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Abstract
Verschuren, F. ; Automatic parameter estimation for a vision survey system.
M.Sc. Thesis, Measurement and Control section ER, Department of Electrical Engineering,
Eindhoven University of Technology, May 1995.
A Vision Survey System (VSS) is under development as part of an intelligent robot welding system. A
number of CCO-cameras is used as sensors to acquire images of a workpiece from different
viewpoints. From these camera images, a 3-dimensional geometrical description is created.
The camera images are first converted into line images by a module called Low-Level Vision. A
second module called Structural Matching is used to recognise image lines as originating from (parts
of) objects in the line image.
In order to extract a complete 3D geometrical description from the camera images, a lot of human
interaction is required. The amount of human interaction, after the camera images have been converted
to line images, is highly dependent on the quality of the extracted line images.
To enhance the quality of the extracted line images, and at the same time reducing the necessary
human interaction, some methods are developed and presented in this report.
These methods are among other things, an automatic threshold level determination and a method for
reducing noise lines by looking for a correspondence between two line images.
The influence of the parameters of low-level vision on the quality of the extracted line image is
analysed as well.
The human interaction required by the Low-Level Vision module has been reduced from 12
parameters to be set to only one parameter. This parameter only controls whether more or less lines
have to be extracted.

Samenvatting
Verschuren, F. ; Automatic parameter estimation for a vision survey system.
Afstudeerverslag, vakgroep Meten en Regelen (ER), Faculteit Elektrotechniek, Technische
Universiteit Eindhoven, mei 1995.
Een Vision Survey Systeem (VSS) wordt ontwikkeld als een onderdeel van een intelligent robot
lassysteem. Een aantal CCO-camera's wordt gebruikt als sensoren om vanuit verschiIlende positie
beelden te maken van het werkstuk. Vannit deze beelden wordt een 3-dimensionale geometrische
beschrijving gemaakt van het werkstuk.
De camera beelden worden eerst geconverteerd naar lijnen plaatjes door een moduul genaamd 'LowLevel Vision'. Een tweede moduul, genaamd 'Structural Matching', wordt gebruikt om lijnstukken te
cIassificeren als komende van een bepaald (deeI van een) object.
Om een complete 3D geometrische beschrijving te extraheren nit de camera beelden, is erg veeI
menselijke interactie nodig. De hoeveelheid menselijke interactie, nadat de camera beelden zijn
omgezet in Iijnen beelden, is in hoge mate atbankelijk van de kwaliteit van het lijnenplaatje.
Om de kwaliteit van het Iijnenplaatje te verbeteren, en tevens de nodige menselijke interactie te
verminderen, is een aantal methoden ontwikkeld die in dit verslag gepresenteerd worden.
Oeze methoden zijn onder andere, een automatische threshold niveau bepaling en een methode om het
aantal ruislijnen te verminderen aan de hand van het bepalen van een correspondentie tussen twee
lijnenplaatjes.
Tevens wordt de invloed van de parameters van low-level vision op de kwaliteit van het geextraheerde
Iijnen plaatje geanalyseerd.
De menselijke interactie die nodig was bij het Low-Level Vision moduul is nu gereduceerd van het
instellen van 12 parameters naar het instellen van slechts een parameter. Oeze parameter bepaalt
slechts of er meer of minder lijnen geextraheerd moeten worden.
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Glossary
Grey-level image:

Digitised camera image. Each pixel in the image has equal
red, green and blue components. Usually the pixel values
range from 0 to 255.

Edge:

A local change of intensity in a grey-level image.

Edge pixel:

A pixel in an edge image that is labeled as edge.

Edge position image: Image in which each pixel is labeled as edge or non-edge,
containing the sub-pixel position of the edge.
Line segment:

A 2D line, identified by its start point and end point.

Line image:

A set of line segments extracted from the edge position
Image.

Image line:

Line segment in a line image.

Line-structure:

Structure formed by a set of line segments in a 2D plane.

Line-structure line:

Line segment of the set of line segments of a specific linestructure.

Ground plane:

Plane whereupon a workpiece surveyed by the VSS is
placed.

Image plane:

Plane that contains image lines, defined at 1 mm from the
optical centre of a camera lens.

Horizon line:

Line on the image plane where all lines running through
image lines that represent horizontal parallel object edges
intersect.

vss:
LLV:
LSE:

Vision Survey System
Low-Level Vision
Least-Squares line Estimation

1. Introduction
The Measurement and Control section of the Electrical Engineering Department of
the Eindhoven University of Technology participates in the ESPRIT-6042
"Hephaestos 2" project. The objective of this project is to advance the technology of
robot welding for unique, thick plate steel fabrications. A prototype of an automatic
welding system will be installed at the Piraeus ship repair yard near Athens in
Greece. This ship repair yard is specialised in repairing damaged hulls of large ships.
The workpieces are assembled by hand in advance of the automatic welding process.
The welding robots have to be pre-programmed for every workpiece, due to the fact
that each workpiece is unique. Manually programming the welding robots would
take a lot of time. Therefore the robots should be programmed automatically, in
advance of the welding process. Programming a robot requires all the necessary 3D
data of the workpiece to be known. To detennine this 3D data, a Vision Survey
System (VSS) is being developed. The development of this VSS is the task of the
Measurement and Control section of the Electrical Engineering Department of the
Eindhoven University of Technology.
The VSS uses a number ofCCD-cameras as sensors to acquire images of the
workpiece from different viewpoints. From these camera images a 3-dimensional
geometrical description has to be created. The geometrical description of the
workpiece should contain the dimensions, orientations and locations of all the
objects in the workpiece.
Within the VSS, a camera image is first converted into a line image by a Low-Level
Vision module. A second module called Structural Matching is used to recognise
image lines as originating from (parts of) objects in the line image. In a third module
called Geometrical Matching, a 3D model ofthe object is matched to the set of
image lines recognised by Structural Matching as coming from the same object. In
the fourth and last module, all (parts of) objects coming from different camera
images are combined, in order to create a complete workpiece description.
The first two modules within the VSS, Low-Level Vision and Structural Matching,
require a lot of parameters to be set, in order to ensure that a reliable and complete
workpiece description is created. Since no user interaction is desirable, and a
thorough understanding of the VSS is required for setting these parameters, the
number of parameters to be set by the user, should be reduced to a minimum.
This report is related to my work on reducing the human interaction necessary for
setting the parameters of the Low-Level Vision and Structural Matching modules.
The methods developed all apply to and have been tested on images of workpieces
consisting of objects with straight edges. Examples of some typical images can be
found in appendix B.

9

2. The vision survey system
The task of the Vision Survey System is to generate a geometrical description of the
workpiece analysed. This geometrical descriptions consists of the dimensions,
orientations and locations of all the objects in the workpiece. A typical workpiece is
shown below.

Figure 2.1 Overview of a typical workpiece

The next figure gives an overview of the various components of the VSS, with the
information flow between them.

~-r

~

SMJ=.·:1
.;1,:
_ GMt '--__
,~ OPe

l-~

I

f-J G~21-~ g,:,~~,
I
I

descnptton

I

)l~J-------,------'
camera~

H-_:-~-'- AL- - -'f- - - - -.l'- -~-~T-L---;~
L

I

__
f

-----1'-----S_IM-----"

correct/incorrect

scene description

Figure 2.2 Dataflow in the VSS

The input of the VSS consists ofn camera images, surveying the workpiece from
different viewpoints. A camera image usually covers only a part of the workpiece.
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Figure 2.3 Typical camera image

Figure 2.4 Typical line image

The camera image is converted into a line image by the Low-Level Vision module.
The image lines in the line image represent intensity changes in the camera image.
The intensity changes are extracted as straight line segments. Ideally the image lines
should represent only the edges of the objects in the camera image. However in
practice the line image also contains image lines originating from noise or surface
texture. Even some object edges can be missed due to lack of contrast. The quality of
the line image can be controlled by means of choosing parameters. Finding ways of
automatically setting these parameters and improving the result of the low-level
vision module, are the main subjects of this report.
The Structural Matching module is used to identify sets of image lines as coming
from a specific object contour. The structural matching module can be divided into
two parts, an inference engine and a knowledge base. The knowledge base contains
descriptions of every basic sub-object that may be present in the workpiece. These
sub-objects are described as a series of predicates that define the properties of the
lines in the subsets. The output of structural matching consists of a number of
subsets of the set of lines that are candidates for the edges of actual objects. The
output may contain false candidates. The balance between false candidates and
missed candidates can be controlled by setting parameters and will be described in
chapter 6.
Geometrical Matching is performed at two stages within the VSS. In the first stage
(GM1) the individual candidate object parts, generated by structural matching, are
matched. In the second stage (GM2) complete objects, supplied by the object parts
clustering module, are matched. The geometrical matching module determines the
position, dimensions and orientation of (part of) an object. This is accomplished by
iteratively projecting a 3D model onto the 2D camera image. By minimisation of the
squares of differences between the model lines and image lines, the position,
orientation and dimensions can be determined. The output of geometrical matching
consists of a complete description of all recognised objects. This description is based
on the World Coordinate System, meaning the camera positions are irrelevant for the
final result.
The Object Part Clustering module combines parts of the same object, viewed from
different cameras. An object is usually not completely present in a single camera
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image, but may be seen from different angles by different cameras. By combining
the results of the different camera images, it is possible to combine the parts of an
object resulting in a complete object. The object part clustering module is described
by Breuers [1].
Optionally the final geometrical workpiece description can be used by a Synthetic
Image Modelling module, to create synthetic images. By comparing the images
generated by the SIM module with the camera images, the correctness of the
workpiece description can be determined.
The modules 'cal int' and 'cal ext' are used to find respectively the intrinsic and
extrinsic camera parameters. The intrinsic camera parameters contain information
about the lens distortion, focal length and camera pixel size. The extrinsic camera
parameters define the camera position and orientation relative to the world
coordinate system. The calibration of the camera position is described by Smook [6].
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3. Overview of the low-level vision module
3.1 Introduction
The low-level vision module as implemented by Brouwer [2], can be divided into
several sub-modules as shown in the next figure.
grey-level image

intrinsic
camera
parameters

kernel size
threshold
edges / line

lens
correction

>

~

edge
detection

max. gap
search width
min. length
init points
rect. size

line
extraction

width A
width B
max. angle
min. length

post
processing

line image
Figure 3.1 LLV divided into sub-modules with their parameters

As can be seen in the figure above, the LLV module requires 12 parameters to be set
by the user. The intrinsic camera parameters are generated automatically. This
requires a lot of knowledge of the parameters, for enabling the user to set the
parameters in such a way, that a satisfactory result is obtained. The number of
parameters to be set can be reduced by setting parameters to a fixed value, or by
making parameters superfluous. Making parameters superfluous can be done by
changing some algorithms in the LLV module.
However before some parameters are set to a fixed value or even removed, the
influence of the parameters on the final line image must be investigated. Also some
understanding of the operations on the data in the sub-modules is essential. Therefore
a short overview of the flow of the data in the LLV module implemented by
Brouwer [2] is given.

Lens correction
The lens correction sub-module corrects the pixel locations for deviations caused by
non-ideal optics of the cameras. In order to correct these errors, the module requires
15

the intrinsic calibration parameters of the camera. These intrinsic calibration
parameters are obtained when the physical parameters of each camera are
determined. This has to be done only once, when a new camera is hooked up to the
VSS, or when a camera is equiped with a different lens.
Because of the non-ideal optics of a camera, straight lines can appear curved in the
not corrected grey-level image. Therefore the lens correction has to be performed
prior to the line extraction.
After the intrinsic camera parameters are determined, no further user interaction is
required for the lens correction module.

Edge detection
The edge detection sub-module can be divided into two parts. In the first part the
grey-level image is convoluted with a one-dimensional kernel, which is determined
by the kernel size parameter. The image is convoluted in horizontal and vertical
direction, resulting in two images containing the edges respectively in horizontal and
vertical direction. In the second part the two convoluted images are scanned in
horizontal and vertical direction to determine if the kernel response exceeds a certain
threshold level. The threshold level is determined automatically, by lowering the
threshold for each scan-line until a certain amount of edges are found, which is
determined by the edges/line parameter, or until a certain threshold level is reached,
determined by the threshold parameter. By using an interpolation technique the subpixel location of the edge pixel can be determined.
The output of the edge detection sub-module consists of two edge pixel position
images, with sub-pixel accuracy.
Three parameters must be entered by the user, and changed upon every new camera
image.

Line extraction
The line extraction algorithm is performed individually on each edge pixel position
image. The line extraction algorithm fits a line to a set of edge pixels. The algorithm
can be divided into four parts. First the direction of the line is estimated by a
template. The initial direction can be 0, -7[/4, -7[/2 and -37[/4 for horizontal direction.
The next step is to find some edges pixels in the estimated direction. When enough
edge pixels are found, determined by the init points parameter, a least-squares line
estimation is performed on the found edge pixels. Based on this least-squares
estimation the search for edge pixels is extended in the vicinity of the predicted
point. The search boundary is determined by two parameters, search width and max.
gap. The search width parameter is defined parallel to the scan-line, and the max.
gap parameter is defined perpendicular to the scan-line. This can be visualised as
follows:
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Figure 3.2 The search-region based on the scan-line direction

If no more edge pixels can be found in the search area, the line is added to a line list
if the length of the line exceeds the min. length parameter. All edge pixels, in a box
around every edge pixel used to extract the line, are marked as used. So they can not
be used by the extraction of subsequent lines. The size of this box is defined by the
recto size parameter.
The edges from the vertical edge position image, are processed in the same manner
as described above.
The line extraction algorithm requires five parameters to be set or changed, upon
each new image.

Post processing
The post processing sub-module is the last part in the low-level vision module. Its
aim is to remove duplicate lines and to merge co-linear lines within a certain
allowable deviation. The criteria upon which is decided if two lines will be merged,
can be divided into two parts. First a rectangle is defined around each line. This
rectangle size is defined by two parameters, width A and width B, which is visualised
below.

width B

'"

.:

Figure 3.3 Rectangle around a line

Two image lines are candidates for merging when the rectangles defined around the
lines intersect. Secondly the candidates are merged when the difference between the
two line angles doesn't exceed some maximum defined by the max. angle parameter.
These criteria are tested for every set of lines in the line image, and is repeated
recursively until no further reductions can be made.
Finally all lines shorter than min. length are discarded.
Thus four parameters must be set for the post processing sub-module.
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3.2 Reducing the number o/parameters
As described in the introduction the user is asked to enter or change a total of 12
parameters. For inexperienced users this amount of parameters is intolerable and
even for experienced users undesirable.
During extensive testing and during demonstrations a certain 'teeling' can be
obtained for setting the parameters in such way, a usable result is produced. A usable
result is defined as a set of image lines that allows structural matching to detect the
various objects in the scene.
From these tests and demonstrations it has become clear that the better the low-level
vision module extracts object edges the less user interaction is needed in the further
processing of the image by structural matching, geometrical matching etc.
The ultimate goal is to make a vision survey system with no user interaction at all.
Because the final result and the amount of user interaction is foremost dependent on
the result produced by the low-level vision module, improving this module seems to
be the most fruitful method. When this module is improved in such way that all lines
resulting from object edges are extracted and at the same time not too much lines
resulting from noise are extracted, no further user interaction is required for the
structural matching process. The parameters of this process can then be set to a fixed
value.
Unfortunately this goal will probably not be reached, but an attempt is made to make
the low-level vision module as good as possible.

3.3 Changes to low-level vision sub-modules
The low-level vision module, should be able to extract all object edges from a greylevel image, independently of light conditions and with no user interaction at all.
First the necessary parameters should be reduced to a minimum set.
Based on the experiences when using the VSS and the 'feeling' for setting the
parameters, some changes have been made to parts of the low-level vision module.
The remaining of this chapter gives a briefintroduction to these changes. The next
two chapters give a complete description of the new edge detection and line
extraction algorithms.

Lens correction
Since the lens correction requires no user interaction, its functionality is left
unchanged.
Edge detection
The automatic adjustment of the threshold level, by lowering the threshold until a
certain amount of edge pixels per scan-line is reached, is removed. It caused noise
edge pixels to appear in scan-lines where no objects edges reside, and removal of
edge pixels in scan-lines of high edge pixel frequency. Therefore degrading the
overall line image quality, instead of increasing it.
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The two edge pixel position images, one for edges detected in horizontal direction
and one for edges detected in vertical direction, are combined into one edge pixel
image containing edges from both directions.
Furthennore a histogram is now created for the number of edges versus the threshold
level, thus aiding other modules to select an appropriate threshold level, which is
described in chapter 7.2.

Line extraction
The parameters 'search width' and 'max. gap' of the line extraction are changed to a
more logical definition. The region where a candidate edge pixel is sought, is now
defined in the direction of the extracted line, instead of being based on the scan
direction, which can be horizontal or vertical.
The parameter'init points' is removed, since the direction of a line through two edge
pixels is more accurate than the estimated initial direction by the template. Also the
parameter 'recto size', used to remove all edge pixels around the extracted line, has
been removed. Now only the edge pixels contributing to the least-squares line
estimation, are marked as being used, resulting in a better perfonnance on object
corners.
The templates for estimating the initial line direction, have been extended in order to
make the initial line direction more accurate. Now more templates are used, so the
estimation is more accurate.

Post processing
The post processing sub-module is no longer necessary, since the two edge pixel
position images are combined prior to line extraction. This prevents the occurrence
of duplicate diagonal lines, which would otherwise be extracted from the horizontal
edge position image as well as the vertical edge position image.
Also the modified line extraction algorithm makes it less likely for lines to break
apart into smaller line segments.
The next two chapters describe the new functionality of the edge detection and line
extraction sub-modules with their minimum set of parameters.
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4. Edge detection

4.1 Introduction
Edge detection is the first step in extracting lines from a grey-level image. The edge
detection algorithm locates intensity changes in the picture. The edges are
determined one-dimensionally, by means of two kernels. One kernel is used to detect
vertical discontinuities and the other kernel to detect discontinuities in horizontal
direction. This results in two convoluted images, one containing the discontinuities
in horizontal and the other in vertical direction. From these convoluted images, the
sub-pixel edge positions can be extracted. This results in a single image containing
the positions of edges in horizontal and vertical direction, with sub-pixel accuracy.

4.2 The convolution kernel
The kernel used to detect discontinuities in the scan direction, is based on onedimensional convolution. This is described by Lee [22], and was first implemented
by Buts [3].
The convolution kernel can be described by the following formula:
-6t(t + A)

-A~t~O

A3

cp'(t) =

6t(t -A)
A3

O~t~A

(4.1)

Itl>A

o

For some values of A, the kernel is shown below.
Table 1 The convolution kernel
A

2
3
4

5

CP'(-4)

0
0
0
0,129

cp'(-3)
0
0
0,281
0,288

cp' (-2)
0
0,44
0,375
0,288

CP'(-l)

CP'(O)

CP'(l)

0,75
0,44
0,281
0,129

0
0
0
0

-0,75
-0,44
-0,281
-0,129

cp' (2)
0
-0,44
-0,375
-0,288

cp' (3)

cp' (4)
0
0
0
-0,219

0
0
-0,281
-0,288

As can be seen from this table the size of the kernel is 2A-I.
The grey-level image is processed twice, once in horizontal, and once in vertical
direction, resulting in two convoluted images which can be described by:
A

EdgeH(x,y) = ~)mg(x-'t,y).q)('t)
t=-A

(4.2)

A

Edgev(x,y) = ~)mg(x,y-'t).q)('t)
t=-A
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4.3 The edge position extractor
From the two convoluted images, the edges can be extracted. This is done separately
for the horizontal and vertical convoluted image, resulting in two edge position
images. An edge is detected at position (x,y) in the horizontal convolution image if :

and in the vertical convolution image if:

All edges are counted as a function of their intensity in order to create a histogram of
the number of edges versus the threshold level.
When an edge exceeds a certain threshold level, the sub-pixel location of the edge is
determined. Since the kernel q>'(t) is a quadratic spline, the response of this kernel to
a step (i.e. to a degree zero discontinuity), is also of a quadratic form. The sub-pixel
location can then be found by fitting a quadratic function to the kernel response.
response

position
X O -I

XO

Xo + 1

Figure 4.1 Fitting a quadratic function to the kernel response

A quadratic function can be written in the following form :
(4.5)
If r/ is the response ofthe convolution kernel at position xo+ t, the coefficients of the
quadratic equation are :
(4.6)

The sub-pixel location of the top can now be calculated by solving:
[' (t) = 2a . t + b = 0
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(4.7)

The sub-pixel location can now be written as :
(4.8)

Finally, when both horizontal and vertical convolution image are processed, the two
edge-position images are combined into one image containing edges in both
horizontal and vertical direction.

4.4 The parameters
Two parameters are involved with the edge detection algorithm, the kernel size and
the threshold level. Observing the influence from both parameters on the extracted
edges reveals the following:
- When the kernel size is increased, the sensitivity to noise is decreased. This
suggests the kernel should be chosen as large as possible, however increasing the
kernel size introduces a drawback. A large kernel size causes spurious edges to be
detected if two discontinuities are present within the span of the convolution
kernel. This results in a poor performance of the edge detector around corners of
objects. For instance the comer of a cube is extracted as shown below, if a large
kernel (in this case 7) is used.
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Figure 4.2 Poor performance around corners of objects
Since the correct detection of the comers of objects is of great importance to
structural matching in order to function correctly, with no user-interaction, the
kernel size should be kept small. Therefore a value of 2 is usually chosen.
- The threshold level should be chosen in such way even the weak edges are
extracted. A lower threshold level increases the number of edge pixels originating
from noise (e.g. unwanted details such as surface texture, camera noise etc.),
whereas a higher threshold makes object edges in poorly illuminated parts of the
image invisible.
For every grey-level image, an optimal threshold level has to be determined. This
optimal threshold level should be chosen so low, that even edges from poorly
illuminated objects are extracted, and should be so high, no edge pixels originating
from noise are detected.
Finding this optimal threshold level automatically, will reduce user interaction
significantly. A method of determining the optimal threshold level is described in
chapter 7.2.
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5. Line extraction

5.1 Introduction
Line extraction is the last step in extracting lines from a grey-level image. The lines
are extracted from the edge position image, created by the edge detector algorithm,
which contains edges detected in horizontal and vertical direction. Line extraction is
very important in a vision system, it is the first part were a substantial data reduction
occurs, making the input image much easier to work with. The grey-level images,
and also the edge position images are 256 kB in size each, for a 512x512x8 (pixels x
pixels x bits) image. A line image on the contrary is only about 1lkB in size.
The line extraction algorithm can be divided into several sub-parts. The edge
position image is scanned from left to right, top to bottom. When an edge pixel is
found the initial line direction is estimated by means of a template. In this initial
direction two more edge pixels are sought, when these edge pixels are found a leastsquares line estimation is performed, resulting in a more accurate estimation of the
line direction. In this direction new edge pixels are sought within a certain region.
With each edge pixel found a new LSE is performed, every time increasing the
accuracy of the line direction. When no more edge pixels can be found, the
extracting of the line is stopped and the line saved in a line list.
After the total edge position image has been processed, all lines shorter than a
specific length, based on the average line-length, are removed.

5.2 Initial search direction estimation
When a start point is found, while scanning the edge position image for edge pixels,
the initial direction of the line has to be estimated.
The initial direction is estimated by multiplying the pixel values around the start
point, with the elements of different templates. The template yielding the highest
sum of products has the highest correlation with the actual line direction, and this
direction can be used as an initial search direction.
The templates are 5x5 in size and can denote the line direction with an error between
7[/8 and 7[/16. The templates used are shown in Figure 5.1.
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Figure 5.1 Templates for estimating the initial line direction

For every template the sum is calculated:
2

Sum! (x, y) =

2

I I

Template l (i, j). Edgepos(x + i, y + j)

(5.1)

i=-2j=-2

The template yielding the highest sum represents the initial search direction.

5.3 Search for an edge pixel in the estimated direction
The last edge pixel found is first projected perpendicularly onto the estimated line,
this position is called (xe,ye)' Within a search region defined along the estimated line,
with starting point (xe,Ye)' more edge pixels, hopefully originating from the same
object edge, are sought. The search-region is defined by two parameters, the search
length and the search width, and can be visualised as follows:
\

\

sub-pixel position

··..........
..
..
· .
..
..
..
"

0° • • '1. •

Figure 5.2 The search-region based on the line direction

The search-region is scanned for an edge pixel favouring a pixel in co-linear
direction, over a pixel in perpendicular direction to the line.
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5.4 Least-squares line estimation
Every time a new edge pixel is found, a least-squares line estimation is performed to
calculate the parameters for the equation ax+by+c=O. The derivation of the optimum
values for a, b and c has been described in [2] en [4] but will be repeated below,
using a slightly different but more understandable approach. The best fitting line
through a set of points is determined by minimising the sum :
n

(5.2)

q = L(ax i + bYi +C)2
i=)

By minimising this sum, the quadratic perpendicular distance of a set of n points to a
line is minimised. The best a,b and c can be found be solving the following three
equations:
:: =2(aLx; +bLXiYi +cLx;)=O

:~ = 2(aLx iYi + b LY; +CLYi) = 0
:~ =2(aLx

i

(5.3)

+bLYi +nc)=O

For convenience the following sums are defined:
n

n

Sx = LXi' Sy
i=\

= LYi'

n

n

Sxx = LX;,

i=l

i=\

n

Syy = LY~' SXy
i=)

= LXiYi

(5.4)

i=J

Eliminating c, from the first two equation, leaves the following matrix equation to be
solved:

(5.5)

Now the elements of the matrix are defined as follows:
S

x

xx -S2
-

Sn
- [ S _ S'"
xy

n

S
xy
xy -S-]
S)J
n_

S _ S:
YY

n

-

S12

[s" sJ

(5.6)

And a non-trivial solution can be found by determining the eigenvectors from the
= O.
eigenvalues of The eigenvalues can be determined by solving
The eigenvalues of S are as follows:

S.

IS - All

(5.7)
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Using this eigenvalues an eigenvector can be determined. A valid eigenvector is for
instance:

(5.8)

Normalising the length of this eigenvector 1, ex can be determined.

(5.9)

Analysing the two eigenvectors reveals that A2 results in the smallest sum q, thus a
vector parallel to the expected line direction. Whereas AI results in a vector
perpendicular to the expected line direction.
Special cases occur when SI2=O. In these cases the line is either vertical (if SII<S22)
resulting in a=l and b=O, or horizontal

(ifSII~S22) resulting

in a=O and b=1.

Parameter c can be determined by solving:

8q =0
8c

~

aS x + bS y
c=-----'n

(5.10)

5.5 Removing noise lines
Noise lines are generally lines with a short length, usually originating from surface
texture or shadows. Removing these lines solely based on their length can result in
also removing the edges from small objects. Therefore an adaptive algorithm is
desirable, this algorithm should remove lines based on the size of the objects in the
Image.
This can be realised by removing lines shorter than a certain percentage of the
average line length, rather than removing lines shorter than a number of pixels. This
new parameter 'min. length %' is less sensitive to variations in the scene and requires
no user interaction. Therefore it can be set to a fixed value.

5.6 The parameters
Three parameters are involved with the line extraction algorithm, the search length,
search width and min. length %. Various experiments have revealed the following
influence of the parameters on the extracted lines:
- Increasing the search length increases the average line length. A large search length
(>20) produces large overshoots of lines, especially if the threshold level is set low
producing noisy edge images. Setting a very short search length «4) results in
large lines to break up into smaller segments. Choosing a value between 5 and 10
seems to give the best results. In chapter 7.3, the influence of the search length on
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the extracted line image is analysed thoroughly, by applying two criteria in order to
calculate the line image quality.
- Choosing a large search width will result in curves being extracted as straight lines.
Even corners with an angle close to 1t, will not be extracted if the search width is
set to large.
egde pixels

~

~

missed corner

extracted line
Figure 5.3 Comers can be missed when using a large search width

Setting a search width of 0, will cause large lines to break up into smaller
segments, since edge pixels belonging to the same object edge are more likely to be
missed. Choosing a value of I seemed to give the best results during testing, and
also follows from the analysis of the influence of the parameters on the line image
quality, as described in chapter 7.3.
- Choosing a value of 50-75% for the 'min. length %' parameter, causes most noise
lines to remove, leaving the lines belonging to object edges intact.
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6. The parameters of structural matching

6.1 Introduction to structural matching
Structural matching deals with the recognition of 3D objects from 2D line images. Its
task is to recognise subsets of lines that may correspond to (part of) an object. From
the lines extracted from the grey-level image by low-level vision, the structural
matching module tries to identify sets of image lines as coming from a specific
object contour. The output of structural matching is a number of sets of image lines
that represent object edges. For each line-structure line of an object type, the found
candidate image line is given. The output of structural matching is used as an input
of geometrical matching.
The structural matching module uses a knowledge-based system to search in the set
image lines of a line image to find typical structures related to an object viewed by a
camera in a particular way. The objects are described in a knowledge-base as a series
of predicates that define the properties of the lines in a subset. An example of a
knowledge-base is given in appendix D.
The scenes to be analysed contain objects from a set of objects described in appendix
A. Most of the objects are partially seen by the camera. Some object edges may not
be present in a line image due to occlusion or the absence of intensity changes. Also
many image lines are present that do not represent object edges, but originate from
shadows, surface texture or from objects outside the workpiece.
The lines, extracted from the grey-level image, representing object edges are usually
distorted. This distortion can originate from the conversion from grey-level image to
line image, or from the camera calibration process. Actually the distortion can be
split into three parts :
- the line length, causing the line to be enlarged, due to noise edges, or shortened,
due to lack of contrast.
- a shift in perpendicular direction to the line, caused by the thickness of the plates
the objects are build from. It can also originate from errors introduced during the
camera calibration procedure.
- the angle of the line, sometimes occurring when extracting short lines from lowcontrast grey-level images, due to the influence of noise edge pixels.
The actual angle of the line is most influenced by the camera calibration procedure,
causing errors in the calculation of the vertical vanishing point and the horizon
line, during the structural matching process.
To cope with these kinds of distortion a number of parameters are used in the
structural matching process.
Most parameters cope with the distortion of the line length since this is the most
common type of distortion. The parameters that cope with this kind of distortion are :
Max. dist. Lprox2, Max. dist. Lprox3, Max. dist. Tprox2 and Max. overshoot.
The parameter Max. 2DPHI error copes with the errors introduced by the camera
calibration procedure, causing a change in the angle of a line.
The parameter Max. C error copes with the shift of a line in perpendicular direction.
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In the remaining of this chapter all parameters influencing the structural matching
process will be described.

6.2 Max. 2DPHI error and Max. C error
These parameters are introduced to cope with the errors introdul.:t:u by the camera
calibration procedure and the line extractor. Due to these inadequacies, an image line
can be rotated around its middle point and shifted in perpendicular direction of the
image line.
The parameter Max. 2DPHI error defines the maximum allowable angle of rotation
of an image line around its middle point. It is specified as an angle in degrees.
The parameter Max. C error defines the maximum allowable shift of an image line,
in perpendicular direction. So this parameter represent the maximum error of 'c' in
the line equation: ax + by + c = O. The parameter is specified as a percentage of the
image width.
These parameters are used in the vertical, parallel and perpendicular predicates.
Because of the slightly different usage of the parameters in these three predicates,
they will be described separately.

Usage in the vertical predicate.
The vertical predicate is used to determine whether or not an image line could
represent a vertical object edge. An image line can be classified as vertical if the line
running through the image line intersects the vertical vanishing point. The vertical
vanishing point can be determined by calculating the intersection of a line,
perpendicular to the ground plane and running through the optical centre, with the
image plane. The ground and image plane can be calculated from the camera
calibration matrix. The calculation of the image plane, ground plane and vertical
vanishing point from the camera calibration matrix is described in [5].
Because of non-ideal images, the line running through the vertical image line may
not intersect the vertical vanishing point. To determine if a line is possibly vertical
the middle point is shifted by Max. C error in perpendicular direction. Then the
angles of the two lines running through the vertical vanishing point and the two
shifted middle points are calculated. If one of the two calculated line angles differ
less than Max. 2DPHI error from the angle of the image line, the image line is
classified as vertical.
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Figure 6.1 Visualisation of the parameters used by the vertical predicate

Thus the image line is classified as vertical,
if ( I~I

- ~I < Max. 2DPHI error)

or ( 1~2 - ~I < Max. 2DPHI error)

A special situation occurs when the vertical vanishing point lies at infinity. Meaning
the image plane is perpendicular to the ground plane. If the angle of the line
perpendicular to the ground plane and running through the optical centre is called
~vert' Then an image line is classified as vertical,
if I~vert

- ~I

<Max. 2DPHI error

In this case the parameter Max. C error is not used.
Usage in the parallel and perpendicular predicates
The parallel predicate is used to determine if two image lines could represent parallel
horizontal object edges. The perpendicular predicate is used to determine if two
image lines could represent horizontal object edges that form an angle of 90°.
Because the parameters are used in the same manner in both predicates, only the
usage of the parameters in the parallel predicate will be explained.
Two image lines representing parallel horizontal object edges can be classified as
parallel, when they intersect in the horizon line. The horizon line can be obtained by
calculating the intersection of two different horizontal (in world coordinate system)
lines, running through the optical centre, with the image plane. The horizon line is
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then defined as the line running through these two points on the image plane. A
complete derivation of the horizon line is given in [5].
Because non-ideal images, an image line can be rotated by Max. 2DPHI error and
shifted by Max. C error. This results in a certain region where a horizontal imag~
line intersects the horizon line. When the regions of two image lines representing
horizontal object edges overlap, the 1'NO image lines are classified as para!!el.
The calculation of the region on the horizon line can be visualised as follows:
.

.~

..

region on ~ori~on line
. ~
.
.
:

.

,

horizon line

2 x Max. 2DPHI error

····.JYN~i
'.
.
.,-...
. '.

.

.. ,

Max. C error

~ image line angle $
: shifted image lines

Figure 6.2 Visualisation of the parameters used to calculate a region on the horizon line

Thus when two regions on the horizon line overlap, the two image lines are classified
as parallel.
A special situation occurs when the horizon line lies at infinity. The image plane is
then parallel to the ground plane, i.e. top view. In this case two image lines are
classified as parallel if the angle between the lines differs less than two times the
Max. 2DPHI error. Thus if an image line has an angle of ~l and another image line
an angle of $2' the two images lines are classified as parallel,
if 1~1 -~21 < 2 . Max. 2DPHI error
In this case the parameter Max. C error is not used.

6.3 Max. dis!. Lprox2
(Maximum distance L-proximity of2 lines)
This parameter is introduced to trace the locations where two object edges form an
angle to each other. In an ideal image two image lines having a L-proximity would
have a common vertex, but in a non ideal image the images lines may be shortened
or lengthened due to local absence of intensity changes or due to noise.
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Therefore a maximum shift of the vertices is allowed. The shift is calculated as
follows:
The intersection of the lines running through the two image lines is calculated. This
vertex is called VI. Ifboth image lines have a vertex within the distance of Max. dis!.
Lprox2 to the vertex Vb the image lines will be classified as L-prox2.

. . . . . .. . .
VI

.~:
\

-----fo:..,

.

..

...........~ ,

Figure 6.3 Visualisation of the Max. dist. Lprox2 parameter

Thus the two image lines will have a L-proximity,
if (dist.1 < Max. dist. Lprox2) and (dist. 2 < Max. dist. Lprox2)
The parameter is used only in the evaluation of the L-prox2 predicate.
The parameter is specified as a percentage of the image width. A value of 5 % seems
to give adequate results. However in cases when the object edges are poorly visible,
even in the camera image, a higher value is required. In these cases a value of 10 %
usually suffices, but will increase the number of objects detected, mostly due to
shadow lines. Also the possibility of false objects being detected increases
significantly.

6.4 Max. dist. Lprox3
(Maximum distance L-proximity of 3 lines)
This parameter is introduced to trace the locations where three object edges form an
angle to each other. In an ideal image, the three image lines having a L-proximity
would have one common vertex, but in a non ideal image this may not be the case.
Therefore the intersection point of the first and the second line, running through the
first and second image line, will differ from the intersection point of the first and
third line.
If three image lines have a L-proximity can be calculated as follows:
First the intersection point of image line 1 and 2 is calculate, this vertex is called VI'
The intersection point of image line 1 and 3 is called V2. If the distance between the
vertices VI and V2 is smaller than Max. dis!. Lprox3 the three image lines are
classified as L-prox3. Image line 3 usually represents a vertical object edge.
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Figure 6.4 Visualisation ofthe Max. dist. Lprox3 parameter

Thus the three image lines will have a L-proximity,
if ( dist. < Max. dist. Lprox3 )
This parameter is used only in the evaluation of the L-prox3 predicate.
This parameter is specified as a percentage ofthe image width. A value of 1 % seems
to give adequate results, since this distance is only influenced by the thickness of the
steel plates, used to contruct the T-stiffener.

6.5 Max. dist. Tprox2
( Maximum distance T-proximity of2 lines)
The max. dist. Tprox2 parameter is introduced to distinguish T-profiles from Lprofiles. This parameter has a close resemblance to Max. dist. Lprox2, however the
T-proximity of two lines is calculated differently and can be calculated as follows:
First the intersection of the lines running through the two image lines is calculated. If
the intersection point lies on the first image line and the distance of the closest vertex
of line two to the intersection point is less than Max. dist. Tprox2, the two image
lines are classified as Tprox2.
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image line 2

Figure 6.5 Visualisation ofthe Max. dis!. Tprox2 parameter
Thus the two image lines will have aT-proximity,
if ( dist. < Max. dist. Tprox2 ) and (vI on image line I )
This parameter is used only in the evaluation of the T-prox2 predicate.
This parameter is specified as a percentage of the image width. A value of 5 % seems
to give adequate results. In some cases, when the image lacks contrast, a higher value
has to be used. In these cases a value of 15 % can be used without the consequence
of false objects to be detected. However due to the thickness of the plates, the same
object can be detected more than once. A type line image containing some Tstiffeners is shown in Figure 2.4.

6.6 Min. dist. Tprox3
(Minimum distance T-proximity of 3 lines)
The min. dist. Tprox3 parameter is introduced to distinguish L-profiles from Tprofiles, rather than to cope with distortions in the line image. If three image lines
form a comer of an object the three lines should intersect in one common point (the
comer of the object) in case ofa L-proximity.
In case of aT-proximity the three lines should not intersect in one common point.
The T-proximity of three lines is calculated in exactly the same manner as the Lproximity of three lines. First the intersection point of the lines running through
image line 1 and 2 is calculated, this vertex is called VI' Next the intersection point of
the lines running through image line 2 and 3 is calculated, this vertex is called V2'
If the distance between the two vertices is bigger than Min. dist. Tprox3 the three
image lines are classified as Tprox3. Image line 3 usually represents a vertical object
edge.
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Figure 6.6 Visualisation of the Min. dist. Tprox3 parameter

Thus the three image lines will have aT-proximity,
if ( dist. > Min. dist. Tprox3 )
This parameter is only used in the evaluation of the T-prox3 predicate.
This parameter is specified as a percentage of the image width. A value of I % seems
to give adequate results. Usually this value is chosen the same as the Max. dist.
Lprox3 parameter, in order to distinguish between L- and T-profiles.

6. 7 Max. overshoot
In a non-ideal image the image lines may be lengthened due to noise. To overcome
this problem a maximum overshoot of a line is allowed. Before evaluation, the image
line evaluated is shortened by max. overshoot at both end-points.
The parameter is used in the predicates above, below, left and right.
These predicates evaluate a relationship between two lines, the first line is always the
image line having a relationship, identified with the name of the predicate, with the
line running through the second image line..
For instance left( 1,2), which evaluates if image line 1 is on the left side of the line
running through image line 2, is evaluated as follows.
First the image line I is shortened by max. overshoot at both end-points.

Figure 6.7 Visualisation of the max. overshoot parameter
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Then the position of the new begin and end vertex is evaluated. In this case, the two
new vertices should be on the left side of the line running through image line 2.
If the length of image line 1 is smaller than two times max. overshoot, the image line
I is reduced to a single point, and the position of that point is evaluated.
The parameter max. overshoot is also used in the predicates between and same_side.
These predicates evaluate a relationship between three lines. These predicates make
use of the left, right, above and below predicates.
The parameter max. overshoot is specified as a percentage of the image width.
The predicate between(l ,2,3) evaluates if image line 1 lies between the lines running
through the image lines 2 and 3.
Between(l,2,3) is evaluated true if,
left(I,2) and right(I,3) or
left(I,3) and right(1 ,2) or
above(I,2) and below(l,3) or
above(I,3) and below(1,2)
The predicate same_side(I,2,3) evaluates ifimage line 2 and 3 lie on the same side
of the line running through the image line I.
Same_side(I,2,3) is evaluated true if,
left(2, 1) and left(3, 1) or
right(2, 1) and right(3, 1) or
above(2,1) and above(3,1) or
below(2,1) and below(3, 1)

6.8 Par. angle
(Parallel angle)
The parameter Par. angle is introduced to distinguish parallel lines from not parallel
lines in the two dimensional image.

': :_.::

). ~ngle
........

Figure 6.8 Visualisation of the par. angle parameter
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The lines are classified as parallel_2D,
if (angle < par. angle)
The parameter par. angle is used in the evaluation ofthe parallel_2D predicate.
The parameter is specified in degrees.
Parallel_2D is not often used because it works on the 2D image lines rather than
using camera calibration infonnation.

6.9 Length percentage
The parameter length percentage is introduced to evaluate if two lines have the same
length in the 2D image.
Two 2D image lines are identified as having the same length,
if (shortest line> length percentage/l 00

* longest line)

The parameter length percentage is used in the evaluation of the same_length
predicate. The parameter is specified as a percentage of the longest line.
Same_length is not often used because lines in a image are not always entirely
visible, so nothing can be said about their real length. Even due to perspective, two
lines having the same length in a 3D image, could have a different length in the 2D
image.
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7. Optimisations to low-level vision

7.1 Introduction
The low-level vision module presented in chapter 3.1, required 12 parameters to be
set. By changing both the edge detection and line extraction algorithms, as described
in chapters 4 and 5, the number of parameters has been reduced to 5. The modified
low-level vision module with its parameters is visualised below.
gray image (.img)

lens
correction
corrected gray image
(.imc)

convolution

L..!k~e~rn~e:!..:1s~iz~e:..J--~~ (horz/vert)

horizontallvertical
kernel response (.hed/.ved)

threshold

edge
detection
edge pixels with
sub-pIXel accuracy
(.cpo)

search length )-----+1
search width )------.1

line
extraction
extracted lines

length %

noise lines
remover

line image (.Idr)

Figure 7.1 The modified Low-Level Vision module
In chapters 4.4 and 5.6 a short overview of the influence of the parameters on the
edge detector and line extraction algorithms has been given. In the remaining of this
chapter a method will be presented for automatically determining the threshold level.
Also the influence of the threshold level, the search length and search width on the
image quality is analysed, and a method for removing noise lines based on their
properties is presented.
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7.2 Automatic threshold level determination
The threshold level is the most important parameter in the low-level vision module.
It determines whether or not all object edges are extracted from the grey-level image.
Choosing a high threshold level will rend~r puuriy iHuminaled object edges invisibie
whereas a low threshold level will increase the number of edge pixels originating
from noise, such as surface texture and camera noise.
An optimal threshold level is defined as a threshold level which will produce an
edge-image including edge pixels originating from all object edges, and excluding
most edge pixels originating from noise. This optimal threshold level differs from
image to image depending on the camera used and on the lighting conditions.
Usually the optimal threshold level is between 2 and 8.
By analysing the histograms of the number of edge pixels versus the threshold level
for different images, this optimal threshold level can be determined.
The following figure illustrates the histograms of 15 different images. Included are
very low-contrast images, and exceptionally high-contrast images as well. Even 5
images taken at the shipyard near Athens in Greece are included.
In(#edge pixels)

optimal #edge pixels
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Figure 7.2 Histogram of the #edge pixels versus the threshold level
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For easier interpretation the logarithm of the number of edge pixels has been taken.
From this figure it is obvious that the histogram is a valuable tool for interpreting the
overall image characteristics. For instance the two most left curves are from images
with a very poor contrast, and the two curves on the right side are from images with
a very high contrast. But the most valuable property that can be learned from this
figure, is the sudden explosion of the number of edge pixels when the threshold level
is lowered.
The optimal threshold level at which the number of edge pixels starts to explode can
be determined by locating the peak value of the second derivative from the
histogram.
The number of edge pixels at this threshold level, as can be determined from the
figure, should be around 8000. When no appropriate threshold level can be
determined, usually with very low contrast images, a backup value of 8000 edge
pixels is used to select the' optimal' threshold level.

7.3 Analysis ofthe influence ofthe parameters ofLLV
By analysing the influence of the threshold level, the search length and the search
width on the extracted line image quality, hopefully a relation can be determined
between the parameters and the image quality.
For determining the image quality, two criteria are introduced. The first criterion
deals with the correct extraction of an image line, originating from an object edge.
The difference in length between the extracted line and the corresponding model
line, is calculated and used as a penalty. The second criterion deals with the fact that
only the lines originating from an object edge should be extracted, all other lines are
noise lines. Therefore all more lines extracted than the number of model lines are
used as a penalty.
The model used to compare the extracted lines image against, is manually generated
as follows. First the parameters are set to such a value, a usable result is obtained.
Meaning all object edges are extracted in the best way possible. Then the extracted
lines are lengthened or shortened until a perfect line image is obtained, consisting of
only the lines originating from the edges of the object. This line image is then used
as a model. Four model line images are given in appendix B.
The criteria applied are as follows:

..

cntenon l

=

#m~ineS( length(correspondingline j )
L..

..

length(mOdelline j ) )

length(modelline;)

;=1

cntenon 2

-

(7.1)

# extractedlines - # modellines
=---------# modellines

To find a corresponding line to a model line, a rectangle is defined around the model
line. The size of this rectangle is dependent on the search length and search width
parameters and can be visualised as follows:
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Figure 7.3 Rectangle defined around an image line
When an image line lies within this rectangle, it is used as the corresponding line in
the calculation of criterion one. Because more lines can fall within this rectangle, the
line yielding the best criterion, meaning the image line which differs the least from
the model line, is used.
These criteria are calculated for four different images. Two images are from the
shipyard near Athens in Greece thus representing 'real' working conditions. One
image contains various objects, and is taken with average lighting conditions. The
last image is taken with carefully chosen lighting conditions, and with only one
object filling most part of the image. The two criteria have been applied to all four
images for different parameter settings. The threshold value is varied from 1 to 40,
the search width from 0 to 6 and the search length from 1 to 50. Thus low-level
vision has to be run 40x50x7= 14000 times per image, meaning for four images a
total of 56000 runs of low-level vision. The kernel size as well as the min. length %
are set to a fixed value. The kernel size is set to 2 since choosing a higher value
decreases the performance around corners of objects, as described in chapter 4.4. The
min. length % is set to 50 %, ensuring even small object edges are extracted. The
min. length % parameter has no further influence on the way image lines are
extracted, it is merely a way of removing noise lines at the end of the low-level
VISIon process.
In appendix C the two criteria are visualised for different parameter values, of all
four images shown in appendix B. The next figure visualises the values of the first
criterion when the threshold level and the search length are varied.
5earch ...cII1 =1
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Figure 7.4 The first criterion applied to the camera image shown in Fig. B·5
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A higher value for the criterion, and the whiter in the figure, the better the extracted
lines match the model lines, thus the better the line image quality.
From this figure it becomes clear that varying the threshold level, has much more
influence on the image quality than a variation of the search length. If the threshold
is lowered beyond a certain point the image quality drastically decreases. This occurs
when the threshold level is set below the point where the number of edge pixels
starts to explode (as described in chapter 7.2). Therefore the threshold level should
always be set just above this point.
Analysis of the influence of the search length reveals that for rather simple images,
with only large object edges (i.e. occurring in an image of a cube) , the search length
should not be longer than 22, which can be deducted from Figure 7.4. For more
complex images, with more smaller object edges the search length decreases. In case
of the camera images taken at the shipyard, the search length should not be extended
beyond 10, which can be deducted from the results presented in appendix C.
Analysis of the influence of the search width parameter on the image quality, which
is shown in Fig. C-5 for one camera image, reveals that a value of 1 will produce the
best results in all tested images.
The next figure visualises the value of the second criterion when the threshold level
and search length are varied.
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The second criterion applied to the camera image shown in Fig. B-3

The higher the value for the second criterion, and the whiter in the figure, the more
noise lines are extracted. Thus a value of is optimal, a negative value occurs when
not all object edges are extracted and a positive value identifies that noise lines have
been extracted.
The influence of the threshold level is quite clear from the figure, a lower threshold
value increases the amount of noise lines extracted. The optimal value of the search
length seems to be at 10, which is the same as deducted from the first criterion.
The influence of the search width on the second criterion is not shown, since this
influence is neglectable.

°
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7.4 Removal ofnoise lines
By using the results from chapters 7.2 and 7.3, all parameters of the low-level vision
module can be set automatically. Using this automatic parameter settings still leaves
some noise lines present in the line image. This results from setting the threshold
level close to the noise level, so even weak discontinuities, resulting from poorly
illuminated object edges, are extracted.
Since the speed of the structural matching process is highly dependent on the number
of lines and the number of false detected objects increases when more noise lines are
present, reducing the number of noise lines actually improves the structural matching
process.
The problem arising when noise lines have to be removed is how to identify if an
image line is actually a noise line. Therefore an assumption has to be made that an
image line resulting from noise is extracted differently for two subsequent threshold
levels. An image line resulting from an object edge will differ slightly for two
subsequent threshold levels. Based on this assumption a new module has been
developed.
This new module firstly detennines the optimal threshold level by analysing the
histogram generated by low-level vision. Then low-level vision is started for two
subsequent threshold levels, one just above and one below the optimal number of
edge pixels level. Finally, the two generated line images are examined, and only the
image lines are saved that are present in both line images. This module called the
'low-level vision controller' is visualised on the next page:
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execute LLV
to create
histogram

fixed parameters :
kernel size
search length
search width
length %

histogram

more/less lines
#edge pixels

execute LLV
high threshold

execute LLV
low threshold

remove lines
with no
correspondance

Figure 7.6 The Low-Level Vision controller

Now only one parameter requires to be set, it determines if more or less lines than
the lines extracted with the automatically estimated parameters have to be extracted.
This parameter is far less sensitive to scene variations and is easy for the user to
comprehend.
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8. Conclusions and recommendations

8.1 Conclusions
The ultimate goal of totally banning the requirement to set the parameters by hand is
not reached. However a big step is made towards this goal. The number of
parameters of low-level vision, requiring the attention of the user, has been reduced
from 12 to 1. This single parameter solely controls whether more or less lines are
extracted.
Since the quality of the extracted line image by low-level vision has been improved
significantly, the need for adjustment ofthe parameter of structural matching has
been reduced. The parameters of structural matching can now be set to a fixed value.
The quality of the extracted line image has been improved by a new edge detector
algorithm, a new line extractor algorithm and a correspondance finder to remove
noise lines.
Various experiments have shown that the new low-level vision requires almost no
user interaction at all. However there are always situations thinkable when a different
parameter setting would produce better results, nevertheless these situations have
become rarer with the new low-level vision module.

8.2 Recommendations
The little parameter setting that is left to the user could be automated as well. The
setting of these parameters can not be determined by a mathematical approach. The
actions taken by the user to overcome a certain problem by changing certain
parameters should be investigated, and this knowledge could be moulded into a
script. This script should contain most occurring errors and what actions to take
when these errors occur. In appendix E a proposal is given of how a script could be
made.
The quality of the extracted line image is highly dependent on the good illumination
of the object. If the illumination could be automated in some way, the quality of the
extracted line image, and at the same time the completeness of the geometrical
description, is expected to increase.
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Appendix A Object Models

e4

e2

Object type nr. 1 T-stiffener

e9

Object type nr. 2 Plate

e6

e8

e1
e4

e3

Object type nr. 3 Web

Object type nr. 4 Strut
e2
e4

t'---.:._-~ e8
e9
e10;

e1
e7

r

e5

/' - - -e-12/

/ /e11
e6

Object type nr. 5 L-stiffener

Object type nr. 6 Cube
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Appendix B Representative images with their models
During the analysis of the influence of the parameters of low-level vision, four
representative images are used. These four images are illustrated below. The first two
images are taken at the ship repair yard near Athens in Greece, thus representing
'real' working conditions. The next two images are taken in a laboratory of the
Measurement and Control group of the department of Electrical Engineering of the
Eindhoven University of Technology.

Fig. 8-1 Grey-level image of a typical workpiece

Fig.8·2 Model line image of Fig. 8-1

Fig. 8-3 Grey-level image of a typical workpiece

Fig. 8-4 Model line image of Fig. 8-3

Fig. 8-5 Grey-level image with average lighting

Fig. 8-6 Model line image of Fig. 8-5
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Fig. B-7 Grey-level image of only a cube

Fig. B-8 Model line image of Fig. B-7
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Appendix C Visualisation of the influence of the parameters of LLV
As described in chapter 7.3, two criteria are applied for determining the image
quality. The first criterion deals with the correct extraction of an image line. The
second criterion deals with the fact that only the lines originating from an object edge
should be extracted.
The next five figures show the value of the first criterion, calculated from the four
grey-level images and their corresponding model line images as shown in appendix
B. When displaying the first criterion, a higher (and whiter in the figures) value,
represents a better correspondence between the extracted lines and the model lines.
The following parameters are varied:
- the search length, from 1 to 50.
- the search width, from 0 to 6.
- the threshold level, from 1 to 40.
The search width is kept constant in the following four figures.
Search width = 1
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Fig. C-I The first criterion applied to the image as shown in Fig. B-1
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Fig. C-2 The first criterion applied to the image as shown in Fig. B-3
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Fig. C-3 The first criterion applied to the image shown in Fig. B-5
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Search width = 1
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Fig. C-4 The first criterion applied to the image shown in Fig. B·7

The influence of the search width on the first criterion is almost the same for all four
images. Therefore the first criterion is shown applied to only one image, on which
the variation of the search width has the most influence. In the next figure the search
length is kept constant.
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Fig. C-5 The first criterion applied to the image shown in Fig. B-3
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The next figure shows the value of the second criterion applied to one image. Since
the result is the same for all four images, the result of only one image is shown. The
influence of the search width on the second criterion was minimal, so only one
search width value is shown.
In the next figure, in contrast to the prior five figures, a higher (and whiter in the
figure) value, represents more u..Tlwanted noise lines. Thus the closer to zero the
value, the better the result.
Search width
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Fig. C-6 The second criterion applied to the image shown in Fig. B-3
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Appendix D Example of a knowledge-base
An example of a knowledge-base, used to identify image lines as coming from a part
of aT-stiffener, is shown below. Only the part is shown, that identifies T-stiffeners
seen from the left side. A second line-structure, which is not shown, is used to
identify T-stiffeners seen from the right side.
Object 1 T_stiffener
Linestructurel
Line 1 if TRUE
if vertical(l)
found_line (1)
Line 2 if ex(1)
if Tyrox2(2,1) and
below(1,2)
found_line (2)
Line 3 if ex(2)
if Lyrox2(2,3} and
perpendicular (2, 3) and
above (3,2) "and
right(2,3) and
Tyrox3(2,3,1) and
left (3,1)
found_line (3)
Line 4 if ex(3)
if parallel(3,4) and
Lyrox2(2,4) and
perpendicular (2, 4) and
left(2,4) and
above (4, 2) and
between(2,3,4) and
Tyrox3(2,4,1) and
below(l,4)
found_line (4)
Line 5 if ex(4)
if Lyrox2(1,S) and
parallel(3,S) and
paralle!(4,S) and
above{l,S) and
left (5, 1)
found_line (5)
Line 6 if FALSE
if FALSE
found_line (6)
Line? if FALSE
if FALSE
found_line(?)
_··_····_···-Goal-·'··rr·~minimal~nmhr:I{iies(5;7)···

found_object ()

61

Appendix E

An example of a script, used for recognising Tstiffeners

In this appendix a proposal is made for a script. This is only a proposal, and nothing
has been implemented nor tested yet.
A script could help to reduce the necessary human interaction to zero. Before a script
can be written, a thorough study has to be made of the most frequent problems
occurring, when a certain object is extracted. The actions taken by a human user to
overcome a certain problem, and even so important, on what these actions are based,
have to be moulded into a script.
The rest of this appendix deals with the creation of a script for recognising Tstiffeners.
For estimating the height and width of aT-stiffener, geometrical matching needs at
least five distinctive line-structure lines. These lines are illustrated in the figure below.

Fig. E-l Necessary lines needed by geometrical matching

The minimum amount of model lines that are distinctive for a part of aT-stiffener are
4. Namely line-structure lines 1,2,3 and 4, so only line 5 can be missed by structural
matching. Therefore a knowledge-base searching for T-stiffeners should at least find
above mentioned model lines. Mode1line 5 is only needed for geometrical matching
to converge.
From many line images ofT-stiffeners, created by low-level vision during testing and
demonstrations, it has become clear that if no T-stiffener could be found, this was
always due to an incomplete line image.
Most often the line-structure line 1 was incomplete, it was either broken in pieces or a
part at the top or bottom of the line was missing, as illustrated below.

~

Fig. E-2 Incomplete line-structure line 1

Based on the results of structural matching, either structural matching could be
invoked with less stricter parameters, or low-level vision could be invoked to look for
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more lines, or in case of the line-structure line 1 broken into pieces, a line connect
program could be invoked.
The decisions to make whether to restart structure matching, invoke low-level vision
or invoke a line connect program, are highly dependent on the knowledge-base used,
which model lines are needed for geometrical matching and on the object looking for.
Hence every ohject together with its knowledge-hase comes with its own descriptions
of the actions to take if that object is not recognised. Such descriptions can be derived
from monitoring both the problems and the according actions to correct or overcome
thesc problems.
For instance in the case of extracting T-stiffener, the following guidelines could apply:
Execute low-level vision
Execute structural matching to look for T-stiffeners
while (not all T-stiffeners found) and (still know what to do)
case T-stiffener.not found:
pass 1..3 : Increase T-prox2 and execute structural matching
pass 4 : Execute low-level vision to lookfor more lines
: don't know what to do anymore
pass 5
case Only line-structure line 5 not found:
pass 1..3 : Increase L-prox2 and execute structural matching
pass 4
: Execute line connect to connect vertical lines.
: Execute low-level vision to look for more lines
pass 5
pass 6
: don't know what to do anymore
end while
These guidelines could be moulded into a script file, which in tum could be
interpreted by a script interpreter.
This script interpreter should, among other things, be capable of the following:
- Execute other programs
- Change the parameters of the programs called
- Assign names to the data transported between programs
- Evaluate conditions
- Perform some conditional loops
- Increment/decrement counters
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