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Samenvatting.
Kalmthout, M.C.M. van ; Image modelling for the verification of a geometrical scene description
Afstudeerverslag, vakgroep Meten en Regelen (ER), Faculteit Elektrotechniek,
Technische Universiteit Eindhoven, oktober 1993.

De vakgroep Meten en Regelen (ER) van de Technische Universiteit Eindhoven ontwikkelt, in het
kader van een Esprit project, een 'Vision Survey System'. Een 'Vision Survey System' is een
systeem dat met behulp van camerabeelden een 3D sc~ne analyseert. Het resultaat van deze analyse is
een 3D geometrische beschrijving van de sc~ne. Ten gevolge van ruis en onvolkomenheden in de
sc~ne-analyse, kan de geometrische beschrijving incorrect zijn. De verificatie van de geometrische
beschrijving van de sc~ne is het belangrijkste onderwerp van dit verslag.
De verificatieprocedure moet tegenstellingen detecteren tussen de geometrische beschrijving en de

camerabeelden die voor de sc~ne-analyse gebruikt zijn. Ret vergelijken van de geometrisch
beschrijving met de camerabeelden vindt plaats op beeldniveau. De geometrische beschrijving wordt
derhalve naar een beeld terugvertaald met behulp van 'ray trace' technieken. Het model dat een beeld
als functie van de sc~ne-beschrijving, de camera eigenschappen en de verlichting beschrijft, wordt
'imaging model' genoemd.
Bepaalde parameters van het 'imaging model' zijn onbekend, bijvoorbeeld reflectieparameters van

oppervlakken. De onbekende parameters worden met een numerieke methode zodanig bepaald dat de
verschillen op pixelniveau tussen het werkelijke beeld en de 'imaging model' output geminimaliseerd
worden. Het residu is het verschil dat overblijft tussen het werkelijke beeld en beeld volgens het
'imaging model' in de geminimaliseerde situatie. Dit residu wordt gebruikt om een onjuiste
geometrische beschrijving van de sc~ne van een juiste te onderscheiden.
Experimenten hebben aangetoond dat het residu informatie over de juistheid van de sc~ne

beschrijving bevat. In de toekomst is een verbetering van het 'imaging model' noodzakelijk.

Summary.
Kalmthout, M.C.M. van ; Image modelling for the verification of a geometrical scene description
M.Sc. Thesis, Measurement and Control Section ER, Department of Electrical Engineering
Eindhoven University of Technology, The Netherlands, October 1993.

The Measurement and Control Section of the Department of Electrical Engineering develops, within
the .scope of an Esprit project, a 'Vision Survey System'. A 'Vision Survey System' is a system
which analyses a 3D scene from camera images. The result of this scene analysis is a 3D geometrical
description of the scene. Due to noise and imperfections of the scene analysis, the geometrical
description can be incorrect. The verification of the geometrical description of the scene is the main
subject of this report.
The verification procedure has to detect differences between the geometrical scene description and

the camera images used by the scene analysis. The comparison of the geometrical scene description
and the camera images takes place at image level. The geometrical description is therefore translated
back to an image, using ray trace techniques. The model that describes an image as a function of the
scene description, the camera description and the illumination is called 'Imaging model'.
Certain parameters of the imaging model are unknown, as for example reflection parameters of

surfaces. The unknown parameters are determined by a numerical method in such way that the
differences on pixel level between the actual image and the imaging model output are minimized. The
difference that remains between the actual image and the imaging model output in the minimized
situation is the residue. This residue will be used to distinguish an incorrect geometrical scene
description from a correct one.
A number of experiments have shown that the residue contains information about the correctness of

the scene description. In the future an improvement of the imaging model is necessary.
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List of terms and definitions

ccs
WCS

camera calibration

edge

frame grabber

geometrical scene
description

grey value

image

imaging model

interreflections

pixel

ray tracing

ray, primary

ray, secondary

ray, recursive

reflection model

reflection, diffuse

reflection, specular

residue

scene

scene analysis

vision survey system,
VSS

camera coordinate system

world coordinate system

a procedure to determine the camera parameters, position,
orientation and intrinsic parameters

intensity change in image

device to digitize a camera image

complete 3D description of the scene, the result of the scene
analysis

a value that represents the intensity of a pixel

digitized camera picture

a model that describes an image as a function the scene, the
illumination, the camera and the image

the phenomenon that light is reflected by more surfaces
before it reaches the camera

picture element, image point

a technique to produce synthetic images

ray to determine closest surface in a specific direction

ray to determine whether there is a surface in a specific
direction

ray used to model interreflections

model of the relation between light reflection and surface
properties

the part of the reflection that is view direction independent

the part of the reflection that is view direction dependent

the difference between the grey value of the selected image
points according to the imaging model and the grey value of
the selected image points of the actual image

a composition of 3D objects

the set of procedures that derives the geometrical description
of the scene out of the images of the scene

a system that performs camera calibration, scene analysis and
verification
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List of symbols

d distance

E illuminanace of a surface, <pIA (lux)

I luminous intensity of a point source (candela I cd)

lee combined camera and framegrabber parameter (abreviated to camera
parameter), represents the sensitivity of the pixels for incident light

k.ct diffuse reflection coefficient of a surface

Ie. specular reflection coefficient of a surface

~ interreflection coefficient

I light vector, vector directing towards the point light source

!! surface normal vector

Pa ambient light term, given in grey value

R reflection

Co ray origin, optical centre in the case of primary rays

Gt ray direction, vector in direction of ray

£ the viewing vector, vector directing towards the viewer

<p luminous flux, measure for light energy (lumen)

E. the set of surface reflection parameters

~ the set of known parameters for the grey value calculation

A the set of unknown parameters for the grey value calculation
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Foreword

The Measurement and Control Section of the Department of Electrical Engineering of
the Eindhoven University of Technology participates in the Esprit project 6042:
"Intelligent robotic welding system for unique fabrications", Hephaestos II. Goal of this
project is to defme and produce a robotic welding system for a shipyard in Greece.
Within the scope of the project, the Measurement and Control Section is developing the
Vision Survey System, which will be explained.
In the shipyard, ships are repaired by replacing damaged parts with new constructed

ones. The constructed ship parts are unique and so far they have been assembled and
welded entirely manually. The aim of the project is to design and implement a robotic
welding system, which will replace most of the manual labour. Workpieces will be
assembled and tack welded manually. Then the Vision Survey System (VSS) will extract
a geometrical description of the workpiece. This and other a priori knowledge from a
knowledge base will be used to complete the welding job by the robotic system. The
VSS is under construction at this Section
The Vision Survey System delivers a complete geometrical scene description. Errors in

this geometrical scene description can occur due to noise and imperfections of the VSS.
The detection of errors in geometrical scene description improves the performance of the
vision survey system. The verification of the geometrical scene description is the subject
of the thesis.
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1. The verification procedure

In the following sections the verification problem is described and a proposal for the
verification method is given.

1.1 Introduction.

The Vision Survey System (VSS) uses camera images for the determination of the
3-dimensional geometrical description of the scene. The edges in the images are
detected and converted into lines (Farro, 1992) (Buts, 1993) (Broertjes, 1993). These
lines are the input data of a knowledge based recognition system which contains the
necessary a priori information for the recognition of the several parts of the workpiece
(Stap, 1992) (Staal, 1993) (Blokland, 1993) (Kaptein, 1993). The measures of the parts
are determined by a geometrical matching process which adjusts the estimates of the
measures of the parts until they match with the images (Stap, 1992) (Staal, 1993)
(Tjoa,1993). The set of all operations and functions which must be performed to derive
the geometrical description of the scene is called the scene analysis (figure 1).

_-.I,.
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Figure 1: Simplified overview of the scene analysis.

Although there is a lot to explain about the scene analysis, the issues of the scene
analysis which are important for this report are restricted to the following:

- grey value images of several views of the work piece are obtained by cameras which
can be moved.

- for the moment the location of edges in the images is the only information extracted
from the images that is used for the scene analysis.

- the scene analysis provides a complete geometrical description of the scene in World
Coordinates (some CAD-file).

- the position and the orientation of the used cameras is known.
- the camera image deformation (lens) is modelled and the model parameters are

available.

An image is the result of the interaction between the illumination, the scene and the
camera. The scene analysis is based on a model of the relation between the scene, the
camera properties and the edges in the image (wire frame). Once the illumination
satisfies some requirements, its influence on the relation between edges in an image and
the scene is no longer important. For this reason and for simplicity the illumination is
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not yet a part of the model used by the scene analysis.
The aim of the present research is to investigate the possibility of using the information

about the illumination of the surfaces for the verification of the geometrical description.
If we want to use the information about the illumination, we need a model of the
relations between the scene, the illumination, the camera and the image. This imaging
model is a subject of the science 'Computer Graphics'.

1.2 Pixel level comparison versus feature comparison.

Verification is making a decision about the correctness of something. To verify the
geometrical description of the scene a search for differences between the scene and the
derived geometrical description is performed. We observe the scene by cameras. The
camera images represent all input data for the scene analysis (see figure 1). A sub
system called low level vision extracts features out of these input data (for the moment
only edges) to accomplish a necessary data reduction. These features together with
relevant data from a knowledge base are input for the recognition part and the
geometrical matching part of the scene analysis. The result of the scene analysis should
be the complete geometrical description of the scene.
The environment can cause the extracted features to be corrupted (false lines) or

incomplete (edges that are not detected). Although the scene analysis is supposed to
deal with these non-idealities it is possible that the outcome is wrong due to the
corrupted or incomplete input. An efficient way, with regard to computational cost, to
verify the geometrical model is to extract some features from the camera image and
check if they correspond with the geometrical model. In our case we do not want to do
this because all information that can be expressed in some feature should be taken into
account in the scene analysis as an input of the recognition and matching process.
Using features for the analysis we can prevent an error instead of detecting it. Due to
the fact we do not want to use features for verification we will compare the derived
geometrical model with the input camera images directly at pixel level.

1.3 The imaging model.

To perform the verification at pixel level we have to predict (estimate) the grey value
of a pixel using information about the scene (including the surface properties), the
camera position and orientation, the camera deformation and the illumination of the
scene. If the imaging model is used to obtain a grey value estimate for each pixel in an
image a synthetic image can be created.
It was already mentioned that these imaging models are subject of the Computer

Graphics science. Evaluating the techniques of Computer Graphics it is important to
keep in mind that this science judges a imaging model on perceptional quality instead of
physical reality. The available imaginercept66Xtechaiqumughly be divided into three
classes:
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1.3.1 Conventional projection techniques.

These techniques can be characterised in that the objects in the viewing space are
projected onto the image plane. Visible surface determination is combined with
heuristic shading techniques. Only simple illumination rules are applied, often based
on interpolation of the grey value over the objects. These techniques are very fast
compared to the ones described below but have little to do with the physical reality.

1.3.2 Ray tracing techniques.

The ray tracing technique uses a pinhole camera model. Rays are shot from the
viewpoint to the scene, intersecting the objects. These rays are called primary rays.
When a primary ray intersects the closest object, secondary rays are shot to the several
light sources. In this way geometrical information necessary for the calculation of the
grey value of a pixel is determined. A more detailed description of the ray tracing
technique can be found in chapter 4.
Ray tracing is an expensive algorithm with regard to computational costs but it is

very basic and simple. The computation of an estimation of the grey value of one pixel
is done independently from the other pixels. The computational costs therefore is
proportional to the number of pixels to be predicted. The camera image deformation
can be taken into the model by adapting the pinhole camera model.
Ray tracing is very much related to the physical reality if we choose the proper

reflection model. If we use recursive ray tracing, the terms caused by interreflection
between the surfaces can also be modelled. Transmission of light through surfaces
does not have to be included in the imaging model.

1.3.3 Radiosity techniques.

Radiosity techniques split up the imaging model into the visible surface model and a
reflection model. The reflections are pre-calculated independently from the viewpoint.
Although this process is independent from the viewpoint, the illumination equations
have to be solved again if the illumination is changed. This is the case if a light source
is attached to the movable camera.
Radiosity is more complex and computationaly more expensive than ray tracing

assuming the illumination changes between several images. Another disadvantage is
that the time consuming pre-calculations have to be performed regardless of the
numbers of pixel grey values to be computed.
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1.3.4 Evaluation of the techniques.

The most appropriate technique is ray tracing.

Advantages:

- ray tracing is strongly related with physics
- the principle of ray tracing is simple
- ray tracing is a flexible technique
- the camera deformation can easily be included in the ray tracing algorithm
- the amount of calculations is proportional with the number of pixels

Disadvantage:

- the computational cost of ray tracing is high, when computing the whole image

The fact that the value of the imaging model approach has experimentally to be
derived makes the flexibility of the ray tracing technique and its basic principle the
strongest arguments to choose this technique. After the imaging model approach has
been proved to be fruitful other techniques or a refined ray tracing technique can be
evaluated with regard to computational costs.

1.3.5 The grey value determination.

The imaging model is used to predict the grey value of a pixel. The ray tracing
process provides the following properties of the ray from the viewpoint through the
pixel whose grey value should be predicted.

- the closest surface, hit by the ray.
- the point were this surface is hit i.e. the intersection point.
- the normal vector of the surface in this point.
- the direction from the intersection point towards the viewing point, the viewing

vector.
- the 'visibility' of each light source (seen from the intersection point).

The intersection point and the positions of the light sources are sufficient to calculate
the following properties of the intersection point.

- the direction to each light source, the light vector.
- the distance to each light source.
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Figure 2: Ray tracing.

The information about the pixel determined by the ray tracing process can be used to
predict the grey value. The grey value of a pixel is influenced by camera and
framegrabber properties, light source properties and the reflection of the surface.
These influences must be approximated in the imaging model. The imaging process
itself is a very complicated process. If we want to model each effect that influences
the grey value of a pixel, the imaging model will become very complex and
computational expensive. By taking more effects into the model the number of
unknown parameters can also increase. Experiments have to show which effects should
be modelled and which equations achieve the best compromise between precision,
computational costs and the observability the unknown parameters.

1.4 Estimation of unknown parameters.

The following parameters in the imaging model are unknown and have to be estimated.

- the intensity of the light sources
- camera and framegrabber parameters (parameters of the relation between the

reflected light at the intersection point and the framegrabber grey values)
- the reflection parameters of the surfaces

In our case the parameters can change in time so they should be updated automatically.
The estimation of the reflection parameters will be the most critical because these
parameters may change over the workpiece. The best solution would be to estimate the
reflection properties of each object in the workpiece instead of the entire workpiece.
The assumption that the reflection properties of the material throughout the workpiece
will be equal would reduce the problem. A remark: it is not important to estimate the
real reflection or the real intensity, the goal is to obtain an imaging model that can be
used for the verification.
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The estimation of the parameters cannot be done without the following important data:

- an image
- the camera position and orientation corresponding to the image,
- the positions of the light sources
- the geometrical description of the scene

At this point a problem can be noticed: the scene description that has to be verified is
needed to estimate the necessary parameters for the verification of the same scene
description. The effect of this contradiction can be a help in the case of discrepancies
between the scene and its geometrical description. A difference between the scene and
its geometrical description can be seen as the cause of corrupt data points (pixels) in the
image. If the scene description is completely wrong it will not be possible to fit the
imaging model on the data points (the pixels). Small differences between the scene and
its description will cause a small amount of corrupt data points. The fit of the imaging
model on the image is a measure for the correctness of the geometrical scene
description.
A complete image (512 x 512) will give too much data to accomplish an efficient

estimation procedure so only a part of the image can be used for the estimation. Points
in the image have to be selected as data points. This can be done uniformly or using a
selection criterium. A group of pixels in the image may even be averaged to eliminate
texture and/or noise. The fact that the ray trace technique operates on a pixel by pixel
base and the decrease in number of pixels to be computed reduces the computational
costs.

1.5 Comparison of the imaging model output and the
image.

The reason we derived an imaging model was to verify the geometrical description of
the scene. The imaging model output has to be compared with the image on pixel level.
The quality of the fit of the imaging model on the image however was also an
indication for the correctness of the geometrical description. Local small differences do
not affect the fit of the model very much, but local differences can hold important
information and must be noticed. The accuracy of our imaging model will determine
the capabilities of detecting local differences (due to errors in the geometrical
description of the scene) between the model output and the image. This can be done
using known local change detection techniques for images. The structure of local
differences can be a good measure for the interpretation of the differences.

1.6 Additional applications of the imaging model.

Once the imaging model has been derived it is possible to generate complete synthetic
images. These images can be used as test images. The VSS can be evaluated and tested
for different scenes without building scale models of these scenes. Especially when the

18



structures to be recognized become more complicated we want to test the ability of the
system to determine the geometrical description. For the moment a hidden line
algorithm is used for testing. The hidden line algorithm however doesn't use any
information about the illumination. Shadow effects are not simulated. The
computational costs of the ray tracer are less important in the case it substitutes scale
model building. When writing the ray trace software the possibility to include some
random texture in the images to make them more realistic, should be left open.
The introduction of the light sources in a model can be a help in the scene analysis.

Due to shadows some edges are not detected. When the structural matching process can
almost match an object in the scene but it misses one visible edge for this match it
would be very useful to know wether this edge is in the shade or not. The
determination of the feature 'in shade' can only be done knowing the adjacent surfaces
of the edge. For this reason an 'in shade' test must be done afterwards.
The ray trace software should be able (given a complete (hypothetical) scene

description and an edge) to give an indication of the visibility of an edge. This
information could be of use when the matching process has to decide between
hypothetical scene descriptions. It is possible that this information needs not to be
determined at all but the possibility should be left open while writing the software.
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1.7 Final proposal for the verification method.

The verification procedure as described in the previous sections is given in the scheme
of figure 3.
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Figure 3: Schematical overview of the verification method.
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2. General information about the project

In this chapter only general information about the project that is of concern with regard
to the verification procedure will be presented. Detailed information about the project
can be found in the reports already written during the project (Farro, 1992) (Stap, 1992)
(Staal, 1993) (Blokland, 1993).

2.1 Objects.

The workpieces that can be surveyed by the VSS can be described by flat polygons.
Objects with curved boundaries and/or curved surfaces are not allowed at present,
however the system will be extended to accept them in the future. Therefore in the
future the ray trace software should also be able to handle objects with curved
boundaries and/or curved surfaces. A workpiece that can be recognised by the VSS at
present is shown in figure 4.

2.2 Coordinate system.

Within the project several coordinate systems are used. The verification procedure in
general uses the World Coordinate System (WCS). The objects in the scene are
described with relation to this coordinate system. The position and the orientation of the
camera are also determined with relation to the WCS. An example of a scene to be
expected and the WCS is shown in figure 4.

Figure 4: Example of a workpiece and the world coordinate system (WCS).

21



2.3 Cameras and framegrabber.

Black-and-white cameras are used. The resolution that is used is determined by the
camera and the framegrabber. For the moment the resolution is 512 x 512 pixels. In the
future a higher resolution might be used to gain a better accuracy.

2.4 Lighting conditions.

Although the project is already in an advanced stadium, there is just very little known
about the expected lighting conditions. Direct sunlight will not be present because the
system will work indoors. The sun however can be the cause of changing lighting
conditions. Artificial light must be used. The intensity of the light might be
controllable. It can not be excluded that there will be an ordinary TL-tube lighting of a
production hall.
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3. Propagation of light.

The explanation of the imaging model is split up into two parts:
1) Formulation of all contributions to the grey value of a pixel, corresponding with a

small piece of surface in the scene. The geometrical properties of this piece of
surface are suposed to be known (see figure 5). The first part is the subject of this
chapter.

camera

piece of surface pixel

Figure 5: A pixel and the corresponding piece of surface.

2) Computation of the geometrical information necessary to compute the grey value of
each pixel according to the results of 1). The second part is the subject of chapter 4.

The grey value of a pixel is influenced by a number of physical effects. The reflection
of the light from the point source by a surface is the most complicated effect. The
distance from the point source to the reflecting surface and the sensitivity of the camera
also affect the grey value. These effects will be treated separately in the next sections.
The following symbols, used in the next sections, require some explanation:

I is luminous intensity, this is a measure for the intensity of a light source
radiating in all directions (cd), the luminous flux per angle.

</> is luminous flux, this is an absolute measure for light energy (lumen).
E is illuminance, this is a measure for light energy per surface area (lux).

The relations of these quantities with each other is given by the following formulas:

E=<P
A

where:
A is the area of the surface corresponding with the flux.
w is the angle in radials.

23
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3.1 Reflection model.

The reflection of light by a surface is described by the reflection model. The reflection
model is a part of the imaging model and describes the complicated relation between
the amount of light reflected by a surface in a specific direction related to the amount
of incoming light, the geometrical and reflection properties of that surface and the
direction of the incoming light.

'l'////////////////////////////////////////////////- .f.

Figure 6: Reflection
In formula:

(3)

where:
cPl is the luminous flux of the incoming light
cPv is the reflected luminous flux in direction £
1 is the direction of the incoming light
l! is the normal of the surface
£ is the direction in which we want to know the reflection
f. represents all surface reflection parameters.

It is obvious that the surface reflection parameters strongly depend on the material of
the reflecting surface. A set of (unknown) surface parameters must be used for each
material. The information of a visible object must include a reference to the set of
reflection parameters that must be used for the reflection of the specific object.
The following sections are just a brief summary of equations to model all kinds of

effects that influence the light reflection. A lot of research on this subject has already
been done by others. It is not desirable to take all known properties of the reflection
into the reflection model because it should be as simple as possible. When a reflection
model does not satisfy, more effects can be taken into account.
More practical models are delivered by Computer Graphics literature. The book

written by R. Hall (Hall, 1989), is very complete with regard to the physical
background and the practical models. These reflection models are originally developed
to synthesize colour images. Several parameters are functions of the wavelength. These
wavelength dependency is eliminated for a grey value reflection model by integrating
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over all wavelengths.
The reflection of a surface can be described by two terms, the diffuse and the specular

reflection.

(4)

Diffuse and specular reflection are treated separately in the next sections. The objects
that are used in this application are all opaque so the transmission of light by materials
needs not to be modelled.

3.1.1 Diffuse reflection.

Almost all surfaces have some diffuse reflection. Diffuse reflection is that part of the
reflection that is view direction independent. A surface that is completely diffuse
reflective has the same reflection to all sides. The angle between the surface normal
and the vector towards the light source is the only geometrical parameter. A complete
diffuse reflective surface however does not exist.

Figure 7: Diffuse reflection.
where:

<PI is the luminous flux of the incoming light
I is the direction of the incoming light
l! is the normal of the surface
f represents all surface reflection parameters.

The diffuse reflection can be modelled by (5). (Hall, 1989).

Rjl.,!!,f) = kd • <!! •f) (5)

The amount of refelected light is equal in all directions, but is linear dependent of the
cosine of the angle between the normal of the surface and the direction to the light
source.
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3.1.2 Specular reflection.

The specular reflection is the view direction dependent part of the reflection. The
reflection of light by a mirror is the most known example of specular reflection. Light
coming from a specific direction is completely reflected in the mirror direction (see
figure 8).

n.

Figure 8 : Perfect mirror ray.

The specular reflection can generally be described by (6).

I
DGFr

Ri.!,_,!!,f. )=-
<!!.!>

(6)

Remark: D, G and Fr are functions of the geometrical and the surface properties of
the intersection point. The meaning of D, G and Fr will be explained on the
next pages.

The meaning of the vectors E, I and 11 is explained in figure 6.
The specular reflection is not only determined by the factor of light that is reflected

by the material but also by it's roughness. A rough surface can be described by small
surfaces (microfacets) which are directed in several directions (figure 9).

Figure 9: A rough surface.

The incoming light rays are scattered by the surface. The redirected rays are
concentrated around the perfect mirror ray. It is obvious that the scattering is
determined by the roughness of the surface.
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(7)

Figure 10: Specular reflection.

Before the coefficients D, G and Fr are explained the half vector h. has to be
introduced. The half vector in fact is the bisector of the .l and the 1vectors.

v+lh - --
- - I!+ll

Figure 11: The half vector.

The distribution term D represents a factor that describes the percentage of the
microfacets of which the normal coincides with the h. vector. Several functions that
describe the relation between D and (!! eli) with different surface properties as
parameters are available (Hall, 1989). The properties of all these functions however
are practical the same. Blinn's cosine power (8) is a compact formula and therefor
preferred. The relation between the surface properties and parameter ns is more
complex but this is not a problem because the surface properties must be estimated by
estimating ns•

(8)

G is a term that models the self-shading of a surface. A rough surface can cause a
reflected physical ray to hit the surface itself. The surface point reflecting light on the
same surface does not contribute to the total of physical light rays leaving the surface.

27



The fonnulation of this tenn given by Torrance and Sparrow (1967) (Hall, 1989)
doesn't introduce new parameters and is therefor preferred.

G =min [1, 2([!·!!)([!· 11 ,2~·!!)~· 1) ]
(!.!!) (!.!!)

(9)

The G tenn in this formulation (9) is not an analytical function. According to this
formulation the G tenn however is fully detennined by the geometrical properties of
the surface point and independent of the surface properties. The estimation procedure
for the shading parameters will not be complicated by the aplication of tenn G.
Another analytical fonnulation for the G tenn with dependencies of the surface

properties is given by Sancer (1969) (Hall 1989) but this fonnulation is too complex to
be of any value for our application at the moment.
Fr is Fresnell's tenn and represents the reflection factor of light on a smooth surface

as function of the angle of incidence. The relation between the reflectance and the
angle of incidence can be computed as a function of the surface properties. Apart from
the fact that these computations are very complex, the lack of information of the
surface properties allows to restrict ourselves to the shape of this function (figure 12).

1

F
r

o

-----=~---=---------____i Fo

1

Figure 12: Shape of Fresnel's function.

Three examples of Fresnel's function for three different surfaces are given.
The relation between Fr and (J!.1) can be approximated by (11) or by (10).

(10)

(11)

The parameter rna (m'J is a surface parameter and has therefor to be estimated.
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3.1.3 Conclusions.

The reflection R in its most complete form is given by :

,_.L\", I 2ul"lJ)un) 2(u:1J)(ai) {F. +(l-F. VI-{1J·m-')
\A OJ • (l'1J) • (l.1J) 0 0"

R(lJ.A.f )=kiul"l)+---.>....-----{1J-1!-)~'-------
(12)

According to Hall (Glassner, 1989) the formulation for R can be approximated by
taking the G, the Fr and the (a·n term of the specular reflection equal to 1. The
simplified formulation for R is called the Hall model:

,,'R(vln l:\=k ·(n·1'I+k ·(n·h\·
~,-,-,.§.I d \!!: V s \!!: !.!.I

(13)

Experiments have to show which terms in formulation are important enough to be
calculated and which terms can be taken equal to 1.

3.2 Point source properties.

The illuminance by a point source decreases with the distance of the light source to the
measure point. The measured illuminance at distance d from the point source can be
described as follows.

(14)

where:
E..d is the illuminance of Ar caused by the point source at distance d.
Ar is the area of the surface that is projected on a pixel.
d is the distance from the surface to the point source.
I is the luminous intensity of the point source.
cPl is the luminous flux caused by the point source.

This can easily be understood by drawing a sphere around the point source with
radius d. The total amount of light energy that shines on the inside surface of the
sphere will not change when we enlarge d. The amount of light energy per surface unit
(illuminance) however will decrease. The surface of a sphere is given by 4r*d2• To be
able to compare different images illuminated by the same light source this dependency
had to be included.
The illuminance E is defined as quotient of the luminous flux cP on a surface and the

area A of this surface. Therefor:

(15)
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3.3 Camera and framegrabber properties.

The grey value P of a pixel in the framegrabber is a function of the luminous flux in
the direction of the camera pixel. The iris and camera gain are the most important
factors that determine this function. The iris and the gain are unknown parameters for
the moment. The relation between the illuminance caused by the illuminous flux from
the surface point in the direction of the camera (cPv) and the grey value P in the
framegrabber is supposed to be linear. In that case the relation can be described by:

P=C(..I.. ) =k .E =k • cPl''Pl' eTC A
T

(16)

where:
Br is the illuminance caused by the luminous flux from the surface point in the

direction of the camera.
Ar is the area of the piece of surface that is projected on a pixel.
cPv is the reflected luminous flux of the piece of surface in the direction .l.
Ice is the combined camera and framegrabber parameter.

The coefficient lee represents the iris, the camera gain and all other (unknown)
properties of the camera and framegrabber. The derived linear relation can be tested
and calibrated separately.
The formulas (3), (14), (15) and (16) can now be combined to one formula:

cP R·cP R·E·A IP=k • _l' =k 0 __' =k • I,d T =k oR._
cAe A cAe d2

T T T

3.4 Interreflections between objects.

(17)

Surfaces reflect light in several directions with several amplitudes. The surfaces can be
considered as light sources, illuminating other surrounding surfaces. This phenomenon
is called interreflections. Consider a small piece of surface projected on a pixelof the
camera. The contribution to the grey value of that pixel caused by interreflections can
be taken into account by sampling the light from the surrounding surfaces falling onto
the considered piece of surface. The found illuminating sample points lying on the
surrounding surfaces can be seen as point sources. The intensity of these 'point sources'
is again on its tum affected by the interreflections. This recursive process is endless
unless we restrict the number of recursive steps. Experiments have to show how many
recursive steps are needed.
In contrast with the actual light sources it is not known in which direction the samples

should be taken to find the most significant contributions for the illumination of the
surface point caused by interreflections. The sampling should take place in all directions
but the 'point sources' situated in a direction near to the mirror direction (see figure 8,
page 26) will contribute relatively more to the reflected light (because of the specular
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reflection properties). The samples will therefor be taken around this direction. The
position of the 'point sources' is therefore view direction dependent. The contribution
of the reflecting 'point sources' must be weighed with the size of the area whose
reflecting light they represent. The reflecting 'point sources' represent a few surface
points from an area that consists of a lot of surface points with practically the same
reflection. The factor that weighs the size of this area is called ~. The intensity of the
view dependent 'point source' is described by (18).

(18)

where:
Ir is the intensity of the view dependent 'point source' representing the

interreflection
~ is the factor that weighs the influence of the recursive ray compared to direct

illumination
I is the luminous intensity of the point source
R is the reflection coefficient
d is the distance from the reflecting surface point to the point source
r is the direction of the recursive ray
1 is the direction of the incoming light
l! is the normal of the reflecting surface
E. represents the surface reflection parameters

3.5 Offset correction term.

Every contribution to the grey value that is not modelled, like 'unknown' light sources
and reflections can partially be modelled by an offset correction term. The correction
offset term is an overall term which means that the same offset is added to all grey
values. The contribution to the grey value is formulated as Pa. This parameter has also
to be estimated.

3.6 Introduction of more point sources.

The extension of the imaging model to more point sources is easy because we can add
the contribution of each light source separately. The calculation of the grey value in the
case of N1 light sources is given by the following formula:
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(19)

where:
p. is the ambient light
lee is the combined camera and framegrabber parameter
Nl is the number of point sources
Vi is the 'visibility' of point source number i (0 in case of occlusion, 1 otherwise)
Ii is the intensity of point source number i
di is the distance to point source number i
l is the direction of the incoming light of point source number i
l! is the normal of the surface
£ is the direction in which we want to know the reflection
f represents all surface reflection parameters

Contributions by interreflections have been modelled as extra 'view dependent' point
sources.

32



4. The ray tracer.

An image is a projection of objects points in the 3D space onto the image plane. Each
image point corresponds with only one surface point in the 3D space. The influences on
the grey value of one image point (pixel) are treated separately in the previous chapter.
The geometrical properties of the surface point, needed to calculate the grey value of a
pixel according to the derived equations of chapter 3, has to be determined for each
pixel. The ray tracer is an instrument to determine the needed geometrical properties of
the surface point corresponding with a certain camera pixel provided the right
geometrical description of the scene is given. The ray tracing process must provide the
following properties of the surface point corresponding with a specific pixel (figure 2):

- an identification for the surface that is projected on the specific pixel.
- the surface normal.
- the direction to the viewpoint.
- the 'visibility' of each light source.

The position of the intersection point and the positions of the light sources are sufficient
to calculate the following properties.

- the direction to each light source.
- the distance to each light source.

Reflections of light between objects can be modelled with recursive rays. This will be
explained in section 4.5., page 42.
In this approach the calculation of the grey value is not a subject of this chapter but has

been treated separately in chapter 3, page 23.

4.1 Pinhole camera model.

The ray trace technique is based on the simulation of a pinhole camera. Each pixel in
the image plane corresponds with a ray through the 3D space. A schematical overview
of a real camera and the pinhole camera model are shown in fig 13.
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Figure 13: Camera and pinhole camera model.

The physical pinhole model is modified to make the relation between pixels on the
image plane and rays through the 3D space more direct. The modified camera model
and its relation with the WCS is shown in figure 14. The image plane is supposed to be
positioned in front of the optical centre (seen from the object) instead of behind it.

Xc

. "'~optical centre

camera coordinate system
Yc

Zw.

image plane zc·b

(Xi 'Y
1

,b)

image plane zc·b world coordinate system

Figure 14: Modified pinhole camera model and the WCS.

In physical reality the hole in the pinhole model and the size of a pixel on the CCD
chip are not infinitely small. The result of these non-idealities is that more light-rays
'strike' the same pixel. The physical camera averages the light contribution over the
pixel area while the ideal (pinhole) camera model we use takes only one value within
this area. This approximation leads only to errors for pixels with a large intensity
change within the pixel area. For the verification process this phenomenon has no
consequences because pixels in the neighbourhood of an edge (intensity change) do not
have to be used as reference values. Small inaccuracies in the position of the objects in
the geometrical scene description can cause corrupt image points at the edges. These
inaccuracies are unavoidable and therefor these inaccuracies don't have to be detected
by the verification process as described in chapter 1.
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4.2 Ray determination using camera parameters.

The verification procedure compares the grey value of a real pixel with a computed
grey value. To make this possible the real pixel and the synthetic pixel must 'see' the
same surface point. We assume for the moment that the geometrical description of the
scene is correct. To determine which surface point is visible in a pixel, the ray from
the camera centre through that pixel has to be known.
The ray is defined as a set of points in the WCS satisfying (20).

(20)

Where G, == (Xo,Yo,zJ is the origin and l4 == (Xei'Yd'zeJ is the normalized direction
vector of the ray. The normalisation is not necessary to defme the ray, but when
normalised t represents the distance of a point on the ray to the origin (camera position)
in the used units (mm).

4.2.1 Camera calibration.

The following extrinsic and intrinsic parameters of the camera must be known to
determine the ray in the WCS corresponding to a pixel.

extrinsic:
- position of the camera centre.
- orientation of the camera, its angles with the WCS axes.
intrinsic:
- focal distance b.
- camera and lens deformation.

The estimation of the intrinsic parameters is performed off-line in the laboratory. The
extrinsic parameters of a camera have to be estimated each time the camera has been
moved. The most recent description of the used calibration procedure is given in
(Otto, 1993). In this report also the physical meaning of the parameters is explained.
The results of the calibration are saved in a file format which can be read by the
verification program.
The following functions from the calibration procedure were applied for the ray

determination:

- load_camerayarameters
loads camera parameters and stores them in a data structure

- correct
is used to correct image point coordinates for lens distortion

- rotate cam to wrld- --
transforms vector coordinates from camera coordinate system to WCS
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4.2.2 Transformation of camera parameters.

The ray goes from the camera centre through the centre of the pixel on the image
plane ( see figure 13, page 34). The origin of the ray coincides with the camera centre
position. The direction of the ray is given by the vector from camera centre to the
centre of the pixel on the image plane.
The image plane lies in the x,y plane at Zc = b in the CCS (b == focal distance). The

input of function correct consists of the image point coordinates in pixels and the
output contains the corrected coordinates Xi' Yi in mm. The direction of the ray is
(Xj'Yi,b) in camera coordinates. The vector (xi'Yhb) is normalized to obtain Cd in
camera coordinates. These coordinates have to be transformed into the WCS. The
direction of the ray in world coordinates is obtained by the function
rotate_cam_to_wrld. This ray determination is integrated in a function called
pixeCto_ray.

optical centre i.e. c:amera centre position
l

r in c:amera coordinates in WCS
~

Zw

Yw I
r in c:amtft COOIdiDalm iD CCS•

Xw

~
r iD world coordiDates in WCS•

Figure 15: Pixel to ray transformation.

The camera position is the origin of the CCS. In stead of the origin of the CCS in
world coordinates, the origin of the WCS in camera coordinates is given (by the
camera calibration parameters). The transformation is done by inverting and rotating.
The transformation from camera coordinates to world coordinates is performed by
rotate cam to wrld.- --
All geometrical camera properties are included in the ray. The geometry of an image

of a scene and its synthetic version should now be the same. To compute a synthetic
image we must be able to determine which surface is first intersected by each ray.
How this is done is explained in section 4.3.
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4.2.3 lexannple.

To verify the procedure of the ray determination we made a synthetic image of the
calibration pattern that is used to determine the intrinsic and extrinsic parameters of
the camera. This pattern contains 4 x 7 = 28 crosses of known position and size. We
have used a correct geometrical description of the scene. The synthetic image was a
negative of the original image, because it was easier to implement the crosses as
reflective objects. The images, real and synthetic were added reveal the geometrical
differences. The results are given in fig 16.

Figure 16: Overlay of real and synthetic image of crosses.

The original results show that the geometrical discrepancies between the real and
synthetic images are restricted to 2 pixels. It is obvious that the images are
geometrically similar.

4.3 Ray object intersection.

In ray tracing there are two kinds of rays. The ray directly from the camera through
the scene is called primary ray. This ray must be investigated for intersections with all
objects in the scene to find the closest intersection. The secondary rays are shot from
this intersection point to all light sources. The secondary ray is only needed to
determine whether a light source is 'visible' or not. If an object surface is hit by the
secondary ray it is not important to know which surface was hit. If an object is hit by
the secondary ray, the search for other intersections can be stopped.
The ray object intersection part of the program fills a structure called pixeCinfo with

the correct values. The pixeCinfo structure contains all geometrical information about a
given pixel.
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4.3.1 Objects.

The objects that can be tested for an intersection are restricted to objects consisting of
flat faces for the moment. The faces are loaded from disk in D3D format
(Ammeraal, 1988). This format is a list of numbered 3D points and for each face a list
of the numbers of the points that bound the face. These points must lie within one
plane. Loading the D3D file this constraint is checked. The D3D format is chosen
because it is used also in other parts of the project, where a geometrical description of
the scene is needed.
In the future there will be workpieces which cannot be described by faces only. Other

(bend or curved) primitives can be inserted in the tracing software. The extra functions
required for new primitives perform the intersection tests. For the moment it is not
known how these primitives will be described and therefor they are not yet added to
the system

4.3.2 Ray - plane intersection.

The test for intersection of a ray and a flat face is done in two steps. First determine
the intersection between the ray and the plane in which the face lies (the subject of this
section). After determining the intersection point of the ray and the plane we can
investigate whether this point lies inside or outside the face. This test is described in
section 4.3.3 .
The ray was already defined by formula (20). The plane is defined by (21).

a·x + b·y + c·z + d = 0 (21)

The plane normal is defmed as: l! = ( a, b, c ). If we take a2 +b2+c2=1 then the d
represents the distance from the origin to the plane in units (mm).

Figure 17: The intersection problem.
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The intersection point can be found at distance td from the ray origin by substituting
(20) in (21) which yields:

Solving td:

In vector notation:

a·(x +x ·r )+b·(y +y ·r \+c·(z +z ·r )+d=Oodd odd! odd

-([! • !:-o+d)
r =d --n-.r--

- -d

(22)

(23)

(24)

When the denominator is zero the ray is parallel to the plane and there is no
intersection. The special case that the ray lies in the plane can be ignored.

When td < 0 the intersection is behind the ray origin and is not important. The point
of intersection of the ray with the plane can be found by substituting tin (20).

(25)

The normal of the intersected plane must point to the viewer by defmition. When the
normal points away from the viewer <on.l:d<0) , it must be reversed. In this case the
distance to the origin of the plane should also be reversed to preserve the plane
equation.
When the intersection point is determined we have to test whether the point of

intersection lies within the boundary polygon of the considered face.

4.3.3 Inside/outside polygon test.

The inside/outside test of an intersection point in a face (or in general a polygon),
uses the Jordan curve theorem. When a line is drawn in the plane of the polygon from
the point of interest to an arbitrary direction, this theorem states that the point is inside
the polygon if the number of intersections of the line with the line segments of the
polygon is odd. Otherwise the point is outside the polygon. An example of the
application of the theorem is given in figure 18.
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point of interest

Figure 18: Jordan theorem.

The fust step is to reduce the computations by projecting the polygon from 3D space
to a 2D plane. Each 3D point (x,y,z) must be described by a 2D point (u,v) in this
plane. This projection doesn't have to be precise as long as the inside or outside
property of the situation doesn't change. The fastest way to perform this 3D to 2D
conversion is by throwing away the X,Y or Z component. This is the same as a
projection on the plane described by the remaining unit vectors. The component of the
normal to the 3D polygon having the largest absolute value determines the best
direction of projection.
After this 3D to 2D projection all coordinates will be translated so that the

intersection point becomes the origin of the new 2D coordinate system (by subtracting
the intersection coordinates from all vertices). An example of a polygon and an
intersection point at this stadium of the test (projection in the Z direction) is given in
figure 19.

+V

-v projected point of interest

Figure 19: New situation.

The line along the positive U-axis is chosen to be the test line intersecting the line
segments of the face polygon. A problem could arise when a vertex is exactly on the
positive U-axis ( v = 0 ). This problem is solved by excluding this situation. A vertex
on the U-axis is considered to lie on the +V side of the U-axis. This solution
introduces just in the case of v = 0 a very small error.
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Each line segment is separately tested for an intersection with the positive U-axis.
These intersections are counted. The test procedure of a line segment is performed
very efficiently by using the following rules.

- there is no intersection if the sign of the V component of the begin- and end point of
the line segment are equal

otherwise - >

- there is no intersection if both bound points of the line segment are on the -U half
of the plane.

- there is one intersection if both bound points of the line segment are on the +U
half of the plane.

otherwise - >

- one bound point of the line segment lies on the -U half and the other on the
+U half so the intersection of the line segment with the U-axis might be on
the +U half of the plane. The U-component of the intersection point has to be
positive if this line segment intersects the positive U-axis, therfore:
there is one intersection if:

(26)

(u.,vJ start point of the line segment
(\It" Vb) end point of the line segment

Consequently all line segments of the polygons are tested and the number of
intersections with the test line is counted. The point of interest is inside the polygon if
the number of intersections is odd.
A more extensive description of the followed procedure can be found in

(Glassner, 1989).

4.4 Light sources.

The implementation of the software allows only point light sources. A more
complicated light source must be approximated by several point sources. The point
sources determine the sample points that we take into account to approximate the real
illumination.
The intersection point is the start point of the rays from the surfaces to the light

sources (see figure 2, page 17). These secondary rays are used to determine wether a
point source is 'visible' or not. A similar procedure as described in section 4.3 is used
to determine the 'visibility' of the light source. A small difference is that the search for
intersections with other objects can be stopped if one intersection is found.
The positions of the light sources are supposed to be known. The position, the initial

estimation of the intensity and the type ( for the moment only point source ) of all
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sources must be stored in a file. Other light source types to be introduced in the future
must be translated to point sources during the interpretation of this file. The system can
only handle point sources.
The information of the point sources is put into an array. In the pixel_info structure

(see section 4.3) a visibility factor is recorded for each point source. This visibility
factor '1' means that the intersection point is 'visible' by the light source, '0' that the
intersection point is in shade for that light source. The pixeCinfo refers to the light
source data structure so this structure is necessary to complete all information about the
pixel.
Another possibility to model the illumination is to use illuminating surfaces. The idea

is to shoot recursive rays from the intersection point to a number of directions. When
such a ray intersects an illuminating surface a contribution to the grey value is added.
The problem with this approach is how to choose the sample directions in a way that
the main illumination sources are always reached. A similar way to model a complex
illumination is to define a discrete illuminating hemisphere by using a lot of point
sources positioned on a sphere. In that way the sample directions are defined. A
problem could be that there will be too many point sources.

4.5 Recursive rays.

The interreflections between the surfaces can partially be modelled by recursive rays.
The principle of this modelling was already explained in section 3.4. Consider a small
piece of surface projected on a pixel. The recursive primary ray is the ray from the
considered piece of surface to an interreflecting surface point searched for in a specific
direction (see figure 20). All objects have to be tested for an intersection to find the
interreflecting surface point in that specific direction. The recursive primary rays can
use the intersection test for primary rays.
The recursive secondary rays are the rays from the interreflecting surface point to the

point sources. The recursive secondary rays can use the intersection test for secondary
rays.
Recursive rays have been used for the generation of some test images. The images

showed that interreflections can be modelled by the recursive rays.

Figure 20: Some recursive rays

4.6 The trace viewer.

The trace viewer is a separate program that uses the created trace functions and some
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help functions to visualise the imaging process. This program was the test environment
for the trace functions. It is very illustrative for the imaging process (see figure 21).

The trace viewer is accomplished by a set of functions that projects 3D points and
lines on the monitor screen. The points can be rotated to see the situation from different
angles. These functions have been an enormous help during the development of the
trace software. Several trace functions had to be tested and debugged. The data
structures involving the ray tracing contain a lot of 3D vectors. For humans the
interpretation of the numbers representing these vectors, is very difficult. The help
functions made this interpretation a lot easier.
The example (figure 21) shows the following geometrical information:
- the scene, according to the geometrical scene description (a)
- the camera, according to the camera calibration parameters (b)
- the primary ray and the pixel coordinates corresponding with this ray (c)
- the secondary ray (d)
- the recursive primary ray in the mirror direction (e)
- the recursive secondary ray (t)

py: 1 px: 518
r: 7.6635HZ£»

(b)

<a>

Figure 21: An example of the output of the trace viewer.

4.7 Computational complexity considerations.

The tracing process requires a lot of computations and is therefor very slow. In our
approach the number of computations can be decreased by reducing the number of
objects that must be tested and to speed up the intersection tests. A solution is found in
bounding volumes.
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The bounding sphere acceleration technique defines around each face a sphere. The
test for an intersection of a ray with a face has only to be performed when an
intersection of that ray with the bounding sphere is detected. The ray sphere
intersection test requires less time as the ray face intersection test. The bounding sphere
acceleration method is only useful in the case of small objects whose bounding sphere is
small compared to the viewing space. To gain speed, the number of rays missing the
bounding sphere must be much larger than the number of rays hitting the bounding
sphere. Therefore the bounding sphere acceleration is just an option. The bounding
sphere proved to be useful during the synthesis of the image of the calibration pattern.
The synthesis speed was about three times higher as without acceleration technique.
Another possibility is the bounding box acceleration technique. The image bounding

box acceleration uses bounding rectangles on the screen for each object to be projected.
The vertices of a face should be projected on the screen and the minimum and
maximum x and y coordinates define the bounding rectangle. After this preprocessing it
is possible to determine for each ray a different number of objects which will not be
intersected. The use of this method is highly dependent of the number of pixels to be
traced for each image because the preprocessing costs are independent of the number of
pixels to be traced. Note: the image bounding box only affects the number of
intersection tests for primary rays. The image bounding box is not yet implemented and
thus not tested.
More complicated acceleration techniques are available in the computer graphics

science but the evaluation of the applicability of these techniques must be postponed
until the value of the verification by image modelling has been shown.
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5. Estimation of the unknown parameters.

The grey value of pixels as treated in section 3.1 involves a number of unknown
parameters, for instance the surface properties. Since these parameters may differ for
different scenes, they have to be updated (estimated) by a numerical method.
The grey value P of a pixel can be described by function (27).

(27)

& a vector of known parameters, for instance £, I, l! and [.
Aa vector of unknown parameters, for instance lee, k.- and f. (see chapter 3).

The aim of the estimation is to obtain the unknown parameters .A in such way that the
differences between the grey values obtained by formula (27) and the actual grey values
acquired from an image are minimalized.
The choice for an appropriate estimation procedure can be made when the analytical

form of function (27) has become definite. Until that moment a general purpose
estimation procedure is used. The use of the general estimation procedure however
requires some human expertise.

5.1 Least squares optimization.

The estimation of the unknown parameters .A is done by least squares optimalisation
For the criterion expressing the difference between the pixel grey values computed with
formula (27) and the actual pixel grey values we take:

(28)

Pr,ithe actual pixel grey value of pixel i
Np the number of reference points

The desired set of parameters ~ minimalizes E. The parameter values are not
constrained at present. Constraining the parameter values using some a priori
knowledge may be useful if the imaging model is used for the verification. In the case
of a wrong geometrical scene description, the bounding of the parameters prevents the
minimalized E to be small with completely wrong parameters. The boundaries of the
parameters should be determined in advance by experiments and/or calibration.

5.2 Reference points.

The reference points are image points that are used to determine the unknown
parameters. The actual grey value of these image points Pr,i is needed for the estimation
procedure (see formula (28». A selection from all available image points must be made
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because the least squares optimalisation can handle only a limited number of equations
(a few thousand) in practice.
The selection of the image points can be done in several ways: by hand, by taking the

points on a regular grid or in some other automated way. The implemented automated
selection procedure is performed as follows. First take the image points on a regular
grid, then a square of a number of pixels is drawn around each image point and the
following statistical properties are determined.

- the average grey value of the pixels within the square
- the minimum and maximum grey value of the pixels within the square
- the standard deviation of the grey value of the pixels within the square

These values are used to reject unwanted reference points. The standard deviation is an
appropriate measure to reject image points. Points with a standard deviation above a
certain treshold probably lie near/on an edge and they are rejected. If the image point is
approved as reference point, the average grey value is used as reference grey value.
The background of the scene is not a part of the imaging model. The image points in

the background (according to the geometrical scene description and the camera
description) are rejected as well.

5.3 The Newton method.

The implemented least squares estimation procedure uses the iterative Newton method.
The iterative Newton metod is used to fmd a zero-crossing of a function. The Newton
method can be explained using one equation of one parameter. Suppose the grey value
of one pixel is an arbitrary function p'(A), where A is an arbitrary unknown parameter.
The error is Pr-p'(A)=e(A) is a function of A. Let us denote the estimated A in the q-th
iteration step as A(q). Assume that an initial estimate A(0) is available.

e(f~ f-----------7'1

,\ (q+1) 1 (q) -
Figure 22: The iterative Newton method.

We defme the linear approximation of the function e(A) around A(q) as.

e •(A) =e(A(q» + dt) I>,=>'<fl • (A -A(q»

and conclude that
e(A) =e • (A)
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The next estimate A(q+1) is the solution of e·(A(q+l~ = 0, resulting in:

A(q+1) =A(q) _ e(A(q»

[
ae(A)]

aA X=XIf)

Introducing parameter Update!::t.A(q) = A(q+1)_A(q) this can be written as:

e(A(q» = [ ae(A) ] !::t.A
aA X"X(fJ

(31)

(32)

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

(33)

(34)

where:
!l.(q) is a vector containing the 'errors' of each reference point
!::t.,A(q) is a vector containing an update of each parameter

The matrix J with J jJ = ae/a'A; is called Jacobi matrix. Due to the fact that the number
of equations is larger than the number of parameters equation (33) is overdetermined in
most cases. The desired !::t.lJ..(q) is determined by the least squares solution of the
overdetermined set of equations. Depending from the start esimation lJ..({1) the estimated
lJ..(q) converges to the the set of parameters that minimalizes E (see formula (28».
The least squares solution !::t.lJ..(q) of the overdetermined set of equations (33) is

calculated by a routine of the NAG1-library. Inputs of the NAG routine are the Jacobi
matrix .fq) and the errors lq).The routine delivers the update for the parameters !::t.lJ..(q) •

The new parameters lJ..(q+1) are used to calculate lq+1) and .f
q+1) to perform the next

iteration step. The calculation of !l.(q+1) is straight forward. To calculate .f
q+1) the partial

derivative function of the error to each parameter must be available.

J.(~+l) = [ aellJ ] =e! (_ ).(q+1)
IJ aA. J ~i'-

J ~=~("I)

The functions e'j~,~) must be implemented in the software. The known parameters ~
must be available for all image points. If we estimate the parameters using a lot of
image points (a few thousand), the amount of data (a vector holds 24 bytes), becomes
extremely large. The amount of data can be reduced by pre-calculating a part of the
error function. Example: instead of recording l and I to calculate the U!,l) term in the
error function, the inproduct could be pre-calculated and recorded instead of £ and 1.

1 Numerical Algorithms Group library provides for a lot of standard numerical routines.
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5.4 The control of the estimation procedure.

The implemented estimation procedure requires some human expertise. The
convergence criterium, Le. the criterium that determines if the estimation process has
converged and the iteration can be stopped, is not yet implemented. The user should
decide when the iteration process has to be stopped. The result of the iteration process
depends very much of the initial estimate of the parameters. A bad initial estimate can
result in divergence or convergence to a local minimum. The user has the possibility to
set the parameters to a specific value during the iteration to get a better 'initial
estimate'. It also possible to 'mask' a parameter. The 'masked' parameter is considered
as a constant by the estimation procedure. The masking is usefull if some parameters
are expected to be near the optimum while nothing is known about the other
parameters. First the 'near optimum' parameters are masked and the other parameters
are estimated. The end values of the parameters of this estimation are a better initial
estimate for the simultaneous estimation of all parameters.

5.5 Estimation with more images.

The selection of reference points is not restricted to one image. More images of the
same scene taken from different positions can be used. The advantage of the use of
more images is that the variety in the known parameters of the reference points
increases. Example: the directions of the viewing vectors l of the image points in one
image are similar, because they all point to the camera position.
The introduction of multiple images may bring a problem. ~, ~ and f. are independent

of the camera. The combined camera and framegrabber parameter lee (abreviated to
camera parameter) however is strongly connected with the camera. The parameter lee,b
is defined as the camera parameter lee of camera b. The error equations must use the
appropriate lee.b' The use of different camera parameters for each camera is not yet
implemented.
The introduction of the parameters lee.b involves an increase in the number of unknown

parameters. The camera parameters however are very appropriate to be calibrated in
advance. Calibrating the camera parameter it should be remembered that the iris and
the camera gain influence the camera parameter.
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6. Experiments.

The imaging model and the verification procedure were tested in a few experiments.
These experiments and the results of the experiments are the subject of this chapter.

6.1 Reference images.

The testing of the imaging model requires reference images. These reference images
are taken in a controlled environment to limit the unknown factors. The following
limitations in contrast with the practical situation are made.

- a workpiece made of one material (three-ply board) is used, so there is only one set
of reflection parameters needed

- only one point source, an electric bulb, is used
- all other kinds of illumination are avoided by taking the images in a dark room

Besides the images also the following information must be available to test the imaging
model.

- the camera calibration parameters, delivered by the camera calibration procedure
- the position of the point source, measured manually.
- the complete geometrical description of the scene, delivered by the scene analysis

The used camera (philips LDH 0703/30) has several setting options. The camera must
be adjusted in such way, that the camera output becomes as linear as possible with the
incomming light. The setting switches of the used camera are therefore set as follows:

- automatic gain control is off
- automatic black level control is off
- gamma correction is off
- average detection is on

The camera parameter had to be constant taking the images to be able to estimate the
parameters using all the images. Particulary the iris had to be chosen so that it could be
used to take all images without changing it.
Four images have been taken. Each image shows the same workpiece from a different

side. The camera and the light source have not been moved but the workpiece itself was
rotated. In this way, the camera calibration and the measurement of the point source
position have been done only once.

6.2 Modifications of the grey value function.

In chapter 3 several effects contributing to the reflection function have been discussed.
We have investigated which effects should be included in the imaging model. The
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residue and the observability of the parameters are the criteria for the evaluation of the
reflection model.
Experiments with reflection functions of different complexities showed that in our case

the errors caused by using a simplified reflection function can be neglected when
compared to errors caused by other non-idealities like the neglection of interreflections
in the imaging model. A better way to evaluate the reflection functions of different
complexities is to measure reflection functions of a group of materials separate from the
imaging model. The results of these measurements must be translated into a (new)
reflection model with some (other) material coefficients.
Experiments have shown that the most appropriate grey value function with regard to

the used reference images is:

min 1 2C!! o!!)C!! o!> 2C!! o!!)C!! ° f)
, (£ol!) , (!ol!) 1

P =P +F ° ---J._--~"""'"'7"""----"""'" ° C!! ° !!)1I, 0_

G 0 C!!o!> d"

(35)

The unknown terms F0 and I have the same influence on the grey value, and can
therefore be replaced by one unknown term k's'

(36)

The parameters to be estimated are:
k's representing Fressnel's coefficient Fo and the intensity of the point source I.
n. the specular power
p. the offset correction term
d the distance from surface point to light source

6.3 Results of the verification procedure.

The estimation of unknown parameters was performed using reference points out of the
four reference images. To judge the fit of the imaging model on the actual images,
synthetic images were then generated using obtained estimates. The absolute difference
between the synthetic images and the actual images is shown in absolute difference
images (see figure 26). A correct geometrical scene description was used.
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Figure 26: Actual (left), synthetic (middle) and absolute difference (right) images.

Figure 26 shows that the actual and synthetic images are similar. The difference
images however show large differences in the neighbourhood of the connection between
the base plate and the T-stiffner. This is due to the neglection of interreflections.
The estimation procedure was also performed using an incorrect scene description. The

geometrical scene description is deliberately corrupted by exchanging the T-stiffner for
an I-stiffner. Images with the T-stiffner and the incorrect geometrical description with
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the I-stiffner were used for the estimation of the unknown parameters. The residue in
the case of a correct and an incorrect geometrical scene description are compared. The
following statistical properties of the residue are determined for the comparison

- maximum difference
- average difference
- standard deviation of the difference

scene description maximum difference average difference standard deviation
of the difference

correct (T-stiffner) 76.8 14.0 18.1

incorrect (I-stiffner) 87.7 17.9 22.9

The result of the experiment shows that the residue in the case of a correct geometrical
scene description is smaller than the residue in the case of an incorrect geometrical
scene description. The differences between these statistical values are not that large that
these values by itself tell something about the correctness of the scene.
The difference image of an actual image and the synthetic image of the incorrect scene

description is shown in figure 27. The parameters used for the synthetic image
generation were estimated using the incorrect scene description (I-stiffner) and points
out of the four actual images (T-stiffner).

Figure 27: Actual (left), synthetic (middle) and difference image (right) in the case of
an incorrect scene description

The difference image shows the 'missing' plate of the T-stiffner. This error can be
detected with a local change detection technique.
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7. Conclusions and future research.

In this thesis we proposed a technique for the verification of the geometrical scene
description, resulting from a scene analysis proces. The technique computes estimates of
grey values of selected pixels and compares them with the pixels of the actual image.
We describe an imaging model for the estimation of pixel grey values, using a ray

tracing technique, and the way how certain unknown parameters of the imaging model
are estimated.
The proposed verification procedure can detect differences between an image and an

incorrect scene description. As the performed experiments have shown, the residue of
the parameter estimation can be used for the distinction of an incorrect scene description
from a correct one. The distinctive power of the verification procedure has to be
improved however. This requires further improvements of the imaging model.

The following improvements of the imaging model are proposed:

- include the interreflections of the surfaces into the imaging model
- investigate the properties of the reflection function (formula (3» separately
- calibrate the camera sensitivity or the sensitivity for each pixel separately
- use more surface properties in one scene

The measurement of the residue is now done by the squared sum of all differences
between the imaging model output and the selected image points. Another measure of the
residue may also increase the distinctive power of the verification procedure.
The derived imaging model is, apart from the use for the verification procedure, very

useful for computer vision. It can be used for understanding and simulating the imaging
process. The developed software is a tool that can be used in different ways.
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