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SAMENVATTING

Korsten, H.P.J.: Improving Synthetic Image Modeling by optimizing the reflection
model.

Afstudeerverslag, vakgroep Meet- en Regeltechniek, Faculteit Elektrotechniek, Technische
Universiteit Eindhoven, juni 1994.

Tijdens eerder onderzoek op de vakgroep is er een systeem ontwikkeld om synthetische
plaatjes te maken van een bepaalde scene beschrijving. Dit systeem, het zogenaamde
Synthetic Image Modeling systeem, is tijdens dit onderzoek verbeterd. Een van de
belangrijkste onderdelen van dit systeem is het reflectie model. Met dit model worden de
grijswaarden van de pixels van het plaatje berekend. Dit model is een benadering van de
totale reflectiefunctie van het materiaal. Tijdens dit onderzoek is er een beter model
geïntroduceerd. Tevens is getracht de reflectiefunctie van het materiaal te meten. De
parameters van het model zijn zodanig aangepast dat het model zo goed mogelijk de
werkelijkheid (de gemeten reflectiefunctie) benadert. Interreflecties zijn reflecties tussen
oppervlakken. Uit resultaten van het bestaande systeem bleek dat het nodig was om
interreflecties te modelleren. Er is een procedure geschreven om deze interreflecties te
berekenen en deze procedure is geïmplementeerd. Omdat het reflectie model slechts een
benadering is van de werkelijke reflectiefunctie, is gebleken dat de parameters per beeld
geschat moeten worden om een optimaal synthetisch beeld te genereren. Deze parameter
schatting is tijdens dit onderzoek verbeterd. Tenslotte zijn testprocedures van het oude
systeem op het nieuwe systeem toegepast. De resultaten van deze testen zijn weergegeven
in dit verslag.

ABSTRACT

Korsten, H.P.J.: Improving Synthetic Image Modeling by optimizing the reflection
model.

M.Sc. Thesis, Measurement and Control Section, Department of Electrical Engineering,
Eindhoven University of Technology, June 1994.

During previous research in the Measurement and Control section, a system has been
developed to create synthetic images from a certain scene description. During this research
period, this Synthetic Image Modeling system has been improved. One of the most
important parts of the system is the reflection model. This model is used to calculate the
grey values of the image pixels. This model is an approximation of the real reflection
function. During this research a better reflection function has been introduced. Also it is
tried to measure the real reflection function. The parameters of the model are estimated so
that the performance of the model accurately approaches the surface reflection (measured
reflection function). Interreflections are reflections of light between surfaces. From results
of the existing system, it could be concluded that the interreflections have to be modelled.
A procedure for the calculation of the interreflections is written and implemented. Because
the reflection model is just an approximation of the real reflection function, the parameters
of the model have to be estimated per image. This parameter estimation is improved
during this research period. After implementation the new system is tested and compared
with the old system. The results of these tests are presented in this report.
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LIST OF TERMS AND DEFINITIONS

• Bidirectional reflectance distribution function (BRDF):
Function which approximates the surface reflection, which depends on several light
and surface properties.

• Difference image:
An image which is created by subtracting the grey values of the pixels of the
synthetic image from the grey values of the camera image.

• Diffuse interreflection:
Interreflection of light from every direction.

• Diffuse reflection:
The reflection of light in all directions.

• Error values:
Result values, calculated from the differences between the grey values of the
synthetic image and the camera image.

• Interreflection:
The reflection of light between surfaces.

• Parameter estimation:
Estimation of the parameters of the reflection model.

• Ray Tracing:
A method to calculate, from the scene description, orientation and position of
object surfaces relative to the light source(s) and camera.

• Reflection model:
A model of reflection of light on a surface.

• Specular interreflection:
Interreflection of light from the mirror direction.

• Specular reflection:
The reflection of light in the mirror direction.

• Synthetic Image Modeling (SIM):
System which transforms a geometrieal scene description into a synthetic camera
image. This image is used to check if the geometrical scene description is correct.

• Vision Survey System (VSS):
System for the automatic visual identification of objects.
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LIST OF SYMBOLS

AD: average difference

AD2
: square root of average square difference (standard deviation)

C: camera

d: distance from surface point to light source

gv: grey value

h: half vector

I: intersection point

lp: intersection point

k: interreflection factor

kct : diffuse reflection coefficient

ks: specular reflection coefficient of a surface

1: light ray, ray from intersection point in the direction of light source

L: light source

L j : incident radiance

Lr: reflected radiance

n: surface normal

MD: maximum difference

ms: light distance coefficient

ns: specular power

Pa: ambient light term, given in grey value [gv]

s: light distance coefficient (interreflection)

v: view ray, ray from intersection point in the direction of camera

x': a unit vector in the surface plane

y' : a unit vector in the surface plane perpendicular to ~'

a: azimuthal angle of .y. from the direction 1
ai: incident angle, azimuthal angle of ! from the direction ~'

ar: reflected angle, azimuthal angle of'y' from the direction ~'

a x: standard deviation of the surface slope in the ~ direction

ay: standard deviation of the surface slope in the y direction

B: azimuthal angle of h from the direction ~'

1<:: the set of known parameters for the grey value calculation

À: the set of unknown parameters for the grey value calculation

Pbct: BDRF
Sj: incident angle between ! and !!

Sr: reflected angle between .y. and !!



Introduction

1. INTRODUCTION

The section Measurement and Control of the Department of Electrical Engineering of the
Eindhoven University of Technology is a participant in the Esprit project 6042: "Intelligent
robotic welding system for unique fabrications", Hephaestos 11, sponsored by the European
Community. Goal of this project is to define and produce a robotic welding system for a
shipyard in Greece. The shipyard repairs large tankers by replacing damaged parts with
new constructed ones. These parts are unique and so far they have been assembied and
welded entirely manually. The purpose of the automatic welding system is to autornize the
welding of parts of tankers. This welding system consists of a welding robot and a system
to automatically identify parts, both located in a construction yard. The parts that have to
be identified are T-stiffeners, L-stiffeners and I-stiffeners. The identification part has to be
designed by the Measurement and Control Group of Eindhoven.

This identification part is called the Vision Survey System (VSS). The purpose of the
system is to identify 3-D parts and to deterrnine the positions and dimensions of these
parts. To obtain these, a number of cameras is used. The system, as it is today, can be
divided into six sections:

• Camera Calibration
• Line Extraction
• Structural Matching
• Geometrical Matching
• Object Part Clustering
• Synthetic Image Modeling

The calibration is the basis of the total system [16],[17]. It provides the camera calibra
tions for the total system. The Line Extraction detects edge points and extracts straight
lines from the edges in the camera images obtained [2],[3]. The Structural Matching
algorithm recognize and reconstruct the 3D workpiece in the obtained line image(s) [12].
With Geometrical Matching the measures of the 3D-parts are deterrnined [18]. The Object
Part Clustering combines different images from the same scene to derive a description of
the total scene. The output of this Object Part Clustering is a description of the parts: the
type, the position and the dimensions of the workpiece parts. This description is the final
result of the total Vision Survey System. It is a tremendous task for the user of the VSS to
check if this description is correct. For this purpose the Synthetic Image Modeling (SIM)
system is designed [11]. The system transforms the scene description into a camera image
of the partes). To check whether the description is correct, this synthetic image is
compared with the original camera image. The differences between the two images are a
measure of the correctness of the Vision Survey System. When the description is not
correct, the difference between the synthetic image and the camera image should be large
enough to conclude that the description file is false. The improvement of the Synthetic
Image Modeling system is the subject of this report.
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The synthetic image is generated with the use of a Ray Tracer. The grey values are
calculated with an imaging model, a model of reflection of light on a surface. The
reflection of light on a surface can be divided into two parts: diffuse reflection and
specular reflection. Diffuse reflection is the reflection of light in all the directions.
Specular reflection is the reflection in the opposite direction as the incoming light (mirror
direction). The grey value of a pixel is a result of the light reflected, diffuse or specular,
from a surface. To be able to calculate the grey values, the model needs the following
information: camera description, light description and the geometrical scene description.
With this information the reflection of light on the surface of the object can be approxim
ated. The reflection model used can only be an approximation of the real reflection
function. This model of the real reflection function contains several parameters depending
on the kind of surface and light. Therefore, an adaptive parameter estimation procedure is
developed. This procedure updates model parameters, so that the model, with these
updated parameters approaches the real reflection function. This estimation procedure uses
a number of selected pixel grey values of the camera image as a reference. To choose
these pixels another procedure is developed. With the chosen pixels, the parameters of the
reflection function are estimated. With the estimated parameter values, the grey values of
all pixels are calculated. The resulting synthetic image can then be used to check the
geometrical scene description.

The system described above was developed by my predecessor and tested with several
objects and scenes. The results can be divided into two groups: error values and difference
images. A difference image is created by subtracting the grey values of the pixels of the
synthetic image from the grey values of the camera image. Where the image is totally
black, the difference is zero. Where the image is white, the difference is large. From this
image it can be concluded whether the synthetic image is identical to the camera image or
not. To get a better impression of the test results, also numerical results, error values, are
needed. Error values can be calculated from the differences between the grey values of the
images. These error values can be compared with error values of tests performed earlier.
The results of the system described above were not satisfactory. The system was
developed to detect incorrect scene descriptions. This means that the results of tests with a
correct scene description should be much better than the results of tests with an incorrect
description. This was not the case. Therefore the system had to be improved.

There are several ways to improve the performance of the system. In this report three
possible ways are investigated: improving the reflection model, taking into account
interreflections and improving the parameter estimation. The used reflection model is
crucial to the performance of the system. The performance of the system can be improved
by improving the reflection model. This can be done by choosing a better reflection
function. It also can be done by measuring the reflection function and adjusting the used
reflection model to match the measured data. Both possibilities have been investigated.
Interreflection is reflection of light between surfaces. It can have a great influence on the
grey values of pixels. When the interreflections are included in the system, the perfor
mance of the system should increase. Finally, the estimation of the model parameters
can be improved. The estimation method used in the existing system does not always find
the global optimum for the model parameters. Several methods have been tested to find
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the best optimization method.

When the improvements have been implemented, the total system can be tested again. The
test results can be compared with the results of the existing system. Not only the differen
ces between the images (error values, difference images) should be a measure of the
system performance. The speed of the system is also an important issue. Also the
robusteness, whether the system performance stays the same under different circumstances
or with different input values, is important. Our aim is to develope and implement a
reliable system which can be used by the VSS operator to evaluate the performance of the
VSS.

-3-



Synthetic Image Modeiing

2. SYNTHETIC IMAGE MODELING

2.1. DESCRIYfION OF THE SYNTHETIC IMAGE MODELING SYSTEM

The basic purpose of Synthetic Image Modeling is the construction of synthetic images.
These images can be used for comparison with camera images. An example of a camera
image with a corresponding synthetic image is presented in Figure 1.

Difference image

Synthetic image

Figure 1: Comparison of camera and synthetic image

The results of this comparison are used to determine the quality of the VSS system. That
requires a high quality of the generated synthetic image. This quality of the synthetic
image can be measured in grey values. An image is a collection of pixels. Each pixel has
a grey value between 0 and 256. The technical purpose of the SIM system is to create an
image for which the grey values are exactly the same as the grey values of the camera
image. Because of all sorts of distortions, this is not possible. Even when the geometrical
description of the scene is correct, there are always a certain number of pixels for which
the grey value of the synthetic image differs from the grey value of the camera image.
The average difference of grey values is a measure for the quality of the SIM. An image
(difference image) can be created for which the grey value of every pixel is the difference
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between the grey values of the corresponding pixels in the camera image and the synthetic
image. This difference image is also presented in Figure 1. Because only a synthetic
image can be created of the described objects, the background of the difference image is
the same as the background of the camera image. When the synthetic image is exactly the
same as the camera image, only the described objects are totally black (grey value 0).

IScene description I

ICamera descriptionl~ ,-S-y-n-th-e-tic----,

Image -
IUght(s) description'Î Modeling

IReflection model I

Figure 2: Synthetic Image Modelling

Synthedc Image

To create a synthetic image, the system has to have certain information of the scene
(Figure 2):
• a description of the scene: the coordinates of every vertex of the objects and a de

scription how these vertices are connected. This information is a result of the
VSS.

• a description of the camera used: the position and orientation of the camera
relative to the scene and several camera specifications. This information is aresult
of the camera calibration procedures.

• a description of the lights used: the position of the lights relative to the scene, the
type of light source and the amount of radiation in the direction of the scene. The
type and amount of radiation are not yet used in the SIM system. The position of
the lights has to be measured manually.

• a description of the reflection model. The measure of reflection of light from the
light source in the direction of the camera determines the grey value. It is impor
tant to have an accurate description of the reflection model. This information can
be derived from earlier studies on reflection functions. To get an accurate model,
it has to be derived from measurements on the material used.

When all the information is available, the 3-D scene description has to be converted into
grey values. The grey values can be calculated with the reflection model. But first the
orientation and position of the surfaces relative to the light source(s) and camera have to
be derived from the scene description. A method to do this very accurate is Ray Tracing
(Figure 3). Van Kalmthout describes a method of Ray Tracing [11]. The Ray Tracer
calculates for every pixel of a camera image the view direction, view ray. When this ray
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hits a surface, the corresponding pixel will "see" this part of the surface. The point where
the ray hits the surface is called the intersection point. If a light is "visible" from the
intersection point, the Ray Tracer calculates the angles between the view direction, the
surface normal and the light direction. With this information and the reflection model, the
grey value of the pixel can be calculated. In Chapter 4 this method will be described
further.

Liaht_1

Iigbl ny

I . lItiffeDer

Figure 3: Ray Tracing

}----+-------,-i view nyv:
IotenectiClll int

As it is mentioned above, the reflection model is very important to create a good
synthetic image. This reflection function contains several parameters. Some of these
parameters are known, for example the light direction , camera direction or the surface
normal. These parameters can be obtained by the Ray Tracer. There are also parameters
for which the value can not be measured or calculated. These parameters depend on
unknown factors affecting the reflection, such as material properties, light properties
(wave length) or unknown camera properties. These unknown parameters have to be
estimated. To estimate the parameters, the only information available is the grey values of
the pixels of the original camera image. A parameter estimation procedure which uses a
Least Squares method in combination with a Newton optimization method was used by
Van Kalmthout to estimate the parameters (Figure 4) [11].

This method starts with initial parameter values. These values are used to calculate the
grey values with the reflection model. The grey values are compared with the grey values
of the original camera image. The difference is used to update the parameters. This is
done with the Newton optimization method. A least squares solution is obtained for all
the pixels. When the difference between the grey values calculated with the updated
parameters and· the camera grey values is beneath a certain threshold, the procedure is
stopped. When the difference is larger than the threshold, the procedure is repeated. Also
when the difference is not decreasing, the procedure is stopped, because it is no use to
continue the procedure.

-7-
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Initia! parameter
values

Error > threshold

Estlmated
parameter values

Figure 4: Parameter estimation

ye8 Update parameters
>-=----+-1 wlth Newton method

The parameter estimation procedure discussed above uses the grey values of selected
image pixels to update the model parameters. Each image contains 512x512 = 262144
pixels. Not all of these pixels can be used in the estimation procedure. A pixel which is
not "seeing" a part of the object, contains no information of the object or the reflection
function. Only the pixels on which the object is projected can be used to estimate the
parameters. For the image of Figure 1 almost half of the pixels is useful. Using so many
pixels requires a lot of computer memory, as for every pixel a number of parameters has
to be stored in the memory. The memory can store only a limited number of pixel values.
A second problem is the speed of the system. When the number of pixels rises, the total
amount of time needed to estimate the parameters also increases. Therefore only a few
thousand pixels should be used to estimate the parameters. An algorithm to choose the
pixels which contain the best information is needed. This algorithm chooses the pixels
which are not nearby any sharp grey value change in the image [11].

The block diagram of the total Synthetic Image Modeling system, as it was before this
research, is presented in Figure 5. Unknown reflection parameters are estimated as
mentioned above. All the grey values of the image are calculated with the Ray Tracer and
the imaging model, using the estimated parameters. The derived synthetic image is then
subtracted from the camera image (Figure 1). The difference image is used, together with
the final error values of the estimation procedure, to determine whether the geometrical
scene description is correct.
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camera Image

Actual
grey valuea

1-----------
1 -Geometrlcal I

I acene d88Cl'lption I

I -Ughtlng descrlptlon 1
1 -Camera d88Ctlptlon 1l ...

cameralmager-----~~~~

Figure 5: Synthetic Image Modelling

2.2. RESEARCH ON SYNTHETIC IMAGE MODELING

AdJuat
parameter
estlmate

~ __ J ~

I Inlilal parameter I
I valuea I1 J

Actual
parameter
valuea

The SIM system is going to be used in the total VSS system to check if the final scene
description is correct. The differences between the camera image and the synthetic image
should be very small, when this description is correct, and large when the description is
false. In the parameter estimation procedure this difference has to be measured. There are
three quantities introduced to evaluate the measure of error (error values). These quantities
are calculated from the differences between the grey values of the pixels used in the
estimation procedure. These are: the Maximum Difference (MD), the Average Difference
(AD) and the root of the Average square Difference (Standard Deviation) (AD2

). These
values are used through this report to give an indication of the total error. The purpose of
this research is to improve the Synthetic Image Modeling system, so that a better
distinction between a wrong geometrical description and a right description is achieved.
Here, we summarize the results obtained by Van Kalmthout [11], testing the original SIM
system. The images calculated with this system are presented in Figure 1. In Figure 6 the
images calculated with a false geometrical description are presented.
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Figure 6: Camera (1eft) , synthetic (middle) and difference image (right) in the case of
an incorrect scene

The results of the parameter estimation are presented in Table 1.

Table 1: Results parameter estimation existing model

Scene description maximum average standard deviation
difference difference of the difference

correct (T-stiffener)
1

76
.
8

I

14.0

I

18.1

I
incorrect (I-stiffener) 17.9 22.987.7

From Table 1 it can be concluded that the differences between a correct scene description
and an incorrect scene description are small. From the results of Table 1 no clear
decisions can be made. The purpose of this report is to improve the synthetic image so
that a better distinction can be made between a correct and an incorrect geometrical
description.

From Figure 5 it can be noted that the reflection model (imaging model) is the most
important part of the system. With this model the grey values of the synthetic image are
calculated. This model has to imitate the behaviour of a surface, reflecting the light. This
behaviour is dependent on several properties: surface properties, surface orientation, light
wavelength etc. In previous research several modeIs have been proposed. A lot of these
models are only usabie for Computer Graphics applications and are not very accurate. For
our application a very accurate model, which is also easy to implement, is needed. The
model used to generate the images of section 2.1. is not very accurate. To solve this there
are two possibilities. The first possibility is simply to search for a better model. The
second possibility is to measure the reflection of the material you want to use and with the
camera and lights you want to use. Then you can select the model and adjust the
parameters of the model so that the model matches the measurement results. In this way
the properties of the light, camera and surface are constant and do not have to be
modelled. The reflection model does not have to be complicated. In Chapter 3 both
possibilities are investigated. The reflection function is measured and a comparison is
made between the different reflection models.
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The Ray Tracer discussed in section 2.1 is used to generate the synthetic images. This Ray
Tracer uses basic procedures to calculate the angles. It does not calculate interreflections.
Interreflection occurs when a light ray reflected from a surface is reflected from a second
surface in the direction of the light sensor. This results in a rise of the grey value of the
pixel. The Ray Tracer used only calculates light rays that are reflected one time. In the
difference image of Figure 1 the influence of interreflections can be seen. Near the
connection of the base plate and the T-stiffener the differences are large. In this area,
where two surfaces are close together, the influence of interreflections is great. To be able
to generate images which are almost identical to the camera images, interreflections have
to be calculated. The Ray Tracer procedure has to be adjusted to compute also the
interreflections. In Chapter 4 a procedure to calculate the interreflections is presented.

The Synthetic Image Modeling system discussed in section 2.1 uses an adaptive system to
estimate the parameters of the reflection model. From previous research it can be
concluded that this system does not always find the best parameter values [11]. The
Newton method used does not always converge to the optimum. Often only alocal
optimum is reached and it also occurs that the system does not find an optimum at all.
The first estimate of the parameters is very important with this method. It should be
investigated if there is a better method to estimate the parameters of the model. A method
is needed which is fast and always finds the best parameter values. These two properties
can not be reached at the same time. A compromise has to be made between robustness
and speed. The chance of not finding the global optimum should be very small, while the
calculation of this optimum should not be so slow to block the total system. The search to
find a better estimation procedure is presented in Chapter 5.

When all the improvements (if there are any) are implemented in the system, the same
tests can be done as with the old system. From the comparison of the results it can be
concluded if the improvements of parts of the system are also improving the performance
of the total system.

-11-
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3. MEASURING AND MODELING REFLECTION

To create a synthetic image of a specifïc scene, one has to know the reflection properties
of the material surfaces. So to create an image with realistic features, a correct description
of the reflection is needed. The surface reflection depends on numerous factors and is
modelled by a so called bidirectional reflectance distribution function (BRDF). This BRDF
can then be approximated by an explicit function of a small number of parameters. In the
past, several models for this reflection function have been proposed. These models can
roughly be divided into two groups. One group contains the models which are based on
physical properties of light and reflection [9],[15]. These models are very accurate but
need much calculation time when implemented. The other group contains the modeIs used
by Computer Graphics systems [4],[8]. These models show no clear relation with the
physical properties of light, but see reflection as a black box. These models are faster, but
are not accurate enough for our purpose. What we want is to derive a reflection function
which is accurate enough and is easy to implement. The solution to this problem is to
measure the reflection function with the specific material and the specific equipment. With
the results of this measurement the known models can be adjusted to get a good trade-off
between computation speed and accuracy of the model.

3.1. ANALYSIS

Because the reflection function in general is a function of four angles, it is not easy to
measure it completely. It is easier to use a known model and adjust it according to the
measured results. It is also possible to use the measured data to check if a model is
correct. Therefore I have used three different modeis. First, the BRDF is introduced in
section 3.1.1. Then a method to measure this function is presented in secti6n 3.1.2. In
section 3.1.3 three reflection models are proposed. After measuring the reflection, the
results have to be compared with the proposed modeis. A method to do this is presented in
section 3.1.4.

3.1.1. The Bidirectional Reflectanee Distribution Function

The interaction of light with a surface can be expressed as a single function, the Bidirec
tional Reflectance Distribution Function (BRDF). This is a function of four angles, two
incident and two reflected, as weIl as the wavelength and polarization of the incident
radiation. For the sake of simplicity, wavelength and polarization are left out of the
equations. The BRDF is defined in terms of incident and reflected radiance by the follow
ing integral:
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(1)

where: LrCSpar) is the reflected radiaoce [W/sr.m2
]

LlSj,aJ is the incident radiance [W/sr.m2
]

PbctCSj,aj;Sr,ar) is the BDRF [sr-I]

The function Pbd is bidirectional because the incident and reflected directions cao be re
versed and the function will return the same value. The angles aj, ap Sj and Sr are shown
in Figure 7.
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Figure 7: Description of angles and vectors

The symbols in Figure 7 stand for:

L
C
I

1
v
n

light source
camera
intersection point
light ray, ray from intersection point in the direction of light source
view ray, ray from intersection point in the direction of camera
surface normal
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half vector, the bisector of 1and Y: h = Y + 1/ IY + 1I
a unit vector in the surface plane
a unit vector in the surface plane perpendicular to ~'

incident angle, azimuthal angle of 1from the direction ~'

incident angle between 1and !!.
reflected angle, azimuthal angle of Y from the direction ~'

reflected angle between Y and !!.
azimuthal angle of y from the direction 1, a = 360 - ai - a.
azimuthal angle of h from the direction ~'

Source Driver Hoop

"-.

.... ./

Detector Hoop

Figure 8: Gonioreflectometer

3.1.2. Measuring the BRDF of a surface

In the previous part the reflection function was presented as a function of four angles.
These angles are described in Figure 7 and represent the total range of angles about which
the reflection has to be measured. The bidirectional reflection function can be measured by
a so called gonioreflectometer [19], which is shown in Figure 8.

With this gonioreflectometer all the angles that have to be measured can be controlled
separately. First the angle Si can be changed by moving the light source over the Source
Driver Hoop. ai can be changed by rotating the sample area. Sr can be changed by moving
the Reflectance Detector up or down and ar can be changed by rotating the Reflectanee
Detector. The total system is controlled with a computer.

-15-



Measuring and modeling reflection
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Figure 9: Camera and light positions

The method described above can not be used here. The system is too expensive and
complicated. Therefore I have chosen for a different method to measure the reflection
function of a material. We take camera images of aplanar plate of the material illu
minated by a single light point source in the dark room. With only this planar surface, no
interreflections (see section 2.2) can occur. The measured grey values are all descended
from one light source. Before the real measuring can take place, the positions of the
camera and light source have to be determined. The different positions have to be such
that a wide range of angles can be measured with a small number of images.

In Figure 9, an overview of the camera and light positions is given. With the help of the
Ray Trace functions these positions are proposed. This is done by estimating the positions
and calculating the range of the angles. When a maximum range is reached, the positions
are correct. The height of camera position 3 (C3) has to be determined during the
measurement. Because the camera has to be calibrated with the aid of a pattern of crosses,
the camera can't be in the z=O plane. The camera has to be placed as low as possible and
in a position where it can be calibrated accurately. Because the camera has to be cali
brated for every position, the number of camera positions has to be as low as possible.
Instead the position of the light source is changed for every camera position. In total there
are 9 images (l for camera position Cl, 3 for C2 and 5 for C3) taken for every material,
in total 27 images.

The measurements take place in a dark room, to ensure that there are no other sources of
light. During the measurements the following quantities are measured:
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• the position of the point source, relative to the reflecting surface.
• the position of the object, relative to the reflecting surface.
• the voltage of the light source, measured with a Volt meter. It is important that this

voltage stays the same during the measurements, as an indication of the constant
light intensity.

The used cameral has several setting options. The camera must be adjusted in such a
way, that the camera output becomes as linear as possible with the incoming light. The
setting switches of the used camera are therefore set as follows:

• automatic gain control is off
• gamma correction is off

To calibrate the camera on different positions, a picture of the calibration pattern for every
camera position was taken. From this picture the camera position and orientation was
calibrated.

3.1.3. Modeling the BRDF

The BRDF can be approximated by several modeis. The models proposed in this section
use several angles to calculate the grey values. The different angles and vectors are pre
sented in Figure 7 and described in section 3.1.1. The models are all composed of three
parts: an ambient light term, a diffuse reflection part and a specular reflection part. Every
part has a parameter, defining the influence of the coresponding part.

The first model is the model used by Van Kalmthout [11] for calculating the synthetic im
ages. The grey values of the pixels in an image can be calculated using the following
function:

. 20.·!90.·0 20."!:!)(!!."D
mm[l, , ]

L =P +k Jn-D+k Jn-h\n,. 0:...!9 0!...!9, a d ~ s~:::J -------m-----
(!!.·0·d '

Input values:
n.: the normal of the surface
h: half vector
v: view direction
1: direction of incoming light
d: distance from surface point to light source

1 HTH MX, f= 6 rnrn
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Model parameters:
Pa: ambient light term, given in grey value [gv]
kd: diffuse reflection coefficient
ks: specular reflection coefficient of a surface
ns: specular power
ms: light distance coefficient

The second model is the so called Torrance-Sparrow model which is used by Ikeuchi [10]
to determine the reflectance properties of an object. It is a very general model that can be
used for a wide range of materiais. The model can be described by the following function:

Input values:
n: the normal of the surface
h: half vector
v: direction in which we want to know the reflection
1: direction of incoming light
d: distanee from surface point to light source

Model parameters:
Pa: ambient light term, given in grey value [gv]
kd: diffuse reflection coefficient
ks: specular reflection coefficient of a surface
ns: specular power
ms: light distance coefficient

(3)

The only difference between model 1 and 2 is the exponent in the function of model 2.

The third model is different from the two above in the fact that it can be used for
anisotropic reflection. The model is used by Ward [19] for modeling reflection. Aniso
tropie reflection occurs when the reflection is different with different light directions. This
model can be described by the following function:

1 I (~~H~xJ
L =P +k .{!J:.°D +k . . exp(-2.l Y ).{!J:.°D
rad s V 4na. a. 1+h on

{!J:.'D.{!J:.~ .l Y --
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Input values:
n: the normal of the surface
h: half vector
v: direction in which we want to know the reflection
1: direction of incoming light
x: unit vector in the surface plane
y: unit vector in the surface plane perpendicular to .!

Model parameters:
Pa: ambient light term, given in grey value, diffuse reflection parameter
a x: standard deviation of the surface slope in the .! direction
a y : standard deviation of the surface slope in the y direction
ks: specular reflection coefficient of a surface
kd : diffuse reflection coefficient

..............

,,;.
ClAUlIlAllON
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POII11ON

I'OIITlON OF
OILlECT

REFLEeTION
MODE1.8

MEASUREMENT
RESULTS

(IMAGES)

Gray values

I ~

RAY-TRACER

OREVVAWES AB
FUNCTION OF
a,eIAND er

!
E8T1MA1E8 OF
MODEL PARAMETERS

APPROXIMATED
PARAMETER VAWES

Figure 10: Parameter estimation procedure

3.1.4. Estimation of the model parameters

The parameters of the models proposed in section 3.1.3 will be estimated by fitting the
models onto the measurement results. The reflection function of three materials will be
measured. These materials are: three-ply board, painted steel and white paper. The model
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fitting procedure will therefore be repeated for every material. This procedure is presented
in Figure 10. The results of the measurements are grey values of pixels. From the position
of the camera and light source, the different angles can be calculated, using the Ray Trace
functions. Then we have the grey values as a function of the angles Sr and a (see Figure
7). Sr is the angle between the view direction and the normal of the surface. a is the
angle between the light direction and the view direction projected into the surface plane.
The grey values as a function of the angles can be plotted. The same graphs can be
derived from the modeis. The graphs can then be compared and a rough estimate of the
parameters of the models can be made. Then an optimization method (Newton method)
can be used to approximate the values of the parameters of the models to find the Least
Squares fit. After this the model values can be compared with the measured values and
one can decide whether the model is correct. A second comparison is needed to see if the
reflection is anisotropic. To do this three angles have to be calculated with the Ray Trace
functions: Si,Sr and B (see Figure 7). Si is the angle between the light direction and the sur
face normal, Sr is the angle between the view direction and the surface normal and B is
the azimuthal angle of the half vector from the direction ~ projected into the surface plane.
With these angles a comparison can be made between the reflection in the x-direction and
the y-direction. Again the grey values as a function of the angles can be plotted, compared
with the models and used to estimate the parameters. The derived models can than be
tested with other images to verify whether they are correct.

3.2. MEASUREMENT RESULTS

The results of the measurements can be divided into 3 groups (see Figure 10):

• measured grey values as a function of angles
• estimation of model parameters
• calculated (Least Squares solution) model parameters

With the aid of the Ray Trace functions, angles ai' Si' ar and Sr can be retrieved for each
image. Then the pixel grey value can be plotted as a function of these angles. This is done
for every measured image separate. To get a better overview of the relations, the grey
values are plotted as a function of two different sets of angles. First the grey values as a
function of a and Sr (Figure 7) are plotted. Then the grey values as a function of B, Si and
Sr (Figure 7) are plotted. After this the reflection functions are calculated using the
reflection models and they are plotted in the same graphs. From this comparison an
estimate of the model parameters can be retrieved for every image. The last step is to use
these estimates to construct a reflection function which is the best estimate for the data in
all images. To get the best model parameters, a Least Squares function is used to
minimize the differences between the model and the image values. These results are
derived for the three materials separately. First the results of the three-ply are discussed.
After this the results of steel and paper are presented.
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3.2.1. Results of measurements on three-ply

3.2.1.1. Grey values as a function of angles

In this section the grey values as a function of the angles are presented. Each plot is
derived from the results of only one image. First, the angles a and Sr are calculated and
the measured grey values as a function of these angles are plotted (Appendix A). At the
same time the grey values calculated with the modeis, are plotted. The parameters of the
models are optirnized using the Newton optirnization method. This will be discussed
further on. For four different values of Sr the grey values are plotted as a function of a.
The grey values of different pixels with the same a and Sr values are averaged. For all a
and Sr values these plots can be made. The plots shown in Appendix A are each derived
from one separate image. These plots can be made for several images, but the results are
almost identical. From the plots a clear relation between the grey values and a can be
seen. The deviations are a result of deviations of the reflection properties, because the
surface is not homogeneous, and of errors in the images.

In Appendix B the grey values as a function of the angles B, Si and Sr are plotted. It can
be seen from the graphs that there is a clear relation between the grey value and Sr' In the
graphs there are also the plots of the modeis.

3.2.1.2. Estimation of model parameters

The main goal of this research is to find a model which can accurately approximate the
bidirectional reflectance distribution function. To do this the parameters of this reflection
model have to be known. The estimation of these parameters is done with the Newton
optirnization method. This method tries to rninirnize the difference between the measured
grey value of a pixel and the grey value of the pixel calculated with the model. With a
Least Squares algorithm the optimal model parameters for all the pixels are estimated. To
optimize the parameters with the Newton method, a first estimate of the parameters has to
be available. This first estimate can be retrieved by trial-and-error. With the reflection
model using "random" parameter values the grey values of the pixels are calculated. The
difference between these grey values and the measured grey values are used to determine
whether the "random" parameter values are correct. When this trial-and-error procedure is
repeated for a definite number of parameters, a first estimate of the model parameters can
be derived. For all the measured images a first estimate of the parameter values can be
derived. With these first estimates, the total range of the parameter values can be
determined for all images (for all angles). The ranges of the estimated parameters are
presented in Table 2.

-21-



Measuring and modeling reflection

Table 2: Estimated parameters of reflection models

y "pp

I I1 Model 1 IModel 2 IModel 3* I
I I1 Min. IMax. IMin. IMax. I Min. I Max. I

kd 300 500 200 700 0 600

ks -100 50 -100 0 50 450

ka -300 -50 -500 0 -500 200

ns -20 50 -20 0 0.15 1.00

ms 1.4 1.7 -0.5 2 0.4 0.95

* the arameters n and m are res ectlvel' a and 10 model 3.

The values of model 2 are not very accurate because the specular part of model 2 did not
have much influence on the behaviour of the model.

3.2.1.3. Calculating the model parameters

The estimation of the parameters is done with the Newton optimization method mentioned
in section 3.2.1.2. As a first estimate of the parameters, the values of section 3.2.1.2 are
used. These start values of the parameters are very important. When the Newton method is
started with wrong start values, the values do not converge and total wrong results are
derived. The best parameters per pixel are calculated with the Newton method. With the
Least Squares algorithm the best parameter values for all pixels are calculated. The
parameters for all models are estimated. The models with the estimated parameters are
used to calculate the grey values of the pixels. In Appendix A the relation between the
grey values and the angles are plotted for the different modeis. The plots only give an
indication which model is the best. Because the models are used in an adaptive system,
the model parameters change for every image. The modeIs using the parameters derived
here give the best overall result. These parameters are presented in Table 3.

The values of Table 3 are calculated by fitting the grey values calculated with the models
onto the grey values of 3 measured images. For model 2 the best value of ~ is O. This
means that the specular part of model 2 is ignored. This does not mean that this specular
part is not important. For some images the value of ks is not O. But with the test images
the average results are the best with these start values.
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Table 3: Ca1culated parameters of reflection models

3.y xpp

I I1 Model 1 I Model 2 I Model 3· I
kd 322.035887 693.928753 150.513019

ks 24.274151 0 326.534984

ka -187.909584 -498.913037 -64.666502

ns 24.760303 - 0.517131

ms 1.529523 - 0.466958
'I' the arameters n anel m are res ectlvel' ex and mmode

To compare the models with each other, the models have to be tested with measured
images. For these tests 6 images are used, which are different from the ones used to
determine the parameters. From the measured images reference pixels are derived. These
are pixels which are not near any sharp grey value change. The grey values of these pixels
are compared with the grey values ca1culated using the modeis. The difference between
these values is a measure of how good the model is. For each image 6 error values (see
section 2.2) are ca1culated. These result are presented in Table 4. First the results are
ca1culated before the Newton method is used to optimize the parameters (Before). The
maximum difference (MD) of all the reference pixel is determined. Also the average
difference (AD) of all the pixel is calculated. The most important result is the square
average difference (AD2

). This is the average of the sum of square differences (standard
deviation). It is a measure of the global difference between the model and the real
reflection function. The values presented in Table 4 are an average of the values of the
different images. These values are very dependent on the image. To get better values, a
Newton method is used to optimize the parameters. After this optimization the result
values are ca1culated again. These values are also presented in Table 4 (After). From these
values it can be concluded that model 3 is the best model to approximate the grey values
of the measured images.

Table 4: Results reflection models

I I Model 1 Model 2 Model 3"

I I Before After Before After Before After

MD 38.02 21.17 77.60 28.43 30.52 18.22

AD 13.22 5.60 35.79 7.98 7.88 3.70

AD2 15.68 6.97 49.29 9.81 9.79 4.74

When looking again at the plots of Appendix A and B, these plots show the same results:
model 3 gives the best overall result. But for some plots of Appendix B it can be noted
that model 2 gives also a very reasonable result. The advantage of model 2 is that it is
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very simple and therefore very fast (fast convergence). In future research the combination
of the models 2 and 3 is an option to get a fast and accurate system.

To be able to get a good impression of the reflection functions, the calculated grey values
are plotted in Appendix C, as a function of the viewing angle Sr and the light angle Sj. For
a few values of Si (shown in the plots) the reflection function as a function of Sr is plotted
in a polar plot. From these plots the diffuse reflection and the specular reflection can be
distinguished. For large values of Si the reflection functions could not be determined
because of the problem with the calibration (see section 3.1.2).

3.2.2. Results of measurements on steel

3.2.2.1. Grey values as a function of angles

The same measurements as with the three-ply are performed on a plate of steel. The
results are presented below and in Appendix D to F. First the grey values as a function of
the angles a and Sr are presented in Appendix D. Also the grey values calculated with the
modeis, are plotted. In Appendix E the grey values as a function of the angles B, Si and Sr
are plotted. In the graphs there are also the plots of the modeis. From the plots of
Appendix D it can be seen that the specular part of the reflection is larger than with three
ply. This is conform the expectations.

3.2.2.2. Estimation of model parameters

Also for steel estimates of the model parameters are derived. The ranges of the estimated
parameters are presented in Table 5.

Table 5: Estimated parameters of reflection models

y xpp

I I1 Model 1 fjAode12 I Model 3' I
I I1 Min. I Max. I Min. ] Max. ] Min. I Max. I

kd -90 180 -500 700 -13 92

ks -190 330 -150 30 9.0 320

ka -130 140 -110 700 -51 36

ns -10 920 -60 100 0.04 0.82

ms 1.2 3.2 -6.0 16 0.06 130

the arameters n and m are res ectlvel' a and In model ~.
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3.2.2.3. Calculating the model parameters

With the Newton optimization method the best model parameters are calculated. The
models using the parameters derived here give the best overall (Least Squares) result.
These parameters are presented in Table 6.

Table 6: Calculated parameters of reflection models

y xpp

I I1 Model 1 I Model 2 I Model 3" I
kd 11.759019 54.481411 84.814979

ks 7.007732 29.591359 9.836037

ka 24.641535 -16.491363 -51.614908

ns 481.106542 88.604915 0.046481

ms 1.15874 14.810993 0.066213

the arameters n and m are res ectlvel' ex and In model

Next the models are compared with the measured values. The result are presented in Table
7.

Table 7: Results reflection models

I I1 Model 1 IModel 2 IModel 3" I
I I Before After Before After Before After

MD 41.34 29.25 86.40 71.84 51.97 21.17

AD 6.65 2.37 9.77 4.88 12.04 2.66

AD2 8.44 3.71 17.01 11.10 13.43 3.88

From the results of Table 7 it can be concluded that model 1 and 3 are the best to use in
this case. The results are better than with three-ply because the structure of the steel plate
is simpier than the structure of the three-ply plate. It can be noted that the results of
model 3 are not better than the results of model 1 because there is no anisotropic
reflection. The total reflection function is plotted in Appendix F. The caculated grey
values are plotted as a function of the viewing angle Sr and the light angle Sj. For a few
values of Sj the reflection function as a function of Sr is plotted in a polar plot. The
specular part is clearly visible in the plots.
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3.2.3 Results of measurements on paper

3.2.3.1. Grey values as a function of angles

The same measurements as with the three-ply and steel are also performed on a sheet of
white paper. The results are presented below and in Appendix G to I. First the grey values
as a function of the angles a and Sr are presented in Appendix G. Also the grey values
calculated with the modeis, are plotted. In Appendix H the grey values as a function of the
angles B, Sj and Sr are plotted. In the graphs there are also the plots of the modeis. It can
be noted from the plots that the specular part is very small.

3.2.3.2. Estimation of model parameters

The parameters of the reflection functions are also estimated for paper. The ranges of the
estimated parameters are presented in Table 8.

Table 8: Estimated parameters of reflection models

yy xpp

I I1 Model 1 IModel 2 I Model 3' I
I I1 Min. I Max. I Min. I Max. IMin. I Max. I

kd 260 780 -470 1700 -402 520

ks -132 218 -330 630 140 650

ka -557 -102 -1300 520 -360 440

ns -13 5.0 -69 330 0.30 0.69

ms 1.6 2.8 -8.0 49 0.39 1.20

the arameters n and m are res ectlvel' a and a In model :;.

3.2.3.3. Calculating the model parameters

With the Newton method the best model parameters are calculated. The models using
these parameters give the best overall (Least Squares) result. These parameters are
presented in Table 9.

Next the models are compared with the measured values. The result are presented in Table
10.
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Table 9: Calculated parameters of reflection models

y xpp

I I1
Model 1 I Model 2 I Model 3* I

kd 530.396445 688.293686 213.340706

ks -94.507899 -131.852132 452.273751

ka -248.814889 -433.263053 -92.455423

ns -1.165617 95.340768 0.682913

ms 1.794855 15.896897 0.666353

the arameters n and m are res ecttvel' a and mmodel

Table 10: Results reflection models

I I1 Model 1 IModel 2 I Model 3* I
I I Before After Before After Before After

MD 44.29 22.92 44.75 28.00 34.09 22.64

AD 15.32 3.79 14.57 5.38 11.79 3.48

AD2 17.99 5.04 17.64 6.93 13.71 4.67

Also for paper it can be conclude that the results are better than the results of the three
ply. The results are very dependent on the type of material. In this case modelland 3
are the best modeis. The total reflection function is plotted in Appendix I. The calculated
grey values are plotted as a function of the viewing angle Sr and the light angle Sj. For a
few values of Sj the reflection function as a function of Sr is plotted in a polar plot. There
is almost no specular part visible in the plots. This means that the reflection function for
white paper can be described with a much simpier model than the reflection functions of
three-ply and steel.
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4. RAY TRACING AND INTERREFLECTION

To create synthetic images a method is needed which projects the 3-D scene specified by
a scene description onto a 2-D image plane. A widely used method to do this is Ray
Tracing. The Ray Tracer is an instrument to determine the needed geometrical properties
of the surface point corresponding with (projected onto) a certain camera pixel, provided
the right geometrical description of the scene is given. With these geometrical properties
the grey value of the corresponding pixel can be estimated. A further description of Ray
Tracing and the used Ray Tracer is discussed by Van Kalmthout [11].

The main reason why the Ray Tracer is mentioned here is because the used Ray Tracer
did not calculate interreflections. In this chapter an attempt is made to model inter
reflections and implement them in the system. To do this the Ray Tracer functions have to
be adjusted. In the first section of this chapter a description of interreflection is presented.
After this the adjusted formulas to calculate the grey values are presented. The last section
contains the results of the implementation.

Figure 11: Example of interreflection

4.1. INTERREFLECTION

When light rays fall onto a surface these rays are reflected in certain directions. When a
light ray is reflected in the direction of the viewer, the viewer can see the particular
surface. When a ray is reflected in the direction of another surface, the first surface can be
considered as a light source from which the rays descend. These rays fall onto the second
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surface and are also reflected in certain directions. This phenomenon is called interreflec
tion. In Figure 11 an example of interreflection is presented. From the intersection point
ipl on surface 1 a secondary ray :i2 is calculated in the mirror direction. This ray hits
surface 2 in intersection point ipz. When light reflected from surface 2 reflects from
surface 1 and is detected by the camera, this light contributes to the total light detected.
This extra reflection is called interreflection.

The normal reflection of light can be divided into two major groups: specular reflection
and diffuse reflection. Specular reflection is the reflection in the opposite direction as the
incoming light (mirror direction). Diffuse reflection is the reflection of light in all the
directions. For example, the reflection of a steel plate has a large specular part and a small
diffuse part. The reflection of a paper sheet however is almost totally diffuse. The same
division can be made with interreflection. With interreflection however the approach is
slightly different. When a ray of light is reflected from a certain surface, the origin of this
ray can be:

• a light source in any direction.
• a surface in the direction opposite the reflected direction (mirror direction).
• a surface in any direction but the direction mentioned above.

The direction mentioned in the second point can be described as the reflected direction
rotated 180 degrees around the normal of the surface. When light is reflected from this
direction, the interreflection resulting is called specular interreflection. The interreflection
from the source mentioned in point three is called diffuse interreflection.

In the past several attempts have been made to model interreflections [5],[6],[7],[13],[14].
Ward [20] presents an overview of the literature in this field of research (in combination
with Ray Tracing). There are several methods for efficient specular component com
putation. In the article mentioned [20], a method to compute diffuse interreflection is
presented. The main problems with these methods are the time to calculate all rays and the
amount of memory needed. Both properties grow exponentially with the amount of rays
traced. Therefore only the specular part of the interreflections is implemented in this
system. From the results of tests with the system can be concluded whether the diffuse
interreflection has to be implemented or not. The advantages must then be weighted
against the problems mentioned above.

4.2. MODELING INTERREFLECTIONS

When there are interreflections between surfaces in a scene, the grey values of the image
of the scene have to be adjusted for these extra reflections. To do this the Ray Tracer can
be used. To get a good overview of the situation, the situation is plotted in Figure 12.

Ray Tracing can be divided into four steps. The first step is to calculate the ray from the
camera to the intersection point of the first surface. The second step is to calculate the ray
between the intersection point and the light sources. From the angles between the rays the
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Figure 12: The four steps of Ray Tracing

4. Raya to compute diffuse
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grey value can be calculated (see section 3.1.3). This is the original procedure during Ray
Tracing. When the interreflections are included, two extra steps are needed. The third step
is to include the specular interreflections by calculating the specular direction. The ray in
this direction is then treated as an incoming ray and with the steps 1 and 2 the grey value
of the secondary ray reflected from the second surface can be calculated. Also from this
reflection the specular direction can be calculated and so on. Step 4 is the calculation of
the diffuse interreflection which is not implemented here. The main idea is that in all
directions secondary rays are calculated and the grey value in that direction is calculated.
It is easy to see that this step is very time consuming and requires much memory.

The total procedure to calculate the grey values can be described as follows:

1. With camera position and scene description calculate the incoming ray, .Y.I and the
intersection point cml)' if there is one, with the surface.

2. Calculate the rays between intersection point and light sources, 11 and the half
vector .hl (see section 3.1.3).

3. With these vectors and the normal !!.I calculate the grey value with the fOITOula
(model 3):

1 1 (ft~~J+(ft~~J
gv =P +k (n ·1 )+k exp( x Y) (n '1 )

I a d'~1 -I s' • 4 -05 (1 h' ) '~I-I
J(n 'l)Jn "V) 1W..p ..y .. +-I!!.I
~I-I ~I-I
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4. Calculate with Yl and!!l the recursive ray:
v =v - 2n (v ·n )
~ -1 -1 -1 -1

(6)

5. Calculate the grey value of the recursive ray. This is the reflection factor with
which the interreflections have to be multiplied to account for the light intensity
decrease of this surface reflection:

(7)

6. The recursive ray becomes the second incoming ray .Y.2. If there is an intersection
point with another surface, this intersection point c.!lli) can be calculated. At this
point the distance d between the first and the second intersection point must be
calculated:

(8)

(9)

7.

8.

9.

Calculate the rays between the second intersection point illi and the light sources, b
and the half vector lli.

With these vectors and the normailli calculate the grey value gV2 with formula (5).

This grey value can be added to the one calculated in point 3. But first the grey
value has to be adjusted for the distance calculated in point 6 and the reflection
factor, calculated in point 5:

k
gvrecl

gv=gvl + ·--·gv2
d S

The parameter k has to be estimated. This estimation can be done by evaluating the
resulting images. With the parameter s the influence of the distance d between the
surfaces can be controlled.

10. To add the next level of interreflections, go to point 4 and repeat the procedure.

With this procedure the value of parameter k is very important. It has to be determined
while testing the system. The influence of this factor can be seen in the results.

-32-



Ray Tracing and Interreflection

4.3. EXPERIMENTS AND RESULTS

Figure 13: Images showing the influence of interreflections. The figure on the left
(Ba) is the original camera image. The one in the middle (l3b) the syn
thetic image and the one on the right (13c) the difference image.

When testing the system on the mode1ing of interreflection, the input image has to contain,
naturally, a lot of interreflections. The image used is plotted in Figure Ba. Because of the
used light position with respect to the object orientation, there are a lot of interreflections.
From this scene a synthetic image was created with the old model, without the new
interreflection procedure. This image is plotted in Figure 13b. With this image and the
camera image the difference image was calculated. This image is plotted in Figure 13c. In
this image the largest differences are located in the neighbourhood of the connection
between the base plate and the T-stiffener. These differences are due to the neglection of
interreflections. The purpose of the new procedure is to minimize these differences.

After the procedure of section 4.2 is implemented in the total SIM system, this system can
be used to create a synthetic image of the scene of Figure Ba. To do this, first the para
meters of the new reflection model have to be estimated. This can be done with the
Newton method and Least Squares algorithm mentioned in Chapter 3. The parameter s
(formula (9)) also has to be estimated. It is a known fact that the light intensity decreases
with the square distance between the viewer and the light source. The parameter s should
therefore be two. This value is used as a first estimate. By trial-and-error the final value is
established. Because during adapting the model parameters the best fit on the measured
values has to be found, the best value of parameter s does not have to be two. This final
value, which is used in the reflection model, is 1.5. With this value the best results cao be
achieved. The most important parameter is k (formula (9)). This parameter controls the
influence of the interreflections on the calculated grey values. Also by trial-and-error the
first estimate of this parameter is established. With the final results (difference images) the
best value of k can be derived.

The interreflection procedure is constructed in a way that the user can choose the level of
interreflection. The level of interreflection is the number of intersection points calculated
for one ray. Because calculating extra intersection points slows the system down, a
compromise has to be found between the level of interreflection, which mostly means a
higher accuracy, and the total amount of time used. During the test procedure the best
compromise has to be found.
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During the test procedure two parameters are changed: the parameter k and the level of
interreflection. For k the following values are chosen: 1000, 3000, 4500 and 6000. For
every value of k the level of interreflection is changed. The used levels are: 1,2,3 and 4.
For every session the best model parameters are estimated with the Newton method. The
results of this estimation are a first measure of the quality of the interreflection procedure.
These results are presented in Appendix J. From these results it can be concluded that
when k=3000 and the interreflection level is 3 or 4, the best results are achieved. The
differences between the results of interreflection levels 3 and 4 are very small for all
values of k, so it is no use to use an interreflection level higher than 3. When comparing
the results from the procedure with interreflections and without interreflections, a clear
improvement can be detected. The synthetic images have to be judged to decide whether
the procedure can be used.

The estimated parameters are then used with the Ray Tracer to calculate a synthetic
image. The quality of this synthetic image is a second measure of the quality of the inter
reflection procedure. The synthetic images are presented in Appendix K, together with the
difference images. The first image is created with the old system without the interreflec
tion procedure. When looking at the difference image it can be noted that near the
connection of the base plate with the T-stiffener, the differences are large due to the fact
that no interreflections are calculated. Next, the images are presented which are created
with the new model. First the value of the parameter k is 1000. The influence of the
interreflections is obvious. Near the connection of the two plates the image is lighter due
to the interreflections. In the difference images the differences near this connection are
smaller. For higher levels of interreflection the differences become even smaller. For these
levels the contours of the T-stiffener can be noticed on the base plate. These contours are
a result of modeling only the specular interreflections. For k=3000 the influence of the
interreflections on the grey values becomes larger. When looking at the images of
interreflection levels 2 and 3 astrange line can be noticed. This line is caused by
interreflections from the upper plate of the T-stiffener. This line also can be seen in the
difference images as a dark line. Because of these too strong interreflections the parameter
estimation calculates the parameters wrong. This leads to larger differences near the
connection. When comparing these images with the results of Appendix J, a remarkable
result can be seen. The results of the parameter estimation are the best for these images.
The wrong parameter estimation leads to better overall results. For parameter values
k=4500 and k=6000 this strange behaviour, the reflection against the upper plate of the T
stiffener, becomes stronger. For intersection level 1 the differences near the connection of
the plates are small. The specular interreflections, which occur near this connection, are
accurately calculated with the new model. The diffuse interreflections are not calculated
by the model, and cause the differences in the difference images of level 1. When the
level of interreflection becomes higher, the extra interreflections causes by the upper plate
of the T-stiffener compensate partially for the diffuse interreflections. The specular
interreflections are also partially modelled, resulting in a better overall result. The value of
parameter k depends on the level of interreflection. When this level is 1, the best value for
k is 4500. When the level of interreflection is 3, the best value is 3000.

The total amount of time needed to Ray Trace the image is also important. With this value
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the above mentioned compromise can be made. Because this amount of time is dependent
on the complexity of the scene and on the processor used, the amount of time needed is
divided by the total amount of time needed to Ray Trace the scene without interreflec
tions. This way a better comparison can be made. To give an idea of the absolute value,
the Ray Tracing of the scene of Figure 13a without interreflections takes 98 seconds on a
PC with a 486/50Mhz processor. The relative amount of time needed to Ray Trace the
scene with interreflections is presented in Table 11. The values in this table are only valid
for this particular scene. Another scene, or different light or camera positions, have other
interreflections. The total amount of time to calculate these interreflections can be different
from the values of Table 11.

Table 11: Time versus Level of Interreflection

Level Time

0* 1.0

1 1.3

2 1.5

3 1.7

4 1.9

*No mterretlectlOns

The best results are achieved, in this case, with interreflection level 3. When looking at
Table 11, calculating the grey values with interreflection level 3 takes 1.7 times the total
amount of time needed to Ray Trace the scene without interreflections. A compromise is
to use interreflection level 1. The results for this level are also good when compared with
no interreflection, and the time needed is just 1.3 times the time needed for the model
without interreflection. Also an advantage of using interreflection level lis that it models
the reflection and interreflection correctly. When using a higher level of interreflection, the
result can not be predicted. It can be concluded that the implementation of specular
interreflections can improve the synthetic image. Including diffuse interreflections could
improve the image, but at the expense of speed and memory.
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5. ESTIMATION OF PARAMETERS

The grey values of the pixels are calculated with the models presented in section 3.1.3.
These models contain a number of unknown parameters. The values of these parameters
are estimated with the measurement results of section 3.2. To get a better estimate of the
parameters, the system uses an adaptive system to correct them. A method (Newton
method) to estimate the parameters is applied by Van Kalmthout [11]. In this chapter this
method is reviewed and a further investigation is performed to see if the performance of
this method is good enough for the system. First we start with a short introduction of the
parameter estimation. Then a short review of the Newton method is presented and the
performance of this method is examined. In the next section, other model parameter
estimation methods are presented to estimate the parameters of the model.

The calculation of the grey values can be described by the following function [11]:

P=P(K,À)

~: a vector of known parameters, for instance y,l.n and h.
~: a vector of unknown parameters, for instance Pa' kd and CXx .

(10)

The aim of the estimation is to obtain such estimated parameters, that the differences
between the grey values obtained by formula (10) and the actual grey values acquired
from an image are rninimized. The error can be calculated with the following formula:

Np

E=E (Pr,i-P(Ki,~)2__ 1

(11)

A rninirnization of formula (11) is called a Least Squares optirnization. This optimization
tries to fit the model onto the measured reflection. The error is a measure of the quality of
the used reflection model.

5.1. NEWTON METHOD

5.1.1. Theory

The Newton method is an iterative procedure to find a zero-crossing of a function. The
function we want to find the zero-crossing of, is function (10) for one parameter and one
reference point. Suppose the grey value of one pixel is an arbitrary function p'(À), where
À is an arbitrary unknown parameter. The error is P,-p'(À)=e(À) is a function of À. Let us
denote the estimated À in the q-th iteration step as À(qJ. Assume that an initial estimate À(OJ

-37-



Estimation of parameters

is available. In Figure 14 the method is explained further.

e()~~ 1-----------7"1

À (q+1) À(q)

Figure 14: Newton method

-

The derivative of the function is computed and the zero crossing of the linear function
tangential to e(À) at point À(q) is the next value of À. It can be proved that when the
function e(À) is convex and there exists a zero-crossing, this zero-crossing can always be
found. Introducing parameter update I1À(q) = À(q+1) - À(q), the error can be written as:

e(À,(q»=[Be(À,)] 11 À, (12)
aÀ, Á~Á(q)

The extension of this formulation for the update in the case of more equations and more
parameters is:

~(q) =JCq)I1À(q)

where:
~(q) is a vector containing the 'errors' of each reference point
111.(q) is a vector containing an update of each parameter

(13)

The matrix J with Jij = I\Wöe,lOÀj is called Jacobi matrix. The desired À is determined by
the least squares solution of the overdetermined set of equations. Depending on the start
estimation 1.(0) the estimated 1.(q) converges to the set of parameters that minimizes E (see
formula 11).

5.1.2. Problems witb tbe Newton metbod

To be abIe to calculate the updates 111., the coefficients of the Jacobi matrix have to be
calculated. These coefficients can be written as:
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(14)

For the function e~,.tJ we can write:

(15)

where:
~ ={Pa' kd , ks' U",Uy } is the vector of unknown parameters

The function contains five unknown parameters. To get a better view of the unknown
parameters, the known parameters ~ are combined into the coefficients Cl to C5• The
derivative of the error to the unknown parameters must be calculated. These derivatives
are:

ae =-C
ak 1

d

ae k,.C, (~r( ~:J 1 4C,'
-=---exp( )(--+)
aa a C a 2 C a 4

.t" y 5 .t" 5·.t"

ae k,.C, ( ~:r+( ~:J 1 4C.'
-=---exp( )(--+)
aa a C a 2 C a 4

Y.t" 5 Y 5" y

(16)

(17)

(18)

(19)

(20)

When looking at the parameters separately, for the parameters Pa' kd and ks the derivative
function is a constant. The derivatives of the parameters Ux and Uy are not so easy. These
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functions are not constant, and are plotted in Figure 15b, together with the error as a
function of these parameters (Figure 15a).
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Figure 15a: Error function Figure 15b: Error derivative function

From this figure it can be noted that the function plotted can cause a lot of problems when
used in the Newton procedure:
• Around the point where the parameter is zero, the derivative is zero. When the

Newton procedure arrives at this area, further iterations show no improvement.
• When the absolute value of the parameter is greater than a perticular value, the

sign of the derivative is wrong. When used in the Newton procedure, the parameter
is updated in the wrong direction, away from the zero crossing.

• Because the best solution for a set of different equations has to be calculated, the
error value can not be zero for every equation. Because the error value in the
neighbourhood of the zero crossing can be very high, a little change in the
parameter value can cause a large overall error.

Because of the problems mentioned above, the need for another optimization method is
obvious. This optimization method should not use derivatives of the function, but only
function values. In the next section, an attempt is made to find a method which can over
come the problems mentioned above.

5.2. METHOnS TO IMPROVE ESTIMATION OF PARAMETERS

It is impossible to give a complete overview of methods for estimation of parameters and
optimization methods. When looking at the literature on this subject, the number of books
and publications is innumerable. The methods can be divided into two categories: methods
for single variabie optimization and methods for multi-variable optimization. When
looking at the single variabie method, two mayor groups can be detected: Approximation
methods and Search methods. With approximation methods the function is approximated
by a known function which can be analyzed to find a minimum. With Search methods the
size of the interval which contains the minimum is reduced by evaluation of the function
at suitable search points. Multi-variable optimization can also be divided into two major
groups: Search methods and Gradient methods. The Search methods are an extension of
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the single variabie case. The Gradient methods use the derivatives of the function to
iterate to the minimum. The Newton method used in the model is an example of a
gradient method.

Because only the parameters <Xx and <Xv are difficult to estimate, only for these parameters
a different optimization method is chosen. The other parameters are still estimated with
the Newton method. First the parameters Pa' ks and k d are estimated with the Newton
method. Then <Xx and <Xy are estimated with the new optimization method. With these new
values, Pa' ks and kd are estimated again. After this <Xx and <Xy are estimated again. This
procedure can be continued until the error decrease is small enough. When a method is
found which gives a good parameter estimation, it can be considered to include also the
rest of the parameters. When optimizing the parameters, two methods can be considered:
optimizing the parameters one by one or together. When the first method is chosen, the
single variabie optimization methods can be used. When using the Approximation
methods, a function (polynomial) has to be found which approximates the function correct.
Such a function has not (yet) been found. Another solution is to use the Search methods.
In section 5.2.2 a single variabie Search method is discussed. When the parameters are
optimized together, a multi-variable optimization method has to be used. Then the multi
variabie Search methods are a possibility. A multi-variable optimization method is
discussed in section 5.2.3. Another possibility is to use a Gradient method. When looking
at Figure 15 it can be noticed that the function has a very bizarre course. Using the
derivatives of this function does not always (rarely) result in a good optimization. The
implementation of the Newton method is a good example of how it can go wrong.
Therefore the Gradient methods are not used here. In the next section first a trial and error
method is presented. After that the above mentioned Search methods are presented.

5.2.1 Testing all parameter values

The most simple method to find the best parameter values is to take the total parameter
range and test all the values which lay on a certain grid. For every parameter value the
error has to be calculated. The best parameter value is just the one with the smallest Least
Squares error value. The accuracy of the method can be improved by reducing the grid
size. The advantages of this method are:
• A very high accuracy can be reached.
• With this method the global minimum always can be found.

The one and only drawback of this method is the large calculation time needed to
calculate all the error values for all parameter values. This method is used here only to get
an impression of the total error as a function of the parameter value. This relationship is
plotted in Figure 16. In this figure the error as a function of <Xx and the error as a function
of <Xy are plotted. This function depends on all the input variables. When these other
variables are different, the coarse of the graph of Figure 16 will also be different. This
means that this error function can not be predicted. Agiobal optimization method should
be used to find the minimum error.
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Figure 16a: Global error as function of al{

5.2.2. Single variabie optimization

Figure 16b: Global error as function of Cf.y

First a single variabie optimization method is discussed. With such a method the op
timization of the parameters can be judged separately. This method can be used as a first
step to find an accurate and fast optimization technique. When optimizing the function and
estimating the best parameter values, we need an optimization technique which uses only
function values and not function derivatives to estimate the minimum. Most of the
optimization techniques use function derivatives to estimate the minimum. There are
several search methods (Secant method, Dichotomous search) which use the function
derivative to determine the direction of search. A method which does only use function
values is the Fibonacci search method. For this method the user has to specify the number
of function evaluations in advance so that the position of the first two evaluations can be
determined. A method which does not have this problem is the Golden Section search, for
which the ration of successive intervals is held constant. This method is discussed below.

The Golden Section search [1],[21] is a method to find the minimum of a single variabie
function by reducing the interval which contains the minimum. This interval is reduced
per iteration by a known factor K. This means that the ratio of successive intervals is held
constant:

(21)

where Ik is the length of interval I of iteration step k.

To get a good search algorithm the relationship between successive interval lengths is
given by:

(22)

When combining these formulas, the value for K = 1.618034. A search based on this
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scheme is called a Golden Section search because the division of an interval such that the
ratio of the smaller to the larger interval is equal to the ratio of the larger to the whole
interval is known as the "golden section". In Figure 17 the Golden Section search is
explained further.

,--------------------------,
Error

x Xa,k+1 b,k+1

E(x)

x

(23)

XU,k

Figure 17: Golden Section search

In Figure 17 XL k is de lower limit of the search interval and Xuk the upper limit. In this, ,

interval two test points Xa,k and Xb,k are calculated:

1
xa.k=XU•k- K·(xU.k -XL•k)

(24)

The error values Ea,k and Eb,k of these parameter values are calculated and compared. Two
situations can occur:

•

•

Ea,k <= ~,k : The minimum is situated in the interval between XL,k and Xb,k' These
become the new limits XL,k+! and XU,k+! of the search algorithm. Next the new test
points are calculated: Xb,k+! = Xa,k and the new value Xa,k+! is calculated with formula
23.

Ea,k > ~,k : The mInImUm is situated in the interval between Xa,k and XU,k (see
Figure 17). These become the new limits XL,k+! and XU,k+! of the search algorithm.
Next the new test points are calculated: Xa,k+! = Xb,k and the new value Xb,k+! is
calculated with fOfffiula 24.

To test if the algorithm has reach the minimum, the length of the interval Ik is compared
with the stop value. If the length of the interval is not yet small enough, the procedure is
repeated with the new test points.
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5.2.3. Multi-variable optimization

When optimizing a function with two parameters, these parameters can be optimized
separate like the procedure performed in the previous section. The problem with such a
method is that the search direction for one parameter can totally differ from the search
direction for two parameters. When this occurs, the chance to find the minimum is very
small. Also with this one at a time procedure it takes a lot of time to find the minimum, if
it is found at all. Therefore also a multi-variable optimization procedure is tested. The
results can be compared with the single variabIe optimization and the Newton method.

When optimizing multi-variable functions, a lot of search methods are known. A method
which does not use derivatives or uses local function values to determine the search
direction, is the Simplex search technique [1],[21]. This basic search method determines
the direction of movement in a two dimensional search problem using only three obser
vations. These observations are placed at the vertices of an equilateral triangle and the
function is evaluated at each point. The direction of movement is simply that from the
vertex with the maximum error value through a point midway between the remaining two
vertices. The distance moved is such that the new search position also forms an equilateral
triangle with the common base. With the help of Figure 18 this procedure will be
explained further.

,--------------------------,
X

2

'.

4

3

2

1

x
1

Figure 18: Simplex search

The points 1,2 and 3 are the initial values. In this case vertex 1 gives the largest error.
This vertex is reflected about the remaining vertices 2 and 3 to give a new point 4. This
point forms a new equilateral triangle 2,3,4. These are the new initial values. This search
procedure can oscillate in two ways:

• In Figure 18 vertex 4 is calculated by reflecting vertex 1. When the error value of
this new vertex 4 is also the maximum, a problem occurs, because the new point
will be point 1 again and the procedure oscillates. Therefore it should be included
into the procedure that vertex 4 can not be the next reflected point. The vertex with
the second largest error value should be used to calculate the next value.
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• The search algorithm can reach a state where the triangles rotate about one vertex
until eventually the search returns to a triangle already used. When this happens the
search algorithm is near the minimum. The size of the triangles must then be
reduced. This oscillation can be detected by checking if a vertex is used repeatedly.

This search procedure ends when the size of the triangle is beneath a certain threshold.
The vertex with the minimum error gives the best estimate of the parameters.

Several improvements to Simplex search are available. These methods are all described in
books on parameter optimization. When the results of his Simplex search technique should
not be satisfactory, these improvements could be an option to "optimize" the results.

5.3. TESTING OPTIMIZATION METHOnS

The methods described in section 5.2 can all be used to estimate the parameters of the
reflection model. To be able to decide which method can be used best, these methods have
to be tested. Therefore four test images are used. From these images reference pixels are
chosen. With these reference pixels the parameters of the reflection model are estimated
(see section 2.1). With the estimated parameter values, the grey values of the reference
pixels are calculated. The differences between these grey values and the grey values of the
camera image are evaluated and error values are calculated (see section 2.2). These values
are presented in Table 12 for the four different methods. MD is the maximum difference
in grey value between the calculated grey values and the grey values from the camera
image. AD is the average difference and AD2 is the standard deviation (square root of
average square difference).

Table 12: Comparison of Optimization methods

Optimization method

I
MD

I
AD

I
AD2

I
Nr. of

Ivalues

Newton 50.71 7.78 10.31 -

Trial-and-Error 50.25 7.69 10.21 10000

Golden Section search 50.27 7.68 10.22 ±75

Simplex search 50.22 7.67 10.19 ±130

The Newton method estimates the 5 parameters at the same time. The procedure is
terminated when the error decrease is less than the threshold value. With these tests this
threshold value was 10-7

. The other three methods are actually combinations of two
methods. Three parameters (kd,ks and ka) are estimated with the Newton method. The other
two parameters (a... and ay) are estimated with the methods mentioned in section 5.2. To
achieve the best parameter estimates, the total parameter estimation has to be repeated. To
be able to compare the total amount of time needed for each method, the number of error
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values that have to be calculated are determined. These values are presented in Table 12.
Because the Newton method estimates all the parameters at the same time and it uses the
function derivatives, it can not be compared with the other methods. The values (number
of error values calculated) presented in Table 4 are only for one estimation cycle. When
the procedure is repeated to achieve better estimates, the total number of error values that
have to be calculated is doubled. The Golden Section search procedure is terminated when
the length of the interval containing the minimum is less than 10-7

• The Simplex search
procedure is terminated when the size of the triangle is less than 10-7

• These different stop
criteria make it very difficult to compare the methods. The results of the test depend on
the first estimates of the parameter values and the images used. The first estimate is the
same for every test. For every method 4 images are used. The results can only be used to
compare the modeis, and can not be used to estimate the performance of the models under
different circumstances.

When the results of the tests of the different models are compared, it can be noted that the
differences are small. The performance of the Simplex method can be qualified as the best
performance. A disadvantage is that this method has to calculate more error values than
the Golden Section search method. But the Golden Section search method has to be
repeated more times than the Simplex search method. So it can be concluded that the
Simplex method is faster and more accurate than the Golden Section search, but the
differences between the methods are small.

The methods are also tested using random start values. From these test it can be concluded
that the Newton method is not very reliable. When using parameter start values that are
not near the optimal values, the method diverges. When the start values are near the
optimum, the results of the Newton method are the same as the results of the search
methods. So the advantage of using the search methods is the reliability of the method.
The user should decide, when using the system with other images and scenes, if the search
methods can be used to estimate (Xx and Cly. If the search methods can be used, it should
be investigated if these methods can be used to estimate all parameters.
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6. SYNTHETIC IMAGE MODELING RESULTS

After implementing all the improvements discussed in Chapter 3 to 5, the tota! Synthetic
Image Modeling system was tested. The results of the system before the improvements
were presented in section 2.3. The same tests were performed with the new system. The
images of the tests with a correct geometrical scene description are presented in Figure 19
and of the tests with an incorrect description in Figure 20.

Figure 19: Camera (1eft) , synthetic (middle) and difference image (right) in the case of a
correct scene.

Figure 20: Camera (1eft), synthetic (middle) and difference image (right) in the case of an
incorrect scene.

The incorrect scene description contains in stead of a T-stiffener an I-stiffener. In the
difference image clearly this change can be detected. With alocal difference detector the
areas which contain large errors can be detected. These differences are also expressed in
numerical form. These error values are presented in Table 13.

Table 13: Results parameter estimation improved model

Scene description maximum average standard deviation
difference difference of the difference

correct (T-stiffener)
1

76
.
8

1
13

.
4

1
16

.
9

Iincorrect (I-stiffener) 71.8 19.2 24.6

The differences between the results of the system with the correct and with the incorrect
scene description are obvious. It is still the question, whether these differences are large
enough too decide if the scene description is correct or not. These results are compared
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with the results of the old system (Tabie 6). From this comparison can be concluded that
the results of the improved system with the correct description are slightly better than the
results of the old system. This improvement is a result of the new reflection model and the
new estimation procedure. The results with the incorrect description are worse for the
improved system than for the old system. This is due to the implementation of interreflec
tions into the new system. The parameter estimation procedure has more difficulties
matching the grey values of the synthetic image to the grey values of the camera image.
This way the differences between the images in the case of a correct description and in the
case of an incorrect description are larger.

By testing the system with a number of different images it can be concluded that the
overall performance of the improved system is better than the old system. The synthetic
images are better than the old images (the differences between the synthetic images and
the camera images are smaller). The differences caused by interreflections are smaller. Not
only the results of the system are better. The overall performance of the Synthetic Image
Modeling system has improved because a better parameter estimation procedure is
introduced. The results described in this chapter give only an indication of this overall
performance. Further testing with this system in combination with the rest of the VSS
system is needed to be able to conclude of this system is useful for the total VSS.
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7. CONCLUSIONS AND FURTHER RESEARCH

7.1. CONCLUSIONS

In this thesis, the improvements of the Synthetic Image Modeling system were described.
The system is used to generate synthetic images. These images cao be used to check
whether the results of an other system, the VSS, are correct. To improve the Synthetic
Image Modeling, three different parts of the system were investigated. First the reflection
model was improved, then interreflections were included and at the end the parameter
estimation was investigated. These three parts will be discussed separately.

The reflection function, used to calculate the grey values of the pixels, had to be improved
to create more realistic images. To do this, the reflection of the used material with the
used equipment, was measured. The results of the measurements were used to adapt three
proposed reflection modeIs. These models were derived from previous research on
reflection. After adaption, the different reflection functions, calculated with the modeIs,
were compared. From this comparison it could be concluded that one of the three models
was clearly the best one. The reflection functions of three different materials were
measured. From these measurements, the reflection function could be estimated for the
three materials: three-ply, steel and paper. Reflection of light on a three-ply surface is
difficult to model. A model has been found that can approximate this reflection. For steel
also the reflection was measured. The results of these measurements cao be used when the
VSS is used to identify steel parts on the shipyard in Greece (see Chapter 1). Also the
reflection of a paper surface is measured. The results of these measurements cao be used
as a reference for other measurements (mostly diffuse reflection). When comparing the
results of the improved Synthetic Image Modeling system with the old system,
improvements can be clearly seen.

Interreflection, reflection of light between surfaces, can have a great influence on the grey
values of an image. When creating a synthetic image of a scene, the interreflections should
also be calculated. This is done during this research. Only a part of all the interreflections
(specular part) is calculated. The rest of the interreflections (diffuse part) was not yet
implemented, because this would slow down the system too much. The images calculated
with the system with interreflection are definitely better thao images calculated without
interreflection. This cao also be concluded when comparing the numerical results.

The estimation of parameters was always a problem with the existing system. It could not
be guaranteed that the best estimate was found. Therefore other methods were inves
tigated. The method used in the old system to estimate the parameters, the Newton
method, uses function derivatives to estimate the optimum parameter value. These function
derivatives were investigated and this investigation showed that these derivatives cao not
be used. Therefore a method was needed which only uses function values. First a method
was found which estimates one parameter at a time: the Golden Section Search method.
To achieve a better optimization method a method was found which estimates more
parameters at ones: the Simplex Search method. These two search methods are very robust
compared with the Newton method: the chance the optimal parameters are found is great.
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The Simplex Search method is faster than the Golden Section search.

The purpose of the total Synthetic Image Modeling system is the detection of incorrect
scene descriptions. To see whether the total system has improved, the results of the system
using a correct scene description were compared with the results of the system using an
incorrect description. This test was already done for the existing system. The results of
both tests were compared. From these results it could be concluded that the system
performance has improved.

7.2 FUTURE RESEARCH

The Synthetic Image Modeling system still needs further improvement. A number of
possibilities, how to improve this system, has to be investigated. These possible
improvements are:

• Implementing the properties of the light sources.
• Using information of more images at the same time to estimate the model

parameters.
• Implementing diffuse interreflections.
• Using other (advanced) optimization methods.

At the same time, the SIM system should be implemented into the VSS to assess its
purpose, and to reveal all requirements of the system. At the moment the SIM system can
be started from the VSS interface. Further implementation into the VSS is necessary. It
will provide:

• A visualisation tooI for the operator to decide whether the VSS is correct.
• A feedback possibility to the separate parts of the VSS to change their parameters.
• A tooI for generating test images for the VSS.

There are several possible ways how to use the information from the synthetic image:

• The differences in grey values can be a measure of the correctness of the
geometrical scene description.

• Parts of the synthetic image can be examined to find the missing (extra) plates.
• The grey value changes can be used to create a perfect line image.
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APPENDICES

A: Reflection as function of a, e (three-ply)

B: Reflection as function of a, ej , er (three-ply)

c: Polar plots of reflection functions (three-ply)

D: Reflection as function of a, e (steel)

E: Reflection as function of a, ej, er (steel)

F: Polar plots of reflection functions (steel)

G: Reflection as function of a, e (paper)

H: Reflection as function of a, ej , er (paper)

I: Polar plots of reflection functions (paper)

J: Results parameter estimation interreflections

K: Synthetic images imterreflection procedure:

without interreflection

K = 1000

K = 3000

K = 4500

K = 6000
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APPENDIX A: REFLECTION AS FUNCTION OF ex FOR DIFFERENT er VALUES
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APPENDIX B: REFLECTION AS
AND Sr VALUES
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APPENDIX C: POLAR PLOTS OF REFLECTION FUNCTIONS (THREE-PLY)
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APPENDIX D: REFLECTION AS FUNCTION OF ex FOR DIFFERENT er VALUES
(STEEL)
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APPENDIX E: REFLECTION AS FUNCTION OF ex FOR DIFFERENT Si
AND Sr VALUES (STEEL)
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APPENDIX F: POLAR PLOTS OF REFLECTION FUNCTIONS (STEEL)

BDRF Model 1

o
Grey value

BRDF Model 2

75

o
Grey value

BDRF Model 3

-----.. 75

o
Grey value



APPENDIX G: REFLECTION AS FUNCTION OF a FOR DIFFERENT Sr VALUES
(PAPER)
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APPENDIX H: REFLECTION AS FUNCTION OF a FOR DIFFERENT Si
AND Sr VALUES (PAPER)
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APPENDIX I: POLAR PLOTS OF REFLECTION FUNCTIONS (PAPER)

BRDF Model 1

o
Grey volue

BRDF Model 2

30

o
Grey value

BRDF Model 3

o
Grey value



APPENDIX J: RESULTS PARAMETER ESTIMATION INTERREFLECTIONS

I Parameter k I L. of I. * I1 Max. Diff. I Average Diff. I (AD)2 I
I - I 0 I1 80.72 I 15.24 I 20.66 I

1000 1 74.97 14.25 18.26

1000 2 74.68 13.92 17.93

1000 3 74.27 13.85 17.57

1000 4 74.23 13.85 17.57

3000 1 73.81 13.76 17.43

3000 2 75.20 13.69 17.30

3000 3 75.61 13.48 17.14

3000 4 75.61 13.48 17.14

4500 1 74.54 13.67 17.28

4500 2 76.11 13.57 17.26

4500 3 76.86 13.51 17.33

4500 4 76.74 13.54 17.33

6000 1 75.15 13.62 17.25

6000 2 76.53 13.49 17.19

6000 3 77.57 13.62 17.49

6000 4 77.57 13.62 17.49

*Level of InterreflectIOn



APPENDIX K: SYNTHETIC IMAGES INTERREFLECTION PROCEDURE

Synthetic image without implementation interreflections

Difference image without implementation interreflection



APPENDIX K: SYNTHETIC IMAGES INTERREFLECTION PROCEDURE
K=1000

Synthetic image: LOr = 1

Synthetic image: LOr =2

Synthetic image: LOr = 3

Difference image: LOr = 1

Difference image: LOr =2

Difference image: LOr =3



APPENDIX K: SYNTHETIC IMAGES INTERREFLECTION PROCEDURE
K=3000

Synthetic image: LOr = 1

Synthetic image: LOr =2

Synthetic image: LOr =3

Difference image: LOr = 1

Difference image: LOr=2

Difference image: LOr=3



APPENDIX K: SYNTHETIC IMAGES INTERREFLECTION PROCEDURE
K=4500

Synthetic image: Lal = 1

Synthetic image: Lal =2

Synthetic image: LOI=3

Difference image: Lal =1

Difference image: Lal =2

Difference image: LOI=3



APPENDIX K: SYNTHETIC IMAGES INTERREFLECTION PROCEDURE
K=6000

Difference image: LOl =2

Synthetic image: Lül= 1

Synthetic image: LOl =2

Synthetic image: LOl=3

Difference image: LOl = 1

Difference image: LOl=3
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