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PREFACE

The research detailed in this work was started when computer graphics in Hungary was low
represented in electronic media. The accuracy, safety and efficiency of the industrial production was not
widely enhanced by image processing systems. Nevertheless, it could be seen that this field of computer
science was developing dynamically. Industrial branches absorbing scientific results induced more
research and innovation. At first this advancing effect was considerable in visual culture, because the
advertisement market was more potent then industry. More and more films, titles, multimedia
publications produced by animation and digital modeling technology were appearing. In the film industry
a competition was evolved for the more and more dazzling, compelling or often invisible video effects
published by a computer graphics studio. From this time forth it was not only a visual game; more and
more news could be read about budget, income figures or success of a production from Hollywood.
Today an impressive infrastructure is built behind these results: hardware elements, theoretical and
practical knowledge, and software technology.

I have started my studies in this environment. First it was exciting to create non-existing worlds on
the screen simply based on the laws of fantasy. However, when synthetic scenes could not be enhanced
significantly by tuning of parametric mathematical models, demand (and the possibility as well) was
arisen to get the reality and convert it to the language of computer.

Systems are existing to extract geometry, surface texture, colour, even the movement of objects.
Furthermore, these systems depending on configuration serve not only the entertainment industry but
help in medical tasks, installed in the sensing systems of industrial robots, safety or remote sensing
systems, in some cases help sportsmen or people with handicap.

Unfortunately, this technology is generally expensive. Because of this reason one of the targets of
my research was to apply cheaper hardware tools and configuration, at the same time software
solutions should reach as high accuracy of 3D CAD model creation as possible. After some initial success
it was realized that the noise of the workflow degrades the accuracy of the resulting model. The research
target was not to enhance the accuracy by installing more advanced hardware elements (lower noise,
higher resolution) the statistical integration of the noise became focused more and more.

The thesis describes theoretical results that make possible to build the active triangulation 3D
scanner. Naturally, research and development is not shut down and it is intended to apply the device in
the education or can be a good basis of further R/D projects.

The intention of my study was to create a low-cost, 3D scanning system with clear structure. The
designed system is based on the active triangulation principle with line-structured light source. During
the development accuracy was in focus, any other circumstances – including the speed of the system –
were secondary. The subject of the research was to control, handle geometrical differences between real
and digital model by software solutions, and how the noise originating from different sources can be
managed.

My results are pointing at the expected accuracy of the generated geometrical model based on
probability theory, taking into consideration circumstances, conditions and algorithms shown later.
Parameter set can be calculated under given accuracy conditions, as well.

Three theses are presented in my work. 

In the 1st Thesis a method is given to find the initial point of the line tracking with subpixel
resolution, applying real coordinate values instead of integers, in order to reach the maximum accuracy.
A comparison is given between some widely applied peak detectors from the viewpoint of accuracy.



In the 2nd Thesis an algorithm is defined for the line tracking, focusing on the direction finder
starting from intensity maximum. The error of the direction finding is analysed and the high level of
isotropy of the operator is proven. A comparison is given between my defined method and the most
widely applied orientation finder and the higher accuracy of my method is confirmed.

In the first part of the 3rd Thesis a noise model is set that is the basis of my other statements. The
validity of the noise model is proven in the given implementation for the built-in image sensor. In the
second part of the thesis a relationship is defined between the deviation of the noise and the deviation
of the direction finder operator. Based on this correlation, a method is given to determine the window
size of the operator to keep the angular error of the direction finder down at most to a given limit, at
least at a given probability; assuming the noise model defined in the first part.

In order to guarantee the mathematical clarity of my theoretical results a research framework was
defined to prove and confirm them by measurements. Furthermore, a 3D scanner system was built to
demonstrate theoretical results in practice. The system is a good basis of future research, it can be drawn
into other R/D projects where a defined accuracy is desired.

METHODOLOGY OF RESEARCH, APPLICATION

The development has run on two branches. On the one hand new scientific results was examined,
tuned, analysed and documented in a simulation framework. It was necessary because of the specialities
of this field. In some cases decomposition or superposition of signals occur that cannot be studied
themselves in a real environment. For instance in the 3rd thesis a real video signal cannot be decomposed
to a noiseless signal and a neutral noise. The connection between the simulation framework and the
reality is the 3.a. subthesis. Here a noise modell is defined that can be used by the algorithms of the
synthetic environment, and the validity of this noise model is proven in the built configuration with the
installed image sensor. A measurement environment was designed and built that is described by the thesis.

On the other hand, the designed 3D scanner device was created with cooperation of my fellows and
students. This system validates the elaborated procedures on real objects and it serves as a good basis
of further research or using the aggregated knowledge in the education. To meet this ideal goal the device
was designed and built of open hardware and software elements. It means that changing or adding items
in software or hardware modules are easy and standardized.

The simulation framework was implemented in Visual Studio C# and Microsoft Excel - Visual Basic.
The driver system and user interface was developed in Visual Studio .NET/C# system with support of
Direct3D and C++.
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THESIS 1: FINDING THE INITIAL POINT

The intensity profile of the light source in a scan line of the frame buffer is Gaussian (Tradowsky
[1971]), and noise originated from the digitizing process is superimposed onto it. A number of effects
distort the ideal signal in the system. For instance the geometrical distortion of the imaging system, the
non-ideal features of the laser source and the optical elements, the distortions originated from the non-
ideal surface characteristics of the workpiece (unwanted reflections, errors generated by the roughness
or texture of the object surface) and the noise of the imaging system. The image consists of two effects:

• The noiseless signal of the laser line with Gaussian intensity cross section changing
the deviation and the amplitude depending on the geometry and optical
features.

• Noise superimposed onto this ideal signal originating from a number of sources
(3.a. subthesis). This noise is additive, zero mean. There is no restriction on the
distribution of the noise.

The task is to find the symmetry point of this noisy profile along a scan line. This point will be the
initial point of the line tracking. The finding process is taken in real domain in the image space. The result
(u coordinate of the initial point of the line tracking) is real, so this is a subpixel accuracy procedure.

Thesis 1.

EGA (Enhanced Gauss Approximation) algorithm: The initial point of the line tracking can
be determined in the image space defined above along a sample set of a scan line as the
symmetry point of the Gaussian regression. The goodness of fit is characterised by the
minimum of the square error between the noisy profile and the regression curve. The initial
point u coordinate is calculated as:

where m is the real u coordinate of the initial point, xi is the u coordinate of the ith sample
element, x is the average of them, yi the intensity value of the ith sample element, n is the
length of the sample.

It is proven by measurement that the EGA procedure is more accurate then six widely
used peak detectors.
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Analysis

Forest, Salvi, Cabruja and Pous published a comparative analysis about peak detectors (Forest: Laser...
[2004], more detailed: Forest: New Methods... [2004]). In their work a study was referred from Fisher and
Naidu (Fisher [1996]). In this publication the five widely applied peak detectors are compared from the
viewpoint of accuracy and noise sensitivity. Henceforth Forest et al. recommended a sixth one, that is
more effective in noisy environment then the previously introduced five algorithm. The five detectors are
the following:

• Gaussian approximation (GA)
• Centre of mass (CM)
• Linear approximation (LA)
• Blais and Rioux detector (BR)
• Parabolic estimator (PE)

The sixth algorithm defined by Forest et al. (FA) is a combination of a noise reduction by a
convolution and a first order differential line detector. Since the laser knife has Gaussian profile, the task
is to find the zero crossing of the first derivative of this profile, it represents the maximum place of the
cross section.

Since the referred source was not detailed enough to reconstruct measurement circumstances, I
have implemented the EGA and the FA (the best procedure recommended by Forest et al.) algorithm in
one framework for the analysis of the accuracy. Thus both procedures could be run in the same test
environment with a number of settings. In noiseless case both of them calculated the position of the
maximum with 100% accuracy under 0.05 pixel resolution. The changed parameters during the
measurement were the following:

• Gaussian profile line width at half amplitude (2, 4)
• Deviation of the noise (zero mean normal distribution noise with deviation 0.01,

0.02, 0.03)
• Size of the convolution kernel of the FA algorithm (1 (no noise reduction), 3, 5, 7

window size)
• Noise threshold of EGA algorithm (0.3, 0.5, 0.7)

An item of the test sequence was the following. A scanline was generated with an ideal noiseless
Gaussian profile loaded by the noise. The maximum position of the profile has been run in domain
x=10...40, with 0.05 pixel steps. Thus one item of the sequence consisted of 601 measurements. Four
parameters above was changed in sequences, thus 60 test sequences was generated. The absolute error
and deviation of results of EGA and FA algorithms were highlighted in sequences. The result is presented
visually in Figure 1. In summary, the FA produces weaker absolute error in 76% of the cases than the EGA
method in spite of applying FIR filtering. If the same FIR noise reduction is inserted into EGA procedure
than in the FA (EGAFIR), this figure is improving to 96%. In my experiences the FA is very sensitive to
the noise, that can be explained by the derivative procedure. The EGA is more balanced taking into
consideration the whole measurement. It is presented in Figure 2.

It is interesting that there is an algorithm based on Gaussian Approximation among peak detectors
published by Forest team (GA). GA uses three consecutive samples (the central is maximal). The EGA
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method takes into consideration all samples of profile over a threshold. Naturally the EGA approach
demands more calculations, but based on the results it is more accurate. On the other hand, the EGA
method can calculate the line width and the amplitude if it is necessary opposite to other peak detectors.

Publications relevant to the topic of the thesis:

[2], [3], [8], [10], [11], [12], [14], [15], [19], [20], [22]

Figure 1 Comparison of the absolute error of EGA, EGAFIR, FA.

Figure 2 Comparison of the deviation of error of EGA, EGAFIR, FA.
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THESIS 2: DIRECTION FINDING ALGORITHM

In this thesis the direction finding part of the edge tracking is defined and analysed. It is assumed
that the center of the direction finder operator is on the maximum of a line. The continuous image
function is originated from the bilinear interpolation of central intensities of pixels of the discreet image
matrix. 

The basic idea is that an angle matrix is set and cells of angle matrix is weighted by the intensities
of the image and the cells of the mask matrix:

.

Note that the direction D in moment t uses the value of the D in moment t-1, because the mask
direction is set with Dt-1. The definition of the angle and mask matrix are the following.

Cells of the ϕ(u,v) angle matrix are calculated as the direction of a vector from the center of the
operator window to the current cell. Thus, the angle matrix has a [-180;180] degree domain, the 0 degree
is the North direction. In this configuration the singular South part of the angle matrix is not used by the
algorithm. The edge length of the operator window is 2s+1.

The A(u,v,D) maskmatrix is a square window with edge length 2s+1. Value of cells are 1 at the
direction of the next step, 0 at the opposite direction. Values of cells along the line orthogonal to the step
direction are between 0 and 1. Accurate values can be calculated by an anti-alias algorithm. 

It is important that if the forward region is filled by 1, significant anisotropy can be measured („half-
plane mask“). Thesis 2.a gives a detailed analysis. Taking these circumstances into consideration, the mask
matrix has to be created assuming continuous space like a half cylinder with height 1 in 0 amplitude
region. The direction of the half cylinder is the previous step direction („circular mask“). In discreet space
it means a shape with border values between 0 and 1 calculated by an oversampling.

How can matrix A be generated? Continuous space anti-alias filtering is recommended by Abram
and Westover (Watt [1992]). In their solution a circular convolution kernel is applied, intensities of partial
pixels in the kernel domain were taken into consideration. The key of the efficiency of their method is
the precalculation of the convolution integral. Pixels are classified into seven classes, this taxonomy
addresses a seven-item table with previously computed figures.

An oversampling anti-alias algorithm is used in the Thesis 2 analysis. A function can be created (for
instance the mask matrix) by the subdivision of pixels to p by p subpixels, and calculating of the average
of function values on subpixels. Thus in the (2s+1)x(2s+1) sized window a pixel value can be calculated
as the sum of the subpixel values are divided by p2.
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The accuracy can be enhanced dramatically by increasing the window size. The procedure was tested
in synthetic environment with a number of combination of input parameters. More profile shapes were
applied, the width of the signal, the window size, the oversampling of the mask calculation and the
deviation of the noise was changed.

Thesis 2

The direction finding algorithm defined above is suited to determine the direction of a
line with high accuracy, if the D operator center is set to the line intensity maximum based
on the weight of the line on line oriented images, like in frame buffers of scanners applying
laser knife. The operator is considerably isotropic.

Simulation

Isotropy was analysed in a test environment. It is able to generate a linear line segment with three
types of cross sections: Gaussian, Impulse, Roof profile. Amplitude of profiles are 1, minimum is 0 (in
quantized case it is true for the Gaussian profile, as well). The only parameter of all of profiles is the c
profile width at 0.5 height. 

These profiles can be generated by the simulation environment at arbitrary direction rotating the
profile around the center of the window. The sample region size is 21x21 pixel where the center of the
operator is in the center, independently from the window size. Samples are generated with adjustable
oversampling (anti-alias), because a real video system can map the environment in a similar way. Thus a
continuous image field can be assumed discretized to the sample region.

The simulator is able to generate additive Gaussian noise with adjustable mean and deviation and
superimpose it to the ideal image function (see subthesis 3.a.). The noise generator implemented in the
simulator uses an algorithm based on polar transformation to generate the normal distribution random
variable representing the noise (Deák [1986]).

The free parameters of the mask generator are the window size (s), the previous direction (D), the
parameter of the oversampling (Sus: supersampling), and an option to determine the mask type: circular
or half-plane. 

Two types of measurement were performed. The first analyses the effect of applying the circular
mask to the isotropy of the operator. The second sequence studies the angular error of the algorithm
depending on a number of parameters.

Subthesis 2.a

It is proven for the direction finding procedure that the maximum and average of the
absolute error is 10% in case of applying circular mask in contrast to applying half-plane
mask. 
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Measurement

A measurement sequence was designed, where D runs in [-90;90] degree range with steps by 0.5
degrees, c=3 (profile width a 0.5 height), s=5 (radius of the operator), Sus=32 (measure of the
oversampling), profile shape is Gaussian. The procedure was run with circular mask and half-plane mask
as well.

Conclusion

Applying the half-plane mask the maximum of the absolute error is 1.3341, average of absolute
errors is 0.7701. In my experiences, this is a well usable result, but applying the circular mask the same
figures can be compared in the following table:

Emax Eavg

Half-plane mask 1.3341 0.7701

Circular mask 0.1370 0.0842

It is interesting in the measurement that the error depending on the D angle presents a strong
regularity, especially in case of half-plane mask. As Figure 3 presents, the reason is that at angles -90, -
45, 0, etc. the content of the operator window is symmetrical in point of D direction, thus there is no error
(E=0) as long as at for instance 22.5 degree the asymmetry is maximal in the mask (the mask is
overweighted in one side) generating approximately one and half degree error. The symmetry of the
circular mask is higher in all of the directions, so the error is 10% of the case of half-plane mask.

Figure 3 Error of half-plane and circular mask in the measurement domain.
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Subthesis 2.b

It is proved by measurement, that the accuracy of the direction finding algorithm is
independent from the shape of the profile (neither the shape nor the width of the profile is
dependent). Focusing on the oversampling Sus=8;16;32 values does not present relevant
difference, however the Sus=1 case provided significantly weaker result then higher values.
It is proved that the accuracy is depending only on the radius of the operator and the noise
among parameters included into the measurement.

Measurement

The measurement sequence is designed with changing the following parameters with the presented
values:

• c profile width at half height: 2, 4
• s radius of the operator: 1, 3, 5, 7
• SuS (Supersampling): 1, 8, 16, 32
• Deviation of the noise: 0.00, 0.01, 0.02, 0.03
• Profile shape: Gaussian (1), Impulse (2), Roof (3)

384 sequences was generated in this way. In a sequence the rotation angle runs in domain [-90;90]
degrees in steps by 0.5 degrees. Absolute difference between measured and set angular values were
determined in every steps (the absolute error of the direction finding) and fixed the average and maximum
value sequence by sequence.

Figure 4 Comparison of the error with radius of operator and noise.



10

S U M M A R Y O F P H . D .  T H E S I S

Parameters not influencing the accuracy significantly were filtered. The method was sorting the data
set by a chosen parameter. If there was no connection between the parameter and the average absolute
error, the parameter was discarded.

Finally the deviation of the noise and the radius of the operator remain in the analysis. Figure 4
presents the comparison of the mentioned two parameters and maximum and average absolute error.
In this measurement line had Gaussian profile with c=2, Sus=8.

The graph shows that in case of s=1 the average error is the highest, but strong advancement can
be reached by increasing s. An other interesting point is that assuming high level of noise (σ=0.03) the
accuracy can not be enhanced by increasing s.

Subthesis 2.c

The direction finding algorithm defined in Thesis 2 and a widely used direction operator
(modified to my measurement framework) is compared. The procedure is based on the
Prewitt first order differential edge detector (reference operator). The window size is
scalable similarly to the algorithm of Thesis 2. The reference operator was applied on eight
points around the base point of direction finder window. The eight resulting direction values
were averaged and compared to the result of direction finder. As the result of averaging,
results not worse (better or equalling) than the sole expected accuracy of reference operator
were obtained. I have proved by measurement that my own direction finder algorithm gives
a significantly more accurate angular result than the accuracy of the reference operator. 

Measurement

Components of the Prewitt two-component operator for the 5 by 5 case:

Since direction finding occurs at the peak of intensity, the gradients of the reference operator
perpendicular to each other are horizontal, therefore they do not provide direction. Therefore
measurements around the center of the operator were performed in 8 points, and the average of these
measurements were regarded as the answer of the operator. These points encircle the intensity backbone
and one of them certainly shows a gradient that is other than 0, which enables calculation of the direction
of the line.

Measurement has been performed in a way that the prepared direction to be measured for my own
operator and for the reference operator was stepped by 0.5 degrees in the range [-90;90] degrees. Three
measurement sequences has been performed for the cases s=3, s=5 and s=7. Results are shown in
Figure 5. The value axis of the graph on the left hand side belongs to the curves of the reference operator.
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In the graph the results of my own algorithm are represented, too, but they are by two orders of
magnitude more accurate, therefore the scale on the right hand side applies. It can be clearly seen that
absolute error of the reference operator measured in the worst case scenario is 21.6 degrees, while
absolute error of my own algorithm is approximately 0.4 degrees. 

Publications relevant to the topic of the thesis:

[2], [3], [6], [8], [10], [11], [12], [14], [15], [19], [20], [22]

Figure 5 Error of the reference operator.
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THESIS 3: ANGULAR ERROR OF DIRECTION FINDING

Conditions

In Subthesis 3. a a model is given for the noise of the imager, which is proved by measurements on
the applied hardware. This examination verifies that the noise of an image processing environment is not
only the additive Gaussian noise regarded as default, but can be a noise of other distribution (like the
Poisson-distribution) or having other characteristics (e.g. multiplicative) (Starck [1998]). Therefore I
considered it important to verify that the noise model I set up and use in the next Subthesis, proves itself
suitable on the used device (Lumenera [2009]).

In this Subthesis a measurement procedure is worked out that concentrates on the noise, signals are
not investigated. This method is not or is only with major modifications suitable for the analysis of noises
with other characteristics (e.g. speckle noise raised by the laser system). Speckle noise is not investigated
in this thesis. Other distortions of the system are also not investigated, since several proven solutions are
offered by the literature. 

Subthesis 3.a

The noise model of the  imager of the scanner I built: additive, having 0 expected value,
random variable with a deviation s and normal distribution, with parameters that are
independent form:

· the intensity of the signal

· the frame buffer position

· pixels of the imagers as probability variables are independent from each

other.

It has been proven by measurement that the above noise model may be applied for the
imager built in.

Measurement

As the first step, a measurement environment was created which is suitable for giving a
homogenous light exposition with controlled intensity that is stable in time and uniform in space, on the
CCD surface of the camera. To achieve this, the objective of the camera has been dismounted and a
superstructure has been built around it, that eliminates all environmental light. Six layers of glass plates
are placed above with homogenous and diffuse surface (sand-blown on one side, without coloring).
Above all this, a light source has been placed that is a metal halogen lamp powered by direct current. A
chamber is built around this configuration with metal walls to exclude all outside light.



The light source has been powered by a DC power supply and voltage has been measured. 60
minutes warming up time has been left for the light source and the power supply before starting the
measurement.

Three series, each consisting of 200 pictures, have been taken. The first was in the intensity range
around 30 (Class A), the second around 128 (Class B) and the third around 225 (Class C). This way
source data has been provided for the investigation of intensity-independence, logically dividing the
intensity range consisting of 255 units and at the same time leaving freedom for noise in the upper as
well as in the lower region. To obtain intensities corresponding to this, 3.51 V, 4.86 V and 5.60 V voltage
have been applied, respectively.

By performing the measurement, the values of a probability variable X has been fixed, which is
described as the sum of a noise-free signal (S) and a noise superimposing on it (N):

Since the sum of the expected values of S and N random variables is the expected value of X, the
summarization may be carried out by several ways. The expected value of X may be easily calculated, so
it is assumed that it equals to the expected value of S, conclusively the expected value of N is 0. This
assumption does not offend further expansion.

Although sample preparation has been made carefully, I did not succeed in obtaining completely
homogenous samples (vignettation, irremovable dust, sensor inhomogenity), thus three averages have
been produced using the individual sample series with 2-200 units each (fix pattern), which have been
substracted from each picture during processing. This normed sample has been used in further
calculations.

Model validation: fitting analysis

As a first step it is to prove that pixel intensities can be modelled by normal distribution. To achieve
this goal, χ2 test described by K. Pearson has been used (Köves [1995], Soong [2004]), in all three intensity
ranges. Since it is a procedure with a large number of samples, I have taken 800 samples for each class,
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Diffuse glass plates

CCD sensor

Dodger chamber

Light source

Figure 6 Light coupling into the CCD sensor.
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from 4 pixels for each picture (4x200=800). According to Soong, a sample number of n>50 satisfies the
stipulation of large numbers.

The hypothesis is that the sample follows normal distribution. I have calculated the expected value
and deviation from the samples. Based on these parameters, I have the distribution values of a normal
distribution having the same parameter at the relevant points (pi probabilities). Theoretical frequencies can
be calculated by generating npi values and should be compared to real frequencies.

The result of the analysis:

Class A: d=6.0674, DOF=3, χ2=7.815, zero hypothesis is accepted, the noise is of normal distribution.

Class B: d=10.0250, DOF=9, χ2=16.919, accepted, the noise is of normal distribution.

Class C: d=4.5744, DOF=8, χ2=15.507, accepted, the noise is of normal distribution.

Model validation: position independence

Position independence of noise characteristics has been investigated by defining five regions in the
frame buffer, where noise parameters have been analyzed separately, and the results have been compared
among regions. The regions are the following: central (CE), top-left (TL), top-right (TR), bottom-left (BL)
and bottom-right (BR). Regions are 100x100 pixel each, region centers are situated in the following
positions expressed as percentage of the width and the height of the frame buffer:

• CE: x=50%, y=50%
• TL: x=15%, y=15%
• TR: x=85%, y=15%
• BL: x=15%, y=85%
• BR: x=85%, y=85%

Measurement results are summarized in the following table, where E, is the expected value of the
intensity and σ is the deviation of noise (quantities without index refer to the whole picture, quantities
with index refer to the given region):

Class A

E ETL ETR EBL EBR ECE
28.6617 28.6823 28.6823 28.6823 28.6823 28.6823
σ σTL σTR σBL σBR σCE
0.9371 0.9463 0.9493 0.9980 0.8231 0.9202

0.99% 1.31% 6.50% 12.16% 1.80%

Class B

E ETL ETR EBL EBR ECE
127.3095 127.3158 127.3158 127.3158 127.3158 127.3157
σ σTL σTR σBL σBR σCE
2.7406 2.7329 2.6717 2.7713 2.7124 2.7778

0.28% 2.51% 1.12% 1.03% 1.36%
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Class C

E ETL ETR EBL EBR ECE
224.1315 224.1327 224.1327 224.1327 224.1327 224.1328
σ σTL σTR σBL σBR σCE
3.2743 3.1986 3.1678 3.2881 3.2858 3.3214

2.31% 3.25% 0.42% 0.35% 1.44%

It can be seen that expected values agree with each other and with the value respective of the whole
picture. Discrepancy of deviations measured in the regions from the global value expressed in
percentage is represented in the lower rows of tables. Noise is not significantly dependent on the frame
buffer position.

Model validation: intensity independency

Position independence investigation has been performed in all thre intensity classes, therefore data
shown there are also relevant here. It is to be seen that the larger the intensity, the larger the deviation of
noise is. This means that noise intensity independence does not apply on this hardware.

Statements to be made give a lower estimation for the accuracy of the line tracking algorithm as a
function of noise. Therefore we are not much mistaken if we calculate on the maximum noise
experienced as the function of intensity for all intensity ranges, since the intensity-independent noise
model may be used; and real accuracy values turn to be higher than estimated in lower intensity ranges
(assuming lower noise) and that results in more accurate data.

Model validation: pixel independency

Since in this investigation it would be impossible to check the correlation level of any pixel to any
other one (it would mean the monitoring correlations in the order of magnitude of 1.4 Mp2), sample pairs
have been defined that contain neighboring and also distant elements. It has been assumed that „very
distant“ pixels do not influence each other. 

The coordinate of the first elements of pixel pairs runs from p1: x1=y1=100 through 1000 by
increments of 100 (from the 1st to the 10th step). The coordinate of the second elements of pixel pairs
runs from p2: x2=y2=101 through  1091 by increments of 110.

In the three intensity ranges covariances for 10 pixel pairs defined above are calculated using 200
samples in each range, which are shown in the table below:

COV(p1,p2) Class A Class B Class C

1. 0.2767 0.2322 0.3004
2. -0.0515 -0.0521 -0.0871
3. 0.1309 0.0483 0.0842
4. 0.0404 -0.0799 -0.0551
5. -0.1044 0.0403 0.0292
6. 0.0096 -0.0270 0.0869
7. -0.0234 0.0093 0.0824
8. 0.0522 0.1214 0.0820
9. 0.0490 0.0452 -0.1223
10. -0.0939 -0.0033 -0.1683

Based on these data, pixels can be regarded practically independent.
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Conditions

In the following it is shown how in Subthesis 3. a deviation of direction finding can be estimated,
assuming the noise model validated for the applied hardware. During the recording of the picture an
intensity image is generated in the frame buffer that is not ideal, since it is loaded with noise. That means
that line tracking can not be accurate, either, because its result is modified by noise. To determine the
angular error of line tracking the noise model defined in Subthesis 3. a is used to describe this image
loaded with noise. The line tracking procedure uses this noisy image function, which has the s opertor
radius as the key element. Equation 2. defines the essence of the direction finding procedure. Let us
assume that F(x,y) is the ideal (free of noise) image function. An independent additive noise having normal
distribution, zero mean and σN deviation is superposed on it pixel by pixel (N0,σN(x,y)=N(x,y)). In this model
noise is not only independent pixel by pixel, but is also independent from signal intensity and frame
buffer coordinates, in the sense that has been demonstrated in Subthesis 3.a.

Therefore, using the substitution 

equation 2 can be formulated in the form

By introducing the symbol of summation without index for representing double summations D
random variable giving the direction of the next step may be formulated as follows:
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Subthesis 3.b

A relationship has been elaborated between the deviation of the frame buffer noise and
the deviation of the direction finding operator, which is represented by the following
expression:

where sN is the deviation of the noise and sDt is the deviation of the direction finding
operator.

Application

Supported by the results of Subthesis 3.b a relationship is given between d angular accuracy and P
probability, which provides two kinds of application. Using the Chebishev-inequality (Prékopa [1974]) it
has been deducted with what probability (P) a given s operator radius and d angular accuracy (deviation
of D from the ideal direction) or what d angular accuracy can be retained with the given P probability:

We can make a stronger statement than the Chebishev-inequality requiring considerably general
edge conditions. The less known Gaussian-inequality (which has been proved in 1821, the birth year of
Chebishev) gives almost 50% tighter estimation. Its preconditions are also tighter: it requires unimodal
density that is symmetric to the origin, as well as limited deviation. It is naturally satisfied for the normal
distribution:

where m is the mode of the ξ random variablea (Monhor [2006]).

A slight modification of the Gaussian inequality is the Vysochanskij-Petunin-inequalilty. An essential
difference is that this latter substitutes mode with the expected value (Vysochanskij [1980], with the
indexing of the thesis):
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Analysis

When designing the measurement, my goal was to prove that in the σD produces similar or better
results in the test environment than the calculated σT. If this is so, the Chebishev-inequality can be
successfully applied in practice for this problem. 

The following parameters have been changed in the measurement series:

sN: 0.01, 0.02, 0.03
s: 3, 5, 7

Meanwhile D has been running in the interval [-90;90] by10 degree increments. Every measurement
consisted of 300 elementary measurements, the answer of the operator has been measured by the actual
adjusted parameters. Using these 300 data the deviation of the measured direction has been calculated
and compared to the calculated deviation. Results are summarized in Figure 7.

Conclusion

If the question is asked, what is the highest probability for the direction given by the algorithm to
deviate from the ideal one by 0.3 degree in the 30-degree range, while s=5 and the deviation of  the image
noise is 0.01, the following calculation can be performed:

( ) 218.0
01.0

0197.0
3.0)(

2
=≤≥− DEDP 11.

Figure 7 Analysis of the error of the direction finder.
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This means that the sought probability is 22%. If a deflection of 0.5 degree is asked, the probability
is only 0,079. 

In case of a deflection of 0.1 degree the result of the Chebishev-inequality is trivial (the right-hand
side equals to 1.97). For values higher than 1 the inequality applies as well, but since talking about
probabilities, the expression is trivial (Rényi [1968] pp. 309), that means the expression does not give an
appreciable upper limit for probability.

Publications relevant to the topic of the thesis:

[1], [2], [3], [7], [10], [11], [12], [14], [15], [20], [22]

SUMMARY

The three theses representing my theoretical work deal with some elements of the line tracking
subsystem of the 3D scanner I have built. 

In Thesis 1 I have given an algorithm alongside a scanline for the search of the intensity peak of
the laser knife having a Gaussian cross-section with a subpixel accuracy, and the algorithm has been
compared for accuracy to six widely used peak detectors. I have proven by measurement that the
Enhanced Gauss Approximation (EGA) procedure defined by myself is the most accurate among the
studied procedures.

In Thesis 2 I have provided a method for the determination of the direction of stepping further on
the intensity ridge found this way. In Subthesis 2.a I have shown that my procedure is highly isotropic
in case of using circular mask. In Subthesis 2.b I have investigated the radial and noise-dependency of
the operator. In Subthesis 2.c I have compared the direction finding capacity (accuracy) of the procedure
with the most widespread procedure, the modified and in my experimental frame-system implemented
procedure, which gives orientation calculated from the two perpendicular gradients of the Prewitt
operator. By doing this I have shown that the direction finding procedure defined by myself is
significantly more accurate than the most widespread procedure, regarding the maximum of absolute
error.

Since the noise of the imager influences accuracy significantly, I have defined a noise model in
Thesis 3.a and have proven that this noise model can be applied for the image system built in by myself.

In Thesis 3.b I have given a relationship between the deviation of noise and the deviation of the
direction finding operator, as well as in possession of the noise distribution I have given an upper limit
to the probability that the angular error of the procedure exceeds a given threshold.  

My statements and results have been confirmed through measurements and comapared to the
results of other researchers using sources accessible in the literature.



REFERENCES

1. Beil, Wolfgang [1994]. „Line Detection in Discrete Scale-Space“, 1st IEEE International Conference on Image Processing Vol. 1.

2. Besl, Paul J. [1989]. „Active Optical Range Imaging Sensors“, in Jorge L. C. Sanz [1989]. „Advances in Machine Vision“, Springer-
Verlag.

3. Besl, Paul J. [1988]. Surfaces in Range Image Understanding, Springer-Verlag.

4. Blais, Francois, Marc Rioux, Jacques Domey [1991]. „Optical Range Image Acquisition for the Navigation of a Mobile Robot“,
IEEE International Conference on Robotics and Automation.

5. Blais, F. [2004]. „Review of 20 Years of Range Sensor Development“, Journal of Electronic Imaging, 13(1), pp. 231-240.

6. Boehnen, C.; Flynn, P. [2005]. „Accuracy of 3D scanning technologies in a face scanning scenario“, Fifth International Conference
on 3-D Digital Imaging and Modeling, 3DIM 2005, pp. 310-317.

7. Deák István [1986]. „Véletlenszám-generátorok és alkalmazásuk“, Akadémiai kiadó, Budapest.

8. Duda, Richard O., Peter E. Hart [1971]. „Use of the Hough Transformation to Detect Lines and Curves in Pictures“, Comm. ACM,
Vol 15, No.1., pp. 11-15.

9. Fisher, R. B., D. K. Naidu [1996]. „A Comparison of Algorithms for Subpixel Peak Detection“, in „Image Technology, Advances in
Image Processing, Multimedia and Machine Vision“, Springer-Verlag, Sanz, Jorge L.C. (Ed.), pp. 385-404.

10. Fitzgibbon, A. W., G. Cross, A. Zisserman [1998]. „Automatic 3D Model Construction for Turn-Table Sequences“, European
Workshop on 3D Structure from Multiple Images of Large-Scale Environments, pp. 155-170.

11. Forest, Josep., Joaquim Salvi, Enric Cabruja, Carles Pous [2004]. „Laser stripe peak detector for 3D scanners. A FIR filter
approach“, Proceedings of the 17th International Conference on Pattern Recognition, ICPR 2004., Volume 3, pp. 646-649.

12. Forest, Josep Collado [2004]. „New Methods for Triangulation-based Shape Acquisition Using Laser Scanners“, Tesi Doctoral,
ISBN: 84-689-3091-1, p. 150.

13. Gonzalez, Rafael C., Richard E. Woods [1993]. „Digital Image Processing“, Addison-Wesley.

14. Hartley, Richard, Andrew Zisserman [2003]. „Multiple View Geometry in Computer Vision“, Cambridge University Press, Second
Edition.

15. Jarvis, R. A. [1983]. „A Perspective on Range Finding Techniques for Computer Vision“, IEEE Transactions on Pattern Analysis
and Machine Intelligence, pp. 122-139.

16. Kil, Yong Joo, Boris Mederos, Nina Amenta [2006]. „Laser Scanner Super-resolution“, Eurographics Symposium on Point-Based
Graphics, M. Botsch, B. Chen (Editors).

17. Konica Minolta Business Solutions Europe GmbH: http://www.konicaminolta.eu/measuring-instruments/products/for-3d-
measurement/non-contact-3d-digitizer/vi-910/introduction.html.

18. Köves Pál, Párniczky Gábor [1995]. „Általános Statisztika I-II.“, Nemzeti Tankönyvkiadó.

19. Lee, Thomas C. M. [1997]. „Segmenting Images Corrupted by Correlated Noise“, IEEE International Conference on Image
Processing, pp. 247.

20. Lumenera Corporation: www.lumenera.com.

21. Marr, D., Hildreth, E. [1980]. „Theory of Edge Detection“, Proc. Roy. Soc. pp. 187.

22. Monhor, Davaadorzsín [2006]. „C. F. Gauss: Theoria Combinationis Observationum Erroribus Minimis Obnoxiae, Pars Prior, Pars
Posterior, Supplementum: A hibaelmélettõl a valószínûségelméletig“, a Geodéziai és Kartográfiai Egyesület megalakulásának 50.
évfordulója alkalmából megjelentetett jubileumi kiadvány, pp. 22-26.

23. Park, Sung Cheol, Min Kyu Park, Moon Gi Kang [2003]. „Super-resolution image reconstruction: a technical overview“, Signal
Processing Magazine, IEEE Volume 20, Issue 3, pp. 21-36.

20

S U M M A R Y O F P H . D .  T H E S I S



24. Poussart, Denis, Denis Laurendeau [1989]. „3-D Sensing for Industrial Computer Vision“, in Jorge L. C. Sanz [1989]. „Advances
in Machine Vision“, Springer-Verlag.

25. Pratt, William K. [2001]. „Digital Image Processing“, Third Edition, John Wiley & Sons.

26. Prékopa András [1974]. „Valószínûségelmélet“, Mûszaki Könyvkiadó.

27. Rényi Alfréd [1968]. „Valószínûségszámítás“, Tankönyvkiadó.

28. Shirai, Yoshiaki [1987]. „Three-Dimensional Computer Vision“, Springer-Verlag.

29. Soong, T. T. [2004]. „Fundamentals of Probability and Statistics for Engineers“, John Wiley & Sons Ltd.

30. Starck, J.-L., F. Murtagh, A. Bijaoui [1998]. „Image Processing and Data Analysis: The Multiscale Approach“, Cambridge
University Press.

31. Tradowsky, Klaus [1971]. „A Laser ABC-je“, Mûszaki Könyvkiadó.

32. Vysochanskij, D. F., Petunin, Y. I. [1980]. „Justification of the 3? rule for unimodal distributions“, Theory of Probability and
Mathematical Statistics vol. 21. pp. 25–36., http://en.wikipedia.org/wiki/Vysochanski%C3%AF%E2%80%93Petunin_inequality

33. Watt, Alan, Mark Watt [1992]. „Advanced Animation and Rendering Techniques, Theory and Practice“, Addison-Wesley.

34. Wohlers, Terry T. [1992]. „3D Digitizers“, Computer Graphics World.

PUBLICATIONS

1. Kovács Tibor: „Analysis of the Noise Statistics in Video Systems“, Automation and Applied Computer Science Workshop.
Budapest, Magyarország, 2007.06.29., pp. 169-178. 

2. Kovács Tibor: „Accuracy of a Line Following Method in Noisy Environment Based on a Measured Noise Model“,
GRAFGEO 2007: IV. Magyar Számítógépes Grafika és Geometria Konferencia. Budapest, Magyarország, 2007.11.13-2007.11.14.,
pp. 150-156.

3. Kovács Tibor: „3D szkenner kamera zajmodelljének validációja“, Acta Agraria Kaposvárensis. Kaposvár, Magyarország,
2007.05.20., CD-kiadvány.

4. Korondi Péter, Sziebig Gábor, Kecskés András, Kovács Tibor: „Complete multimedia educational program of a DC servo
system for distant learning“, 6th Inter-Academia 2007: 2nd Inter-Academia for Young Researchers Workshop 2007.
Hamamatsu, Japán, 2007.09.26-2007.09.30. CD kiadvány.

5. Takarics B., Kovács T., Szemes P. T., Korondi P.: „Contactless Master Device for Interaction with Remote Intelligent Space“,
Energetic Technologies: Journal for Scientists and Engineers, 2006, 1-2:(3), pp. 60-62.

6. Kovács Tibor: „Construction of an Active Triangulation 3D Scanner for Testing a Line Following Strategy“, SAMI 2006:
4th Slovakian-Hungarian Joint Symposium on Applied Machine Intelligence. Herlany, Szlovákia, 2006.01.20-2006.01.21., pp.
490-496.

7. Kovács Tibor, Takarics Béla: „Confirmation of a Probability-based Accuracy Prediction Method for Line Extraction“,
7th International Conference on Technical Informatics. Timisoara (Temesvár), Románia, 2006.06.08-2006.06.09., pp. 191-196.

8. Kovács Tibor: „Building Test Environment for Analysing Noise Sources in Video Frame Buffer“, MicroCAD 2006
International Scientific Conference. Miskolc, Magyarország, 2006.03.16-2006.03.17. University of Miskolc, pp. 167-172.

9. Kovács Tibor: „Generating 3D Models with the Same Topology and Different Geometry Based on 3D Scanner“,
MicroCAD 2005: International Scientific Conference. Miskolc, Magyarország, 2005.03.10-2005.03.11., pp. 247-252.

21

S U M M A R Y O F P H . D .  T H E S I S



10. Kovács Tibor: „Probability-Based Accuracy Prediction of Line Tracking in Noisy Environment“, Buletinul Stiintific Al
Universitatii Politehnica Din Timisoara-Seria Automatica Si Calculatoare 49:(2), pp. 183-188. (2004).

11. Kovács Tibor: „Efficient Line Following Algorithm with Controlled Noise Dependency“, WSEAS Transactions on
Information Science and Applications 6:(1) pp. 1806-1811. (2004).

12. Kovács Tibor: „Efficient Line Following Algorithm with Controlled Noise Dependency“, ICAI 2004: WSEAS Conference
on Automation and Information. Venice, Olaszország, 2004.11.15-2004.11.17. CD-ROM: ISBN: 960-8457-05-X.

13. Kovács Tibor: „Creating Morph Targets with an Active Triangulation Scanner“, 5th International Symposium of Hungarian
Researchers: Sponsored by IEEE Computational Intelligence Chapter. Budapest, Magyarország, 2004.11.11-2004.11.12., pp. 337-
346.

14. Kovács Tibor: „Active Triangulation Scanner Development Focusing on the Accuracy of the Detection“, 5th
International Symposium of Hungarian Researchers: Sponsored by IEEE Computational Intelligence Chapter. Budapest,
Magyarország, 2004.11.11-2004.11.12., pp. 183-194.

15. Kovács Tibor: „Accuracy Prediction in a 3D Active Triangulation Scanner“, Machine Graphics and Vision 10:(1), pp. 75-87.
(2001).

16. Kovács Tibor: „3D látórendszerek“, Magyar Grafika XLV:(3), pp. 35-39. (2001).

17. Kovács Tibor: „Elektronikus kereskedelem, digitális pénz“, Budapesti Közgazdaságtudományi Egyetem, Külgazdaság
Tanszék (1997) 62 p. Diplomamunka.

18. Kovács Tibor: „Modellképzés aktív trianguláció útján“, ABCD (BUDAPEST) 1: CD kiadvány, (1995).

19. Kovács Tibor: „Edge Following in Laser-based 3D Scanners“, Automation '95. Budapest, Magyarország, 1995.09.05-
1995.09.07. pp. 465-474.

20. Kovács Tibor: „Accuracy Analysis of an Edge Following Algorithm in Noisy Frame Buffer“, IEEE ACCV'95: Second Asian
Conference on Computer Vision. Singapore, Szingapúr, 1995.12.05-1995.12.08., pp. 430-434.

21. Kovács Tibor: „Gépi szemmel“, Computer Panoráma 5:(2) pp. 68-70. (1994).

22. Kovács Tibor: „An Edge Following Algorithm and Its Application“, Periodica Polytechnica-Electrical Engineering 38:(2), pp.
175-190. (1994).

23. Kovács Tibor: „Valós idejû 3D képfeldolgozás: Modellképzés aktív trianguláció útján“, Budapesti Mûszaki Egyetem,
Automatizálási Tanszék, (1992) 85 p., Diplomamunka

24. Kovács Tibor: „Fordítás lehetõségei formális és magas szintû nyelvek között“, Tudományos Diákköri dolgozat, 1. díj.,
(1990) 40 p.

Articles in international journals: 5 db.

[5], [10], [11], [15], [22]

Publications in Hungarian: 7 db.

[3], [16], [17], [18], [21], [23], [24]

Foreign language presentations appearing in conference proceedings (international): 12 db.

[1], [2], [4], [6], [7], [8], [9], [12], [13], [14], [19], [20]

22

S U M M A R Y O F P H . D .  T H E S I S


