = i_points_new; 
� 
� avgx = sumx/i_points_new;                   //average center (x-position) 
� avgy = sumy/i_points_new;                   //average center (y-position) 



� 
� for(int j = 0; j< i_points; j++){ 
� 
�  if(points[j].x != 0) 
�  { 
�   varx = (points[j].x - avgx)*(points[j].x - avgx) + varx; 
�  } 
� 
�  if(points[j].y != 0) 
�  { 
�   vary = (points[j].y - avgy)*(points[j].y - avgy) + vary; 
�  } 
� } 
� 
� //cout << "i_points: " << i_points << "i_points_new: " << i_points_new << endl; 
� 
� stdvx = sqrt( varx/(i_points_new - 1 ) );           //standard deviation in the x-direction 
� stdvy = sqrt( vary/(i_points_new - 1 ) );           //standard deviation in the y-direction 
� 76 � //cout << avgx << " " << stdvx << " " << avgy << " " << stdvy << endl; 
� 
� i_points = i_points_new; 
� 
�} 
� 
�void center_fit(int points, CvPoint *ellip_centers, CvPoint *ellip_axis, double &x_center, double &y_center, 
                 double avg_x, double &sigma_x, double &sigma_y) 
�{ 
� double *x_arr, *y_arr, *a_arr, *b_arr, *w; 
� gsl_vector *a_vec_x, *a_vec_y, *b_vec_x, *b_vec_y, *angle_x1, *angle_x2, *angle_y1, *angle_y2; 
� 
� x_arr = new double[points]; //array format required by gsl 
� y_arr = new double[points]; 
� a_arr = new double[points]; 
� b_arr = new double[points]; 
� w = new double[points]; 
� 
� a_vec_x = gsl_vector_alloc(points*2); 
� a_vec_y = gsl_vector_alloc(points*2); 
� 
� b_vec_x = gsl_vector_alloc(points*2); 



� b_vec_y = gsl_vector_alloc(points*2); 
� 
� angle_x1 = gsl_vector_alloc(points); 
� angle_y1 = gsl_vector_alloc(points); 
� 
� angle_x2 = gsl_vector_alloc(points); 
� angle_y2 = gsl_vector_alloc(points); 
� 
� for(int i = 0; i < points; i++) 
� { 
�  double g = i; 
�  double p = points; 
�  x_arr[i] = ellip_centers[i].x; //fills an array with x values 
�  y_arr[i] = ellip_centers[i].y; //fills an array with y values 
�  a_arr[i] = ellip_axis[i].x; 
�  b_arr[i] = ellip_axis[i].y; 
�  w[i] = 1 - exp(-1*g); 
� } 
� 77 � double c0, c1, cov00, cov01, cov11, chisq; 
� gsl_fit_wlinear(x_arr, 1, w, 1, y_arr, 1, points, &c0, &c1, &cov00, &cov01, &cov11, &chisq); 
� //linear fit 
� 
� sigma_y = 0; 
� int k = 0; 
� int f = 0; 
� int g = 0; 
� for(int i = 0; i < points; i++) 
� { 
�  //calculates parabolic projection 
�  double ax_plus = x_arr[i]+sqrt((a_arr[i]/2)*(a_arr[i]/2)/(1 + (c1*c1))); 
�  double ay_plus = y_arr[i]-(c1)*sqrt((a_arr[i]/2)*(a_arr[i]/2)/(1 + (c1*c1))); 
� 
�  gsl_vector_set(a_vec_x, k, ax_plus); 
�  gsl_vector_set(a_vec_y, k, ay_plus); 
�  k++; 
� 
�  double ax_minus = x_arr[i]-sqrt((a_arr[i]/2)*(a_arr[i]/2)/(1 + (c1*c1))); 
�  double ay_minus = y_arr[i]+(c1)*sqrt((a_arr[i]/2)*(a_arr[i]/2)/(1 + (c1*c1))); 
� 
�  gsl_vector_set(a_vec_x, k, ax_minus); 



�  gsl_vector_set(a_vec_y, k, ay_minus); 
�  k++; 
� 
�  gsl_vector_set(angle_x1, g, ax_plus); 
�  gsl_vector_set(angle_y1, g, ay_minus); 
� 
�  gsl_vector_set(angle_x2, g, ax_minus); 
�  gsl_vector_set(angle_y2, g, ay_plus); 
�  g++; 
� 
�  double bx_plus = x_arr[i]+sqrt((b_arr[i]/2)*(b_arr[i]/2)/(1 + (c1*c1))); 
�  double by_plus = y_arr[i]-(c1)*sqrt((b_arr[i]/2)*(b_arr[i]/2)/(1 + (c1*c1))); 
� 
�  gsl_vector_set(b_vec_x, f, bx_plus); 
�  gsl_vector_set(b_vec_y, f, by_plus); 
�  f++; 
� 
�  double bx_minus = x_arr[i]-sqrt((b_arr[i]/2)*(b_arr[i]/2)/(1 + (c1*c1))); 
�  double by_minus = y_arr[i]+(c1)*sqrt((b_arr[i]/2)*(b_arr[i]/2)/(1 + (c1*c1))); 78 � 
�  gsl_vector_set(b_vec_x, f, bx_minus); 
�  gsl_vector_set(b_vec_y, f, by_minus); 
�  f++; 
� 
�  //calculates error 
�  double calc = (y_arr[i] - c0 - c1*x_arr[i])/chisq; 
�  if(calc < 0) 
�  { 
�   calc = -1*calc; 
�  } 
� 
�  sigma_y = sqrt(calc) + sigma_y; 
� } 
� 
� sigma_x = sigma_y/c1; 
� if(sigma_x < 0) 
� { 
�  sigma_x = -1*sigma_x; 
� } 
� 
� double b_chi, b_C0, b_C1, b_C2; 



� quadratic_fit(points*2, b_vec_x, b_vec_y, b_chi, b_C0, b_C1, b_C2); 
� 
� double x_plus_b, x_minus_b; 
� gsl_poly_solve_quadratic(b_C2, (b_C1 - c1), (b_C0 - c0), &x_minus_b, &x_plus_b); 
� 
� double avg_plus = avg_x + 20; 
� double avg_minus = avg_x - 20; 
� double x_center_b, y_center_b; 
� 
� check(x_center_b, y_center_b, avg_plus, avg_minus, x_plus_b, x_minus_b, c1, c0); 
� 
� if(x_center_b > 0 && x_center_b < 1280){ 
�  if(y_center_b > 0 && y_center_b < 1024) 
�  { 
�   x_center = x_center_b; 
�   y_center = y_center_b; 
�  } 
� } 
� else 79 � { 
�  x_center_b = 0; 
�  y_center_b = 0; 
� } 
� 
� // free all vectors, matricies, and arrays 
� delete [] x_arr; 
� delete [] y_arr; 
� delete [] a_arr; 
� delete [] b_arr; 
� delete [] w; 
� 
� gsl_vector_free(a_vec_x); 
� gsl_vector_free(a_vec_y); 
� gsl_vector_free(b_vec_x); 
� gsl_vector_free(b_vec_y); 
� gsl_vector_free(angle_x1); 
� gsl_vector_free(angle_y1); 
� gsl_vector_free(angle_x2); 
� gsl_vector_free(angle_y2); 
�} 
� 



�void quadratic_fit(int n_data, gsl_vector *vec_x, gsl_vector *vec_y, double &chisq, double &C0, double &C1,  
                   double &C2) 
�{ 
� //essentially from gsl manual 
� gsl_matrix *X, *cov; 
� gsl_vector *c, *w; 
� 
� X = gsl_matrix_alloc(n_data, 3); 
� c = gsl_vector_alloc(3); 
� w = gsl_vector_alloc(n_data); 
� cov = gsl_matrix_alloc(3, 3); 
� 
� for( int i = 0; i < n_data; i++) 
� { 
�  double j = i; 
�  double p = n_data; 
�  double x = gsl_vector_get(vec_x, i); 
�  gsl_matrix_set(X, i, 0, 1.0); 
�  gsl_matrix_set(X, i, 1, x); 80 �  gsl_matrix_set(X, i, 2, x*x); 
�  gsl_vector_set(w, i, 1); 
� } 
� 
� gsl_multifit_linear_workspace *work = gsl_multifit_linear_alloc(n_data, 3); 
� gsl_multifit_wlinear(X, w, vec_y, c, cov, &chisq, work); 
� 
�#define C(i) (gsl_vector_get(c, (i))) 
� 
� C0 = C(0); 
� C1 = C(1); 
� C2 = C(2); 
� 
� // free all vectors and matricies 
� gsl_matrix_free(X); 
� gsl_matrix_free(cov); 
� gsl_vector_free(c); 
� gsl_vector_free(w); 
�} 
�void check(double &x_center, double &y_center, double avg_plus, double avg_minus, double x_plus, double x_minus, 
            double c1, double c0) 
�{ 



� if(x_plus < 0 && x_minus > 0) 
� { 
�  x_center = x_minus; 
�  y_center = c1*x_center + c0; 
� } 
� 
� if(x_minus < 0 && x_plus > 0) 
� { 
�  x_center = x_plus; 
�  y_center = c1*x_center + c0; 
� } 
� 
� if(x_plus > 0 && x_minus > 0) 
� { 
�  if(x_plus > avg_minus && x_plus < avg_plus) 
�  { 
�   x_center = x_plus; 
�   y_center = c1*x_center + c0; 
�  } 
� 
�  if(x_minus > avg_minus && x_minus < avg_plus) 
�  { 
�   x_center = x_minus; 
�   y_center = c1*x_center + c0; 
�  } 
� } 
�} 

81 



Appendix 2: C Files For Root Graphs 
 
//////////// figure 7.5 and 7.6 ////////////// 
//By: Benjamin Rizzo                        // 
////////////////////////////////////////////// 
 
{ 
#include <iostream.h> 
#include <cmath> 
 
gROOT->Reset(); 
//gStyle->SetOptFit(); 
 
ifstream in1, in2, in3, in4, in5; 
Double_t srt = sqrt(2); 
 
in1.open("avg_run_1.dat"); 
Int_t n1 = 20; 82

Int_t z1 = 0; 
Double_t x1[n1], y1[n1], stdx1[n1], stdy1[n1], dis1[n1], edis1[n1]; 
 
while(!in1.eof()){ 
 
  Double_t i1, j1, k1, l1, m1; 
  in1 >> i1 >> j1 >> k1 >> l1 >> m1; 
 
  if(l1!=0 && m1!=0){ 
 
    x1[z1] = i1 - 797.6775; 
    y1[z1] = j1 - 503.9325; 
    dis1[z1]= k1/srt; 
    stdx1[z1]= l1; 
    stdy1[z1] = m1; 
    edis1[z1] = 1.0/srt; 
    z1++; 
  } 
} 
 
printf("z =%d\n", z1); 
in1.close(); 



 
 
in2.open("avg_run_2.dat"); 
Int_t n2 = 20; 
Int_t z2 = 0; 
Double_t x2[n2], y2[n2], stdx2[n2], stdy2[n2], dis2[n2], edis2[n2]; 
 
while(!in2.eof()){ 
 
  Double_t i2, j2, k2, l2, m2; 
  in2 >> i2 >> j2 >> k2 >> l2 >> m2; 
 
  if(l2!=0 && m2!=0){ 
 
    x2[z2] = i2 - 747.4944; 
    y2[z2] = j2 - 539.8617; 
    dis2[z2]= k2/srt; 
    stdx2[z2]= l2; 
    stdy2[z2] = m2; 83

    edis2[z2] = 1.0/srt; 
    z2++; 
  } 
} 
 
printf("z =%d\n", z2); 
in2.close(); 
 
in3.open("avg_run_3.dat"); 
Int_t n3 = 17; 
Int_t z3 = 0; 
Double_t x3[n3], y3[n3], stdx3[n3], stdy3[n3], dis3[n3], edis3[n3]; 
 
while(!in3.eof()){ 
 
  Double_t i3, j3, k3, l3, m3; 
  in3 >> i3 >> j3 >> k3 >> l3 >> m3; 
 
  if(l3!=0 && m3!=0){ 
 
    x3[z3] = i3 - 683.7401; 
    y3[z3] = j3 - 608.4007; 



    dis3[z3]= k3/srt; 
    stdx3[z3]= l3; 
    stdy3[z3] = m3; 
    edis3[z3] = 1.0/srt; 
    z3++; 
  } 
} 
printf("z =%d\n", z3); 
in3.close(); 
 
in4.open("avg_run_4.dat"); 
Int_t n4 = 20; 
Int_t z4 = 0; 
Double_t x4[n4], y4[n4], stdx4[n4], stdy4[n4], dis4[n4], edis4[n4]; 
 
while(!in4.eof()){ 
 
  Double_t i4, j4, k4, l4, m4; 
  in4 >> i4 >> j4 >> k4 >> l4 >> m4; 84

 
  if(l4!=0 && m4!=0){ 
 
    x4[z4] = i4 - 745.4118; 
    y4[z4] = j4 - 482.5273; 
    dis4[z4]= k4/srt; 
    stdx4[z4]= l4; 
    stdy4[z4] = m4; 
    edis4[z4] = 1.0/srt; 
    z4++; 
  } 
} 
printf("z =%d\n", z4); 
in4.close(); 
 
in5.open("avg_run_5.dat"); 
Int_t n5 = 20; 
Int_t z5 = 0; 
Double_t x5[n5], y5[n5], stdx5[n5], stdy5[n5], dis5[n5], edis5[n5]; 
 
while(!in5.eof()){ 
 



  Double_t i5, j5, k5, l5, m5; 
  in5 >> i5 >> j5 >> k5 >> l5 >> m5; 
 
  if(l5!=0 && m5!=0){ 
 
    x5[z5] = i5 - 744.8002; 
    y5[z5] = j5 - 486.7139; 
    dis5[z5]= k5/srt; 
    stdx5[z5]= l5; 
    stdy5[z5] = m5; 
    edis5[z5] = 1.0/srt; 
    z5++; 
  } 
} 
 
printf("z =%d\n", z5); 
in5.close(); 
 
TGraphErrors *gr1 = new TGraphErrors(n1,dis1,x1,edis1,stdx1); 85

gr1 -> SetMarkerStyle(20); 
gr1 -> SetMarkerColor(kRed); 
 
TGraphErrors *gr2 =  new TGraphErrors(n2,dis2,x2,edis2,stdx2); 
gr2 -> SetMarkerStyle(21); 
gr2 -> SetMarkerColor(kBlue); 
 
TGraphErrors *gr3 = new TGraphErrors(n3,dis3,x3,edis3,stdx3); 
gr3 -> SetMarkerStyle(22); 
gr3 -> SetMarkerColor(kGreen); 
 
TGraphErrors *gr4 = new TGraphErrors(n4,dis4,x4,edis4,stdx4); 
gr4 -> SetMarkerStyle(23); 
gr4 -> SetMarkerColor(kCyan); 
 
TGraphErrors *gr5 = new TGraphErrors(n5,dis5,x5,edis5,stdx5); 
gr5 -> SetMarkerStyle(5); 
gr5 -> SetMarkerColor(kMagenta); 
 
TGraphErrors *gr6 = new TGraphErrors(n1,dis1,y1,edis1,stdy1); 
gr6 -> SetMarkerStyle(20); 
gr6 -> SetMarkerColor(kRed); 



 
TGraphErrors *gr7 =  new TGraphErrors(n2,dis2,y2,edis2,stdy2); 
gr7 -> SetMarkerStyle(21); 
gr7 -> SetMarkerColor(kBlue); 
 
TGraphErrors *gr8 = new TGraphErrors(n3,dis3,y3,edis3,stdy3); 
gr8 -> SetMarkerStyle(22); 
gr8 -> SetMarkerColor(kGreen); 
 
TGraphErrors *gr9 = new TGraphErrors(n4,dis4,y4,edis4,stdy4); 
gr9 -> SetMarkerStyle(23); 
gr9 -> SetMarkerColor(kCyan); 
 
TGraphErrors *gr10 = new TGraphErrors(n5,dis5,y5,edis5,stdy5); 
gr10 -> SetMarkerStyle(5); 
gr10 -> SetMarkerColor(kMagenta); 
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TCanvas *c1 = new TCanvas("c1", "ITSAMS Results", 1000, 600); 
c1->SetFillColor(kWhite); 
c1->SetFrameFillColor(kWhite); 
 
TMultiGraph *mg1 = new TMultiGraph(); 
mg1->SetTitle("x vs x-displacement (all Runs) ITSAMS Thresholds 150-200"); 
mg1->Add(gr1); 
mg1->Add(gr2); 
mg1->Add(gr3); 
mg1->Add(gr4); 
mg1->Add(gr5); 
mg1->Draw("AP"); 
mg1->GetXaxis()->SetTitle("x-displacement [microns]"); 
mg1->GetYaxis()->SetTitle("x (scaled) [pixel]"); 
 
gr1->Fit("pol1"); 
TF1 *line1 = gr1->GetFunction("pol1"); 
line1->SetLineStyle(1); 
line1->SetLineColor(kRed); 
 
gr2->Fit("pol1"); 
TF1 *line2 = gr2->GetFunction("pol1"); 



line2->SetLineStyle(1); 
line2->SetLineColor(kBlue); 
 
gr3->Fit("pol1"); 
TF1 *line3 = gr3->GetFunction("pol1"); 
line3->SetLineStyle(1); 
line3->SetLineColor(kGreen); 
 
gr4->Fit("pol1"); 
TF1 *line4 = gr4->GetFunction("pol1"); 
line4->SetLineStyle(1); 
line4->SetLineColor(kCyan); 
 
gr5->Fit("pol1"); 
TF1 *line5 = gr5->GetFunction("pol1"); 
line5->SetLineStyle(1); 
line5->SetLineColor(kMagenta); 
 
c1->Update(); 87

c1->Modified(); 
 
TCanvas *c2 = new TCanvas("c2", "ITSAMS Results", 1000, 600); 
c2->SetFillColor(kWhite); 
c2->SetFrameFillColor(kWhite); 
 
TMultiGraph *mg2 = new TMultiGraph(); 
mg2->SetTitle("y vs y-displacement (all runs) ITSAMS Thresholds 150-200"); 
mg2->Add(gr6); 
mg2->Add(gr7); 
mg2->Add(gr8); 
mg2->Add(gr9); 
mg2->Add(gr10); 
mg2->Draw("AP"); 
mg2->GetXaxis()->SetTitle("y-displacement [microns]"); 
mg2->GetYaxis()->SetTitle("y (scaled) [pixel]"); 
 
gr6->Fit("pol1"); 
TF1 *line6 = gr1->GetFunction("pol1"); 
line6->SetLineStyle(1); 
line6->SetLineColor(kRed); 
 



gr7->Fit("pol1"); 
TF1 *line7 = gr7->GetFunction("pol1"); 
line7->SetLineStyle(1); 
line7->SetLineColor(kBlue); 
 
gr8->Fit("pol1"); 
TF1 *line8 = gr8->GetFunction("pol1"); 
line8->SetLineStyle(1); 
line8->SetLineColor(kGreen); 
 
gr9->Fit("pol1"); 
TF1 *line9 = gr9->GetFunction("pol1"); 
line9->SetLineStyle(1); 
line9->SetLineColor(kCyan); 
 
gr10->Fit("pol1"); 
TF1 *line10 = gr10->GetFunction("pol1"); 
line10->SetLineStyle(1); 
line10->SetLineColor(kMagenta); 88

 
c2->Update(); 
c2->Modified(); 
 
} 



//////////////// figure 7.4 ////////////////// 
//By: Benjamin Rizzo                        // 
////////////////////////////////////////////// 
 
{ 
#include "iostream.h"; 
gROOT->Reset(); 
//gStyle->SetOptFit(); 
 
ifstream in1, in2, in3, in4, in5; 
in1.open("resolution_run_1.dat"); 
 
   Int_t n1 = 50; 
   Double_t x1[n1], y1[n1], ex1[n1], ey1[n1]; 
 
Int_t i =0; 
while(!in1.eof()){ 
 
   Double_t k, j, l, m; 89

   in1 >> k >> j >> l >> m; 
  if(l !=0 && m !=0){ 
    x1[i] = k - 608.560120; 
    y1[i] = j - 622.157420; 
    ex1[i] = l; 
    ey1[i] = m; 
    i++; 
  } 
} 
 
//printf("i =%d\n", i); 
in1.close(); 
 
in2.open("resolution_run_2.dat"); 
 
   Int_t n2 = 70; 
   Double_t x2[n2], y2[n2], ex2[n2], ey2[n2]; 
 
Int_t i2 =0; 
while(!in2.eof()){ 
 
   Double_t k, j, l, m; 



   in2 >> k >> j >> l >> m; 
  if(l !=0 && m !=0){ 
    x2[i2] = k - 637.096371; 
    y2[i2] = j - 614.167086; 
    ex2[i2] = l; 
    ey2[i2] = m; 
    i2++; 
  } 
} 
 
//printf("i2 =%d\n", i2); 
in2.close(); 
 
in3.open("resolution_run_3.dat"); 
 
   Int_t n3 = 48; 
   Double_t x3[n3], y3[n3], ex3[n3], ey3[n3]; 
 
Int_t i3 =0; 90

while(!in3.eof()){ 
 
   Double_t k, j, l, m; 
   in3 >> k >> j >> l >> m; 
  if(l !=0 && m !=0){ 
    x3[i3] = k - 679.609583; 
    y3[i3] = j - 494.127500; 
    ex3[i3] = l; 
    ey3[i3] = m; 
    i3++; 
  } 
} 
 
//printf("i3 =%d\n", i3); 
in3.close(); 
 
in4.open("resolution_run_4.dat"); 
 
   Int_t n4 = 38; 
   Double_t x4[n4], y4[n4], ex4[n4], ey4[n4]; 
 
Int_t i4 =0; 



while(!in4.eof()){ 
 
   Double_t k, j, l, m; 
   in4 >> k >> j >> l >> m; 
  if(l !=0 && m !=0){ 
    x4[i4] = k - 682.9921053; 
    y4[i4] = j - 495.8573684; 
    ex4[i4] = l; 
    ey4[i4] = m; 
    i4++; 
  } 
} 
 
//printf("i4 =%d\n", i4); 
in4.close(); 
 
in5.open("resolution_run_5.dat"); 
 
   Int_t n5 = 50; 91

   Double_t x5[n5], y5[n5], ex5[n5], ey5[n5]; 
 
Int_t i5 =0; 
while(!in5.eof()){ 
 
   Double_t k, j, l, m; 
   in5 >> k >> j >> l >> m; 
  if(l !=0 && m !=0){ 
    x5[i5] = k - 683.788000; 
    y5[i5] = j - 494.373200; 
    ex5[i5] = l; 
    ey5[i5] = m; 
    i5++; 
  } 
} 
 
//printf("i5 =%d\n", i5); 
in5.close(); 
 
   // scater plot 
TGraphErrors *gr1 = new TGraphErrors(n1,x1,y1,ex1,ey1); 
//gr1->SetTitle("y-position vs x-position resolution run 1 ITSAMS Thresholds 150-200"); 



gr1->SetMarkerStyle(20); 
gr1->SetMarkerColor(kRed); 
gr1->GetXaxis()->SetTitle("x-position [pixel]"); 
gr1->GetYaxis()->SetTitle("y-position [pixel]"); 
 
TGraphErrors *gr2 = new TGraphErrors(n2,x2,y2,ex2,ey2); 
//gr2->SetTitle("y-position vs x-position resolution run 1 ITSAMS Thresholds 150-200"); 
gr2->SetMarkerStyle(21); 
gr2->SetMarkerColor(kBlue); 
gr2->GetXaxis()->SetTitle("x-position [pixel]"); 
gr2->GetYaxis()->SetTitle("y-position [pixel]"); 
 
TGraphErrors *gr3 = new TGraphErrors(n3,x3,y3,ex3,ey3); 
//gr3->SetTitle("y-position vs x-position resolution run 1 ITSAMS Thresholds 150-200"); 
gr3->SetMarkerStyle(22); 
gr3->SetMarkerColor(kGreen); 
gr3->GetXaxis()->SetTitle("x-position [pixel]"); 
gr3->GetYaxis()->SetTitle("y-position [pixel]"); 
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TGraphErrors *gr4 = new TGraphErrors(n4,x4,y4,ex4,ey4); 
//gr4->SetTitle("y-position vs x-position resolution run 1 ITSAMS Thresholds 150-200"); 
gr4->SetMarkerStyle(23); 
gr4->SetMarkerColor(kCyan); 
gr4->GetXaxis()->SetTitle("x-position [pixel]"); 
gr4->GetYaxis()->SetTitle("y-position [pixel]"); 
 
TGraphErrors *gr5 = new TGraphErrors(n5,x5,y5,ex5,ey5); 
//gr5->SetTitle("y-position vs x-position resolution run 1 ITSAMS Thresholds 150-200"); 
gr5->SetMarkerStyle(5); 
gr5->SetMarkerColor(kMagenta); 
gr5->GetXaxis()->SetTitle("x-position [pixel]"); 
gr5->GetYaxis()->SetTitle("y-position [pixel]"); 
 
TCanvas *c4 = new TCanvas("c4", "ITSAMS Results", 1000, 600); 
c4->SetFillColor(kWhite); 
c4->SetFrameFillColor(kWhite); 
 
TMultiGraph *mg = new TMultiGraph(); 
mg->SetTitle("y vs x (all Runs) ITSAMS Thresholds 150-200"); 
mg->Add(gr1); 
mg->Add(gr2); 



mg->Add(gr3); 
mg->Add(gr4); 
mg->Add(gr5); 
mg->Draw("AP"); 
mg->GetXaxis()->SetTitle("x (scaled) [pixel]"); 
mg->GetYaxis()->SetTitle("y (scaled) [pixel]"); 
 
c4->Update(); 
c4->Modified(); 
} 
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//////////// figure 7.7 and 7.8 ////////////// 
//By: Benjamin Rizzo                        // 
////////////////////////////////////////////// 
 
{ 
#include <iostream.h> 
#include <cmath> 
#include <TH1.h> 
#include <TF1.h> 
 
gROOT->Reset(); 
 
TH1F histx("histx", "Frequency vs dx (all Runs) ITSAMS Thresholds 150-200; dx [pixel]; Frequency", 50, -
35, 15); 
TH1F histy("histy", "Frequency vs dy (all Runs) ITSAMS Thresholds 150-200; dy [pixel]; Frequency", 50, -
60, 60); 
 
ifstream in; 
in.open("Displacement.dat"); 94

 
while(!in.eof()){ 
 
  Double_t dx, dy; 
  in >> dx >> dy; 
 
  histx.Fill(dx); 
  histy.Fill(dy); 
} 
 
TCanvas *c1 = new TCanvas("c1", "ITSAMS Results", 1000, 600); 
c1->SetFillColor(kWhite); 
c1->SetFrameFillColor(kWhite); 
 
//histx.Fit("gaus"); 
histx.Draw(); 
 
c1->Update(); 
c1->Modified(); 
 
TCanvas *c2 = new TCanvas("c2", "ITSAMS Results", 1000, 600); 
c2->SetFillColor(kWhite); 



c2->SetFrameFillColor(kWhite); 
 
//histy.Fit("gaus"); 
histy.Draw(); 
 
c2->Update(); 
c2->Modified(); 
} 
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Appendix 3: Table Of Weighted Fit Results (Figures 7.5 and 7.6) 
 
Weighted Linear Regression Results for Figure 7.5

value error
intercept [pixel] -4.10E-06 1.15E-01
slope [pixel/micron] -2.00E-01 1.87E-04

intercept [pixel] -1.41E-06 6.14E-02
slope [pixel/micron] -1.83E-01 2.63E-04

intercept [pixel] 4.76E-05 3.51E-02
slope [pixel/micron] -1.54E-01 2.71E-04

intercept [pixel] -1.52E-06 7.67E-02
slope [pixel/micron] -1.79E-01 2.81E-04

intercept [pixel] -4.23E-05 7.57E-02
slope [pixel/micron] -1.66E-01 2.89E-04

average slope -0.17649183 1.17E-04

Weighted Linear Regression Results for Figure 7.6
value error

intercept [pixel] 3.45E-05 4.30E-02
slope [pixel/micron] 1.85E-01 1.72E-02

intercept [pixel] -3.13E-05 4.98E-02
slope [pixel/micron] 1.67E-01 4.12E-04

intercept [pixel] 2.35E-05 1.02E-01
slope [pixel/micron] 1.52E-01 3.05E-04

intercept [pixel] 2.92E-05 6.22E-02
slope [pixel/micron] 1.74E-01 3.05E-04

intercept [pixel] 2.10E-06 6.02E-02
slope [pixel/micron] 1.88E-01 3.48E-04

average slope 0.17347346 3.44E-03  
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Root Output 
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Appendix 4: Hough Transformation Test Program 
 
////////////Hough Transformation Test Program///////////// 
//By: Benjamin Rizzo (Creighton University)             // 
////////////////////////////////////////////////////////// 
 
#include "stdafx.h" 
#include <cv.h> 
#include <cxcore.h> 
#include <highgui.h> 
#include <cmath> 
#include <iostream> 
 
using namespace std; 
 
IplImage *image = 0, *bcircle, *temp = 0, *image1 = 0, *blue = 0, *gray =0; 
 
int _tmain(int argc, char** argv) 98 { 
 
 const char* filename = argc == 2 ? argv[1] : ( char*) "movement_run_1_deltaX_0.400_09.bmp"; 
 
 image = cvLoadImage(filename, -1); 
 if((image = cvLoadImage(filename, 1)) == 0) 
  return -1; 
 
 blue = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1); 
 gray = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1); 
 bcircle = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1); //For the circle boundary 
 temp = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1); //Temporary for applying morphological 
operations to bcircle 
 image1 = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 3); //Used to convert original image into a 
binary format -> bcricles 
  
 cvSplit(image, blue, 0, 0, NULL); 
 cvMerge(blue, 0, 0, 0, image1); 
  
 cvErode(image1, image1, NULL, 10); 
 cvDilate(image1, image1, NULL, 10); 
 cvDilate(image1, image1, NULL, 10); 



 cvErode(image1, image1, NULL, 10); 
 cvSmooth(image1, image1, CV_GAUSSIAN, 351); 
 
 cvCvtColor(image1, gray, CV_BGR2GRAY); 
 cvEqualizeHist(gray, gray); 
 
 int threshold_0 = 250; 
 cvThreshold(gray, bcircle, threshold_0, 255, CV_THRESH_BINARY); 
 cvErode(bcircle, bcircle, NULL, 1);  //These bits here are used to bring out the bondary of the circles 
 cvDilate(bcircle, bcircle, NULL, 1); 
 cvDilate(bcircle, bcircle, NULL, 1); 
 cvErode(bcircle, bcircle, NULL, 1); 
 
 cvErode(bcircle, temp, NULL, 1); 
 cvSub(bcircle, temp, bcircle); 
 
CvMemStorage *contStor; 
CvSeq *contPts; 
CvPoint *Contour; 99 CvPoint2D32f *fContour; 
CvBox2D32f *box; 
int i_points = 0; 
 
contStor = cvCreateMemStorage(0); 
contPts = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), contStor); 
 
cvFindContours(bcircle, contStor, &contPts, sizeof(CvContour), CV_RETR_LIST, CV_CHAIN_APPROX_NONE, 
cvPoint(0,0)); 
 
i_points = contPts->total; 
box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f)); 
Contour = (CvPoint*)malloc(i_points * sizeof(CvPoint)); 
fContour = (CvPoint2D32f*)malloc(i_points * sizeof(CvPoint2D32f)); 
 
cvCvtSeqToArray(contPts, Contour, CV_WHOLE_SEQ); 
 
for(int j =0; j < i_points; j++) 
{ 
 fContour[j].x = (float)Contour[j].x; 
 fContour[j].y = (float)Contour[j].y; 
} 



 
/*for(int m =0; m <= i_points; m+=10) 
{ 
 CvScalar v; 
 v.val[0] = 255; 
 int a = fContour[m].x; 
 int b= fContour[m].y; 
 
 if(a < 1280 && b < 1024) 
 { 
  cvSet2D(bcircle, b, a, v); 
  printf("%d, ", a); 
  printf("%d\n", b); 
 } 
}*/ 
 
int k = i_points/4 -10; 
float R = 50; 
for(int i = 0; i <= i_points - 50; i+=k) 100 { 
 float cx1, cy1, cx2, cy2, d, x2, y2, L1x, L1y, L2x, L2y, h; 
 cx1 = fContour[i+20].x; 
 cy1 = fContour[i+20].y; 
 cx2 = fContour[i+30].x; 
 cy2 = fContour[i+30].y; 
 d = sqrt( pow(cx1-cx2,2) + pow(cy1-cy2,2) ); 
 h = sqrt( pow(R,2) + pow(d/2,2) ); 
 
 x2 = (cx1+cx2)/2; 
 y2 = (cy1+cy2)/2; 
 
 if(cy1 > cy2 && cx1 < cx2 ) 
 { 
  L1y = y2 + h*( abs(cx1-cx2) )/d; 
  L2y = y2 - h*( abs(cx1-cx2) )/d; 
  L1x = x2 + h*( abs(cy1-cy2) )/d; 
  L2x = x2 - h*( abs(cy1-cy2) )/d; 
 } 
 else  
 { 
  if(cy1 > cy2 && cx1 > cx2 ) 



  { 
   L1y = y2 + h*( abs(cx1-cx2) )/d; 
   L2y = y2 - h*( abs(cx1-cx2) )/d; 
   L1x = x2 - h*( abs(cy1-cy2) )/d; 
   L2x = x2 + h*( abs(cy1-cy2) )/d; 
  } 
  else 
  { 
   if( cy1 < cy2 && cx1 > cx2 ) 
   { 
    L1y = y2 - h*( abs(cx1-cx2) )/d; 
    L2y = y2 + h*( abs(cx1-cx2) )/d; 
    L1x = x2 - h*( abs(cy1-cy2) )/d; 
    L2x = x2 + h*( abs(cy1-cy2) )/d; 
   } 
   else 
   { 
    if( cy1 < cy2 && cx1 < cx2 ) 
    { 101      L1y = y2 + h*( abs(cx1-cx2) )/d; 
     L2y = y2 - h*( abs(cx1-cx2) )/d; 
     L1x = x2 - h*( abs(cy1-cy2) )/d; 
     L2x = x2 + h*( abs(cy1-cy2) )/d; 
    } 
   } 
  } 
 } 
  
 cvCircle(bcircle, cvPoint(cx1, cy1), R, CV_RGB(255,255,255), 1); 
 cvCircle(bcircle, cvPoint(cx2, cy2), R, CV_RGB(255,255,255), 1); 
 cvLine(bcircle, cvPoint(L1x, L1y), cvPoint(L2x,L2y), cvScalar(255,255,255), 1); 
 cvCircle(bcircle, cvPoint(L1x, L1y), R/3, CV_RGB(255,255,255), 1); 
 
} 
 
 cvNamedWindow("bcircle", 1); 
 cvShowImage("bcircle", bcircle); 
 cvNamedWindow("image1", 1); 
 cvShowImage("image1", image1); 
 cvNamedWindow("gray", 1); 
 cvShowImage("gray", gray); 



 
 cvWaitKey(0); 
 
 cvReleaseImage(&bcircle); 
 cvReleaseImage(&blue); 
 cvReleaseImage(&image1); 
 cvReleaseImage(&temp); 
 cvReleaseImage(&image); 
 cvReleaseImage(&gray); 
 cvDestroyAllWindows(); 
 
 cvClearMemStorage(contStor); 
 free(Contour); 
 free(fContour); 
 free(box); 
 
 return 0; 
} 
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Appendix 5: ITSAMS Image Analysis Test Program 
 
// test4.cpp 
///////////ITSAMS Image Analysis Test Program ////////////// 
//By: Benjamin Rizzo                                      // 
//A useful program that displays images as the original is// 
//processed. See images from chapter 4                    // 
//Note: This program runs slower than ITSAMS_ImageAnalysis// 
//due to the display & processing of 3 channel images     // 
//////////////////////////////////////////////////////////// 
 
#pragma once 
#define WIN32_LEAN_AND_MEAN 
#include <stdio.h> 
#include <tchar.h> 
#include "stdafx.h" 
#include <cv.h> 
#include <cvcam.h> 103 #include <cvaux.h> 
#include <highgui.h> 
#include <cmath> 
#include <iostream> 
#include <cxcore.h> 
#include <fstream> 
#include <ctime> 
using namespace std; 
 
CvSize Size; 
 
void process_image(int h, int m_points, IplImage* gry, CvMemStorage* &stAll, CvSeq* &allPts); 
 
int main(int argc, char** argv) 
{ 
 if(argc != 3) 
 { 
  printf("Usage: ITSAMS.EXE <base-image-file> <out-file> \n"); 
  exit(0); //input format for executing ITSAMS.exe; <base-image-file> = imageName.bmp ... 
 }            //<out-file> = textName.txt (or .dat) (see outFile, below) 
 else 
 { 



 
 IplImage *image00 = 0, *blue = 0, *bluetemp = 0; 
 IplImage *grayB = 0, *bcircle = 0, *temp = 0; 
 
 char* filename; 
 char* outFile; 
 
 filename = argv[1]; 
 outFile = argv[2]; 
 
  image00 = cvLoadImage(filename, -1); 
  if((image00 = cvLoadImage(filename, 1)) == 0) 
  return -1; 
 
  IplImage *image01 = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 3); 
  IplImage *split = cvCreateImage(cvGetSize(image00), IPL_DEPTH_8U, 1); 
 
  image01 = cvCloneImage(image00); 
  bluetemp = cvCreateImage(cvSize(image01->width+60, image01->height+60), IPL_DEPTH_8U, 1); 104   blue = cvCreateImage(cvSize(image01->width+60, image01->height+60), IPL_DEPTH_8U, 3); 
  grayB = cvCreateImage(cvGetSize(blue), IPL_DEPTH_8U, 0); 
  bcircle = cvCreateImage(cvGetSize(blue), IPL_DEPTH_8U, 0); 
  temp = cvCreateImage(cvGetSize(blue), IPL_DEPTH_8U, 0); 
 
  CvPoint* ptArray; 
  CvMemStorage *storeAll = cvCreateMemStorage(0); 
  CvSeq *allPoints = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), storeAll); 
  int n_points = 0;   
 
  cvSplit(image01, split, 0, 0, NULL); //cvSplit(RGB, B, G, R, NULL) 
 
  for(int i = 0; i<1280; i++){ 
   for(int j =0; j<1024; j++){ 
     
    CvScalar v; 
    v = cvGet2D(split, j, i); 
    cvSet2D(bluetemp, j + 30, i + 30, v); 
   } 
  } 
 
  cvMerge(bluetemp, 0, 0, 0, blue); //cvMerge(B, G, R, NULL, RGB) 



 
  cvErode(blue, blue, NULL, 10); 
  cvDilate(blue, blue, NULL, 10); 
  cvDilate(blue, blue, NULL, 10); 
  cvErode(blue, blue, NULL, 10); 
  cvSmooth(blue, blue, CV_GAUSSIAN, 351); 
 
  cvCvtColor(blue, grayB, CV_BGR2GRAY); 
  cvEqualizeHist(grayB, grayB); 
   
  process_image(0, n_points, grayB, storeAll, allPoints); 
 
  n_points = allPoints->total; 
  ptArray = (CvPoint*)malloc(n_points * sizeof(CvPoint)); 
  cvCvtSeqToArray(allPoints, ptArray, CV_WHOLE_SEQ); 
  
  double avex; 
  double avey; 
 105   avex = ptArray[0].x - 30; 
  avey = ptArray[0].y - 30; 
 
  cout << "\n avex: " << avex << "\t avey: " << avey << endl; 
 
  cvCircle(image01, cvPoint(avex, avey), 1, CV_RGB(0, 0, 127), 1); 
  cvCircle(image01, cvPoint(avex, avey), 10, CV_RGB(0, 0, 127), 1); 
 
 //cvSaveImage("bcircle.jpg", bcircle); 
 
 cvNamedWindow("image01", 1); 
 cvShowImage("image01", image01); 
 cvNamedWindow("grayB", 1); 
 cvShowImage("grayB", grayB); 
 cvNamedWindow("blue", 1); 
 cvShowImage("blue", blue); 
 
 cvWaitKey(0); 
 cvReleaseImage(&image00); 
 cvReleaseImage(&image01); 
 cvReleaseImage(&split); 
 cvReleaseImage(&blue); 



 cvReleaseImage(&grayB); 
 
 cvDestroyAllWindows(); 
 } 
  
  return 0; 
} 
 
void process_image(int h, int m_points, IplImage* gry, CvMemStorage* &stAll, CvSeq* &allPts) 
{  
 IplImage *bcircle = 0, *temp = 0; 
 bcircle = cvCreateImage(cvGetSize(gry), IPL_DEPTH_8U, 0); 
 temp = cvCreateImage(cvGetSize(gry), IPL_DEPTH_8U, 0); 
 
 CvMemStorage *contStor; 
 CvSeq *contPts; 
 CvSeq *ContPts; 
 CvPoint *contour; 
 CvPoint *Contour; 106  CvPoint2D32f *fcontour; 
 CvPoint2D32f *fContour; 
 CvBox2D32f *box; 
 CvBox2D32f *Box; 
 int i_points = 0; 
 int j_points = 0; 
 
 contStor = cvCreateMemStorage(0); 
 ContPts = cvCreateSeq(CV_SEQ_ELTYPE_POINT, sizeof(CvSeq), sizeof(CvPoint), contStor);  
 int threshold = 200; 
 
 cvThreshold(gry, bcircle, threshold, 255, CV_THRESH_BINARY); 
 
 cvErode(bcircle, temp, NULL, 1); 
 cvSub(bcircle, temp, bcircle); 
 
 cvFindContours(bcircle, contStor, &ContPts, sizeof(CvContour), CV_RETR_LIST, CV_CHAIN_APPROX_NONE, 
cvPoint(0,0)); 
                                                   
 CvPoint pts; 
 //CvSize Size; 
 CvBox2D32f *angle_box; 



 angle_box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f)); 
 
 for(contPts = ContPts; ContPts; ContPts = ContPts->h_next) 
 { 
  int i_points = contPts->total; 
  int j_points = ContPts->total; 
 
  box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f)); 
  Box = (CvBox2D32f*)malloc(sizeof(CvBox2D32f)); 
 
  Contour = (CvPoint*)malloc(j_points * sizeof(CvPoint)); 
  fContour = (CvPoint2D32f*)malloc(j_points * sizeof(CvPoint2D32f)); 
 
  contour = (CvPoint*)malloc(i_points * sizeof(CvPoint)); 
  fcontour = (CvPoint2D32f*)malloc(i_points * sizeof(CvPoint2D32f)); 
 
  if(ContPts->total > contPts->total) 
  { 
   if(i_points >= 6 && j_points >= 6) 107    {         
     
    cvCvtSeqToArray(contPts, contour, CV_WHOLE_SEQ); 
    cvCvtSeqToArray(ContPts, Contour, CV_WHOLE_SEQ); 
 
    for(int i =0; i < i_points; i++) 
    { 
     fcontour[i].x = (float)contour[i].x; 
     fcontour[i].y = (float)contour[i].y; 
    } 
 
    for(int j =0; j < j_points; j++) 
    { 
     fContour[j].x = (float)Contour[j].x; 
     fContour[j].y = (float)Contour[j].y; 
    } 
     
    cvFitEllipse(fcontour, i_points, box); 

cvFitEllipse(fContour, j_points, Box); 
 
    double H = cvRound(Box->size.height*0.5); 
    double h = cvRound(box->size.height*0.5); 



    double W = cvRound(Box->size.width*0.5); 
    double w = cvRound(box->size.width*0.5); 
 
    double A, B, a, b; 
 
    if(H > W) 
    { 
     A = H; 
     B = W; 
    } 
    else 
    { 
     B = H; 
     A = W; 
    } 
 
    if(h > w) 
    { 
     a = h; 108      b = w; 
    } 
    else 
    { 
     b = h; 
     a = w; 
    } 
      
    double ec = sqrt( 1 - pow(b, 2.0)/pow(a, 2.0)); 
    double eC = sqrt( 1 - pow(B, 2.0)/pow(A, 2.0)); 
 
    //cout << "ec: \t" << ec << " eC: \t" << eC << endl; 
 
    if( ec > 0.15 && a >300 ) 
    { 
     if( eC < ec ) 
     { 
      pts.x = cvRound(Box->center.x);//- 30; 
      pts.y = cvRound(Box->center.y);// - 30; 
      Size.width = cvRound(Box->size.width*0.5); 
      Size.height = cvRound(Box->size.height*0.5); 
      angle_box->angle = -Box->angle; 



     } 
     if( ec < eC ) 
     { 
      pts.x = cvRound(box->center.x);// - 30; 
      pts.y = cvRound(box->center.y);// - 30; 
      Size.width = cvRound(box->size.width*0.5); 
      Size.height = cvRound(box->size.height*0.5); 
      angle_box->angle = -box->angle; 
     } 
    } 
    else //if( ec < 0.15 ) 
    { 
     pts.x = cvRound(Box->center.x);// - 30; 
     pts.y = cvRound(Box->center.y);// - 30; 
     Size.width = cvRound(Box->size.width*0.5); 
     Size.height = cvRound(Box->size.height*0.5); 
     angle_box->angle = -Box->angle; 
    } 
 109    } 
   
  } 
  else //if(ContPts->total < contPts->total) 
  { 
   if(i_points >= 6) 
   { 
    cvCvtSeqToArray(contPts, contour, CV_WHOLE_SEQ); 
     
    for(int i =0; i < i_points; i++) 
    { 
     fcontour[i].x = (float)contour[i].x; 
     fcontour[i].y = (float)contour[i].y; 

} 
    
    cvFitEllipse(fcontour, i_points, box);     
     
    pts.x = cvRound(box->center.x);// - 30; 
    pts.y = cvRound(box->center.y);// - 30; 
    Size.width = cvRound(box->size.width*0.5); 
    Size.height = cvRound(box->size.height*0.5); 
    angle_box->angle = -box->angle; 



   } 
  } 
 
  free(contour); 
  free(fcontour); 
  free(box); 
 
  free(Contour); 
  free(fContour); 
  free(Box); 
 } 
 
 
 cvSeqPush(allPts, &pts); 
 m_points ++; 
 cvEllipse(bcircle, pts, Size, angle_box->angle, 0, 360, CV_RGB(255,255,255), 1, CV_AA, 0); 
 cvNamedWindow("bcircle", 1); 
 cvShowImage("bcircle", bcircle); 
 
cvReleaseImage(&bcircle); 
cvReleaseImage(&temp); 
cvClearMemStorage(contStor); 
 
} 
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