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Abstract

Digital photogrammetry has been a very active and productive research field for years.
Great strides have been made possible by the recent developments in digital sensors,
advanced microprocessors, array processors, computer vision technique, and the
decrease in software and hardware costs. Its application areas in a close range field have

been extended to architecture, medicine and industry.

The purpose of this research is to study methods used in digital photogrammetry and
machine vision, and develop them into a measuring system for industrial monitoring. The
digital photogrammetry system includes steps of camera orientation, feature extraction,

3D object construction and the application of the recognition of regular objects.

Images of industrial components are generally characterised by sharp discontinuities,
which represent features on the object. The accurate extraction of these discontinuities,
which are characterised by the peak of the intensity change in the image, is an important
step of machine vision and digital photogrammetry. A method has been developed, which
detects edges with subpixel accuracy. Edge detection results in edge points chained
along object boundaries projected in the images. The line segmentation method is applied
to slip and merge edges into straight lines or regular curves in terms of the local direction
of edges. These lines can be linked at terminals by the constraints of distance and
orientation to form surface patches. The image processing transfers raw image data into
a geometric graph. The data to be processed are reduced, but the extracted features

become more meaningful and easier to calculate.

To transform image coordinates into object space or match image features in stereo
images, it is necessary to establish the relation between the 3D object coordinate system
and the 2D image coordinate system. An automatic or semi-automatic procedure of
camera orientation has been developed for the digital photogrammetric system. In the
application, small bright balls mounted on a calibration frame serve as control points. The
edges along the contour of targets are detected, which determine the central location and

size of targets. The precise camera parameters are then calculated by a bundle
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adjustment, while the initial approximations of the parameters are transformed from DLT

computation.

Using two or more CCD cameras, the 3D surfaces of objects in the scene can be
constructed by matching the same geometric properties in different images with the
addition of the epipolar line constraints. A 3D straight line is simply presented by 3D
coordinates of its two terminals, while a 3D regular curve can be described by a plane in

object space and 2D curve parameters on the plane.

In order to recognise objects in the scene, a CAD system is used to design models which
are output in DXF files. An inference system is then applied on DXF files to create
graphic presentation. The descriptions of models in the database is the same as an object
in the scene. The process of object recognition is performed by a detailed comparison
between the potential matching graphs of a model and an object, and the 3D
transformation between them. The object recognition process results in the identification

of the sensed object, its position and orientation.

The methods described above were investigated, and software was developed and tested
on several industrial components. The results obtained indicate the feasibility and

applicability of digital photogrammetry for industrial monitoring.
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Chapter 1 Introduction

1.1  General

Automatic measurement and interpretation of the physical world from remote sensing
data is one of the most challenging problems in many engineering and physical science
fields. A typical example is work transfer robots, which are required to recognise objects,
as they pass along the assembly line, and to determine the next appropriate action which
should be taken on them. The task of quality control, on the other hand, involves
amongst other requirements, the precise checking of dimensions of the manufactured

parts to ensure that they satisfy the specifications of the product.

Many machine vision systems developed so far have been based primarily on range
images which contain direct measurements of the 3D properties of objects. Each pixel of
the image represents a depth value of the object surface, giving relative distances
between the surface point and the viewer. Using range images, the ambiguities of the
feature interpretation which usually occurred in an intensity image, such as shadows,
surface markings or illumination, are eliminated. The method can determine 3D geometry
of objects directly with precision as high as 50 um (Littlehales and Rioux, 1992), a
precision that is difficult to achieve with a digital photogrammetric system. However, an
intensity-based vision system is still acceptable not only because of its relevance to
biological vision but also because of the robustness of passive sensing for industrial and
other applications. There are a number of advantages in the use of intensity imaging
systems, including: the intensity data is viewable by an operator and can reveal more than
geometric information, eg. colour, texture, blemishes; features such as edges and faces
can be extracted from the object by image processing, provided that these features are
apparent in the image; lighting can be varied to accentuate various elements in the object.
The facilities of the intensity imaging systems are more flexible to set up in an industrial
environment and cheaper to purchase. The algorithms extracting shape information from

intensity images can be classified as the following:
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Shape from Shading : The method exploits the changes in the image intensity
(shading) to recover surface shape information. This is done by calculating the
orientation of the scene surface corresponding to each point in the image. In addition
to the constraint imposed by the radiometric principles, the method requires that the
surfaces are smooth in order to calculate surface orientation parameters. Clearly, the
smoothness constraint is not satisfied at all points and the surface reflectance is not
always known accurately, resulting in inaccurate reconstructions (Horn and Brooks,

1989).

Shape from Focus : Due to the finite depth of field of optical systems, only objects
which are at a proper distance appear focused in the image, whereas those at other
depths are blurred in proportion to their distances. Algorithms to exploit this blurring
effect have been developed. The image is modelled as a convolution of focused
images with a point spread function determined by the camera parameters and the
distance of the object from the camera. The depth is recovered by estimating the
amount of blur in the image, using the known or estimated line spread function. If the
estimation of line spread function or the amount of blur is not correct, however, there

exists a large error in determining the shape of a scene object.

Shape from Stereo : Stereo disparity refers to the shift in the image position of a 3D
localised entity in the scene when two or more cameras are used. The shape and
depth can be derived by ray intersection in the use of image disparity information.
This method is well established in photogrammetry or stereo procedures. The main

problem in the method is to detect conjugate pairs of points in the stereo images.

Shape from Motion : When images of a stationary scene are acquired using a
moving camera, the displacement of the image plane coordinate of a scene point from
one frame to another depends on the distance of the scene point from the camera.
This is thus similar to the problem of shape from stereo. Alternatively, a moving
object also produces motion disparity in an image sequence captured by a stationary
camera. Such a disparity also depends upon the position and velocity of the object

point.
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® Shape from Texture : Image plane variations in the texture properties such as
density, size, and orientation are the cues exploited by shape from texture algorithms.
For example, the texture gradient, defined as the magnitude and direction of
maximum change in the primitive size of the texture elements, determines the
orientation of the surface. Quantifying the change in the shape of texture elements is
also useful to determine surface orientation. From images of surfaces with textures
made up of regular grids of lines, possibly due to structured lighting, orientation may
be uniquely determined by finding the vanishing points. Besides being an indirect
method for depth computation, this method also suffers from difficulties in accurately

locating and quantifying texture primitives and their properties.

There are advantages and disadvantages in the use of each of these methods, depending
on the type of applications, their environments and conditions. The application of
industrial monitoring relates to dimensional inspection, positioning and tracking of
objects, and reverse engineering, which usually requires high accuracy, automation and
real time processing. Digital photogrammetry, which is a “shape from stereo” method,
is the technology of obtaining reliable information about physical objects through
processes of recording, measuring, and interpreting digital images, based on two or more
overlapping images. Its emphasis is placed on accuracy and reliability. Therefore, digital
photogrammetry, among the above technologies, is best suited to the application of

industrial monitoring.

Digital photogrammetry has developed from analogue and analytical photogrammetry
over the last two decades, but great strides have been made recently due to the
developments in digital sensors, advanced microprocessors, array processors, machine
vision techniques, and the decrease in software and hardware costs. Without doubt,
digital photogrammetry has become a part of the broad area of machine vision and image
understanding. Its application areas in a close range field have been extended to

architecture, medicine and industry.

Like other technologies, digital photogrammetry is based on certain fundamental

principles and techniques. To design successful practical digital photogrammetry systems
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requires a thorough understanding of all system aspects, from initial image formation to
final scene interpretation. To convert raw data acquired by the sensors to meaningful
information about objects in the scene being interpreted for industrial monitoring
purpose, typical digital photogrammetry systems use the following processing-step

sequence:
e Image capture;
e (Camera calibration;
e Feature extraction;
e Construction of 3D objects from stereo images;

e Application of domain knowledge to recognise or inspect objects in the

scene.

In each of these steps, many factors influence the choice of algorithms and techniques. In
traditional close range photogrammetry, most industrial applications are mainly for
metrology. Close range photogrammetry systems are most successful when measuring

well targeted points in a controlled environment.

Machine vision is a relatively new and rapidly changing field, which pursues the same
goal as human vision: to generate descriptions about the scene from images. The
emphasis of machine vision is on extracting and grouping features, image segmentation,
associating meaning to groups of symbols, geometric modelling, matching and
hypothesis verification. The enrichment of the tool box of image analysis in machine
vision opens the door to digital photogrammetry for full or at least partial automation of
image interpretation. It inserts a new spirit into photogrammetry, leading to the
redefinition of the basic concepts in the field. The image formation process can no longer
be reduced to simply the perspective geometry of the images including the necessary
calibration procedures, but it has to be modelled from the image acquisition to the stage
of image understanding, thus closing the research gap between digital photogrammetry

and machine vision.
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Digital photogrammetry and machine vision are two different disciplines. The former is
more concerned with accuracy, while the latter is more concerned with automatic
recognition, so that they can be complementary each other. However, the technologies in
machine vision are still developing and not general enough to solve the problems in
digital photogrammetry. For example, the application of digital photogrammetry usually
requires the features in an image to be measured with subpixel accuracy, while most
methods in machine vision extract image features in pixel units. The technologies used in
machine vision cannot be simply moved to the digital photogrammetry system.

Therefore, the combination of the methods in both areas is a non-trivial task.

This thesis aims to study some methods used in digital photogrammetry and machine
vision, and investigate their applications in digital photogrammetry for industrial
monitoring. The main task is to develop a complete system which automatically describes
3D regular objects, using the methods of description to represent both models of objects
and the objects themselves, and which recognises each scene object by identifying it with
one of the models. The research pays attention not only to the measurement of industrial
components with high resolution, but also the interpretation of objects in the scene. It is
believed that this combination of digital photogrammetry with machine vision will lead to
an improvement in the knowledge about the tools required for the development of digital

photogrammetry systems for industrial monitoring.

1.2 The Scope of This Research

3D object recognition consists of identifying an object in a scene with a model in a
database, to determine its correspondences, and the 3D information of the object, such as
the orientation and position. Two major factors condition the performance and
competence of a recognition system. One is the method used to describe the objects and
models, the other is the method used to establish the correspondences between objects

and models.

It is essential to develop an appropriate method of describing objects, in order to retrieve

significant information from scenes of 3D objects and effectively represent these objects.
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Objects can be described at different levels as shown in figure 1.1. Lower level

descriptions such as pixel and edges are easier to compute, but they are not stable with

respect to viewing directions. Higher level IV RSSy——"
olume Description

descriptions on the other hand, maintain

their invariance with respect to the change Boundary Description

of environments, but the algorithms to *
I Contour Description|

compute them are very expensive (Rao

and Nevatia, 1986). In the research, a lEdge Descriptionl

graphic representation based on boundary

description is developed because of the Point-wise (Pixel) Description

following reasons: Figure 1.1 : Level of descriptions

¢ Boundary descriptions are richer than edge and pixel description. The computation of
boundary representation is much more robust than that of volume description (Fan,

1990).

e Images of industrial components are generally characterised by sharp discontinuities.
The accurate extraction of these discontinuities results in features of boundaries on
the objects. Therefore, the information of object boundaries is related to feature

extraction,

e The system is designed not only for object recognition, but also object inspection, in

which object boundaries are the main elements measured.

A boundary representation can be viewed as a triple {S, I, G}, where S is a set of
surfaces of the object, I a set of space curves describing the intersections between the
surfaces in S, and G a graph describing the surface connectivity (Jain et. al., 1995). A
graphic representation designed for object recognition is transformed from boundary
representation and presented by planar surfaces which are bounded by straight lines or
regular curves. These surfaces are grouped in terms of their normal directions and are

stored together with their areas and perimeters. The topological relations between
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surfaces are constructed in terms of the centre of each surface and the common edges of

two surfaces.

An object in the scene and the models in the database are presented in the same manner.
The former is reconstructed from the scene, while the latter is created by a CAD system.
Figure 1.2 illustrates a schema of the procedure by means of which objects in the scene

can be constructed and recognised from digital stereo images.

CAD [ | Geometric Matching Scene Interpretation:
System | | Inference Module Object Identification,
Position and Orientation
Model Database

CCD

Edge 4| Line Generation of
Detection | | Segmentation | | Surface Patch | | Construction

@ 8 of 3D Objects
Edge Line Generation of | | by Matching
Detection

cCD Segmentation ™ Surface Patch

Figure 1.2 : Components of an object recognition system

The application of object inspection involves the precise checking of dimensions of the
manufactured parts to ensure that they satisfy the specifications of the manufactured
product. The difference between object recognition and object inspection is that the latter
assumes that the objects under inspection are already known and they are usually placed
in stable environments. However, the basic problems such as object construction and
model description remain the same. The following subsection will outline the main issues

in the thesis.

1.2.1 Reconstruction of Objects in the Scene

Physical boundaries of objects captured by CCD cameras are likely to result in the
generation of edges during the imaging process. To describe features by their boundaries
or to use feature based image matching in digital photogrammetry, it is necessary to
obtain complete linear features of the object from its edges and represent them with a

suitable data structure such as straight lines and smooth curves. A method has been
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developed, which detects edges with subpixel accuracy. Edge detection results in edge

points chained along object boundaries in the images.

Edge detection is referred to as “low-level” image processing. A simple chained edge has
no geometric meaning, because the boundaries of industrial components are often
presented as straight lines and regular curves. To construct objects in the scene, it is
generally more relevant to present the boundaries of objects revealed in the images in
geometric form, since simple geometric functions provide more reliable information and
are easy to calculate. A suitable approach to line segmentation has been developed, based
on the analysis of the local direction of edges. The detected straight lines and regular

curves are then linked at their terminals to form surface patches.

Digital photogrammetry enables object boundaries to be constructed using stereo images.
The process of line segmentation results in the extracted features in the form of straight
lines and regular curves. Therefore, matching on these meaningful features supplies

reliable and stable results.

1.2.2 Generation of Models in Database

In an industrial environment, CAD systems are usually used to design objects for the
manufacturing task. They should therefore be explored for representing the model
database. AutoCAD is a general purpose Computer Aided Design program for preparing
two dimensional drawings and three dimensional models. The speed and ease with which
a drawing can be prepared and modified using a computer offer a significant advantage
over hand preparation. Using the AutoCAD system, models can be created and output in
DXEF file, a drawing interchanging file. CAD models serve as a basic description of object
geometry. Inference procedures of various sorts are applied to the CAD models to

produce a graphic presentation in the database for object recognition.
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1.2.3 Matching Primitives and Algorithms

The efficiency and robustness of a recognition system is crucially dependent on the
primitives and algorithms used in the matching of the measured object with the models in
the database. To recognise an object in the scene, it is necessary to match the extracted
primitives against the design dimensions of the model in the database. One important
characteristic of the system is that the dimensions of objects are measured accurately. As
a first stage of model matching, most models can be discarded as not matching the scene
object, by checking their size against the size of the object. In the second stage, all visible
graphic elements of an object should exist and satisfy those in the corresponding model.
Their topological relations should also be identical with the relations between the graphic
elements in the model. One condition not being satisfied will indicate that the model does
not correspond. The object recognition process results in the identification of the sensed

object, its position and orientation.

1.3 Organisation of This Study

e Chapter 2 presents a method developed for edge detection with subpixel accuracy. It
is an extension of Forstner operator which is an efficient operator for detection and
precise location of feature points. In the chapter, the Forstner operator is first
introduced in terms of a linear model, which is then extended by adding an additional
constraint to locate step edges. To improve the accuracy of the edge location, an
edge point is determined by a weighted average of two points derived from both
sides of the edge. Another implementation is to use a round operator window instead
of a square window, so that the result will not be influenced by the difference of edge
orientations. The direction of the edge is attached to each edge point as a primitive

for succeeding processes.

e Chapter 3 presents the line segmentation methods, describing how straight lines are
detected by grouping edge points with approximately the same local direction, and

how regular curves are detected by checking the sign of the difference of edge local
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directions. These geometric features are then linked in their terminal points to form

surface patches.

e Chapter 4 presents a procedure of camera orientation. In a digital photogrammetry
system, the step of camera orientation is normally performed in advance of image
capture of the objects in the scene. Since the procedure of camera orientation applies
the method of edge detection described in chapter 2, this portion is placed after
image processing. The procedure includes recognising targets as control points in
images, calculating the central coordinates of targets, and obtaining the camera

orientation by bundle adjustment.

o Chapter 5 presents an automatic procedure of 3D object construction in terms of
epipolar geometry and feature geometry. Epipolar geometry is first introduced to
give the relation between image coordinates in the overlapping stereo images.
Straight lines and regular curves are then matched and intersected in object space. A
3D straight line is simply presented by 3D coordinates of its two terminals, while a
3D regular curve can be described by a plane in object space and 2D curve

parameters on the plane.

e Chapter 6 presents the application of object recognition. In the recognition
procedure, matching between an object in the scene and models in the database is
performed by two modules: the screener, in which most models are deleted due to
their size being beyond the range of the scene object; and the graph matcher, which
performs a detailed comparison between the potential matching graphs and computes

the 3D transformation between them.

e Chapter 7 offers conclusions. The main points from the thesis are summarised.

Contributions are discussed with suggestions for future research.



Chapter 2 Edge Detection

2.1 Introduction

Edge detection is low level image processing, which serves to simplify the analysis of
images by drastically reducing the amount of data to be processed, while at the same
time preserving useful structural information in images. Physical object boundaries are
very important descriptors of objects in machine vision and recognition systems. In order
to describe a feature by its boundaries or to use feature-based image matching in
photogrammetry, it is necessary to extract the complete details of linear features in the
object from edges, and to represent them in a suitable data structure such as straight lines
and smooth curves. For this reason, edge detection plays an important role in the early
stages of image processing. Due to the complexity of the physical world and multiple
sources of noise, the signal to be processed is complex, and the detection of such edges

is therefore non trivial.

In the early stages of edge detection, most approaches tried to focus on slope analysis of
the grey values. These straight forward methods, which made good sense, certainly had
the advantage of being very fast to compute. Roberts operator (Roberts, 1965) requires
2 x 2 window and the slope is calculated at the central pixel corner in the two orthogonal
directions. The Sobel’s operator (Hall, 1979) is performed with a 3 x3 window by a
simple convolution. It operates as a low pass filter followed by the computation of the
derivative. However, these simple operators, even though fast to calculate, cannot give
comprehensive results when used on a variety of images. A good edge detection
operator is expected to satisfy the following criteria (Canny, 1986) when applied to an

image corrupted by noise:

e Good detection: The operator must be able to mark the edge points, while

reducing the probability of falsely marking non-edge points.

¢ Good location: Location of the marked edges should be as close as possible

to the true edges.
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e Robustness: Performance of the algorithm should be robust to noise and

should be consistent for a variety of images.

In recent years, many researchers have worked on this area for various applications and
created many powerful algorithms. The major approaches chosen to tackle this
challenging problem could be classified into the following categories: optimal operator,
adaptive algorithms, multiscaling approaches, morphological operators, statistic tools,

linear filtering, neural networks and subpixel analysis.

2.1.1 Optimal Operator

The optimal operator aims to find the optimal filter (in terms of signal to noise ratio) for
edge detection. In this group, a single edge is considered. Marr and Hildreth (1980)
convolve the signal with a rotationally symmetric Laplacian of Gaussian mask and locate
zero-crossings in the resulting output. Canny (1986) proposed to solve the problem by
deriving, using variational methods, an optimal operator which can be approximated by a
derivative of Gaussian mask. He defined a set of heuristic criteria for the integration of
multiple size masks, and showed some promising results for two scales of edges. Canny
Operator is a well known operator, which has been extensively used in image processing,
since it was proposed, Nalwa and Binford (1986) proposed an edge detector which fits,
at each point, a set of surfaces within a window and accepts the best surface, in the least

squares sense, which has the fewest parameters.

2.1.2 Adaptive Algorithms

The general concept is to apply a versatile operator which adapts itself to the local
topography of the signal to smooth. It is mainly a relaxation method, whose principal
design is suited to iterative algorithm implementations. Philippe et al.(1991) presented a
method which convolves the signal to be smoothed with a very small averaging mask
whose coefficients reflect, at each point, the degree of continuity of the signals. The
weights vary at each pixel and at each iteration, being computed as a function of the

gradient. After a few iterations edges are then very simply singled out. Parvin and
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Medioni (1987) proposed a method to extract meaningful features from range images.
Their strategy consists of automatically selecting an adequate kernel size for the
detection and location of such features. Although the method requires the non-obvious
setting of five parameters, it directly provides features at different scales and is applicable

to curves.

2.1.3 Multiscaling Approaches

In a gray level image, changes in light intensity reflect many spatial scales at which visible
edges are formed. In order to describe the signal changes at different scales, the edge
operator should be applied on an image varying in size according to the size of an edge.
This is called the multiscale or multiresolution approach. A classical approach is to
construct image pyramids: the initial image is subsampled a number of times, until one

reaches an appropriate size of an image.

Many different approaches have been recently studied based on multiscaling. Williams
and Shah (1990) focus on a multiscaling approach for improving weak parts in contour
lines. The processing then undertakes pixel chaining. Zhang et al. (1988) summarise the
basic principle of relaxation methods and presents an improved method based on a
multiscaling approach, by propagating the weighted coefficients from the top of the
pyramid to the lower layers. Jeong and Kim (1992) extend the optimal-filter concept of
Poggio et al. (1984) and the scale space concept of Witkin (1983), to an adaptive scale
parameter determined for each pixel before detecting final edge maps. Lastly, the method
introduced by Lu and Jain (1992) is a multiscale reasoning algorithm for edge recovery

called reasoning about edges in scale space.

Included in this topic is also an original method, Wavelet Transform, whose framework
is introduced by Meyer (1990) and Mallat (1989). Mallat and Zhong (1990) showed that
the sharper variation points of a signal can be detected from the local maxima of its
wavelet transform. By proving that the evolution across scales of the wavelet maxima
characterises the local shape of the signal shape variations, they showed the method not

only detects edges but also classifies them. Barlaud et al. (1991) presented an edge
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detection implementation based on a Recursive BiOrthogonal Wavelet Transform. The
algorithm uses a filter bank composed of a highpass filter for the wavelet and a lowpass

filter for the scaling function.

2.1.4 Morphological Operators

Morphological filters are based on erosion, dilation, opening and closing operations. Yu
and Yla-Jaaski (1991) applied a method to segment magnetic resonance images for
subsequent 3D visualisation. The technique combines region growing, edge detection
and a novel edge preserving smoothing algorithm. Pavlidis and Liow (1990) combined
region growing and edge detection for image segmentation. Cheng and Venetsanopoulos
(1992) presented a new type of opening operators (NOP) and closing operators (NCP).
An adaptive morphological filter is then developed on the basis of the NOP and NCP. It
is said that the filter can preserve the significant details in any shape, does not create
artificial patterns, and does not require much computation. Boulanger (1994) developed
a multiscale edge detection algorithm for range and intensity images. The algorithm is
based on a new nonlinear filter, which produces a scale-space filtering analogous to
Gaussian filtering, but has several interesting properties, since the algorithm uses a
multidimensional morphological operator to compute the position of edges. The
morphological operators can be used efficiently to compute these edges at pixel precision

with a good noise immunity.

2.1.5 Statistical Tools

The method has been used in medical imagery for a long time. The input signal is
modelled by statistical assumptions. Cristi (1989) presented an algorithm which
efficiently filters the data without degrading the boundaries. The technique is based on
the assumption that data are doubly stochastically modelled: local behaviour is modelled
by auto regressive equations, while regions are modelled by a Markov random field.
Statistically based tools can also be applied for automatically making decisions. For

instance, Samadani and Vesecky (1990) presented a method using maximum a posteriori
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estimation, together with statistical models for the speckle noise and for a curve-

generation process, to find the most probable estimate of features in a given image.

2.1.6 Linear Filtering

For this popular research sector, infinite impulse response filters are implemented with
iterative algorithms like filter banks. Sakar and Boyer (1991) described an optimal
infinite impulse response zero-crossing based edge detector. With the implementation
they suggested, the computing time required is independent of the scale factor chosen.
Ziou’s work (1991) derives an optimal line detector from Canny’s approach. An efficient

implementation using an infinite impulse response filter is provided.

2.1.7 Neural Networks

Neural networks are based on connected neurones, which imitate human performance to
model and integrate fairly complex rules and handle exceptions. The large variety of
networks existing relates to all the different types of design layers, the interconnection
model chosen between each neurone, and the way the corrective coefficients are
propagated. The training phase for the network remains the crucial part. Along with the
long computation time required, a major problem is the difficulty to exactly control the
prediction of the results. In a recent publication, Paik and Kataggelos (1990) presented
an algorithm using multistage adaptive linear neurones. The method requires the use of
predefined masks but is much faster than the Marr and Hildreth’s (1980) edge detector.
Xue and Breznik (1990) use a Hopfield-type neural network with one layer per direction
studied, which implies unfortunately that the number of directions considered has to be
preset. The same problem occurs with the algorithm of Liao et al. (1991), where one
network per direction studied is require in the first prospective edge selection pass. A

second pass is then performed for the final edge selection module.

2.1.8 Subpixel Analysis

Two main edge models have been proposed for the measurement of edges at subpixel
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accuracy. In the first technique, subpixel analysis is based on using a perfect step edge as
the underlying edge model. MacVicar-Whelan et al. (1981) used the gradient operator to
determine the pixel location of zero crossings and then linearly interpolated the location.
Tabatabai et al. (1984) fitted the first three statistical moments to a step edge model by
determining the optimal values of the moments. Huertas et al. (1986) implemented LOG
masks combined with a facet model followed by interpolation to detect edges at subpixel
accuracy. Lyvers et al. (1989) developed a subpixel edge operator that locates edges by
fitting the spatial moments of a step edge model to the data. Gruen and Agouris (1994)
proposed a globally enforced least squares template matching method, constrained by
internal shape forces, for automatic precise geometric identification and registration of
object outlines. Edge locations are identified in an image by matching windows of this

image to ideal edge models (templates).

The second subpixel technique is based on energy models to determine the localisation of
step, peak and roof edges. Kisworo et al.(1991) used a parameterized function to model
an edge. The initial model is determined by a decision process that is based on the
response of the signal to the local energy filters. The parameters describing the best fit of
the model to the data define the position of the edge to subpixel accuracy. Morrone et
al.(1987) proposed an alternate method for feature extraction based on discerning how
features are built up in an image, rather than by considering differential properties. The
norm of local energy, defined by a quadrature pair of functions, is computed as the
square root of the sums of squares of the functions obtained by convolving the image

profile with a set of quadrature masks.

2.1.9 A New Method for Subpixel Edge Detection

The main purpose of edge detection in this research is for object inspection and
recognition, in which subpixel measurement is highly desirable. The methods discussed
above give the various approaches to this goal. However, it is not clear from the
literature which of these methods will work in practice and what performance and
accuracy can be expected from a given solution. Hence, to extract edges with high

accuracy is still an open problem, especially in industrial applications. In this chapter, a
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new algorithm has been proposed for edge detection with subpixel precision. It is an
extension of the Forstner Operator (1987) which is an efficient operator for detection
and precise location of feature points. The algorithm is supported by the fact that most
edges of close range images of the real world will be composed of sharp changes over a
small number of pixels. The distribution of gradient magnitude forms a shape like
mountain. The peak of the intensity changes, therefore, can be optimally determined from

the signal in the neighbourhood of the gradient magnitudes.

In the following sections 2.2 and 2.3, the Forstner operator is first introduced in terms of
a linear model which precisely determines the position of corners and then the model is
extended by adding an additional constraint to locate step edges. In section 2.4, some
problems are discussed, which influence the accuracy of edge location. To improve the
accuracy of edge points, two implementations of the model are presented in section 2.5:
one is to overcome the deficiency in the use of a fixed window size for the operator to
extract edges at different scales; the other is to solve the practical problem that a square
window gives a non identical solution, due to the different orientations near the edges.
The edge detection procedure is given in section 2.6, based on the linear model and
several examples of the detector performance on real images are presented in section 2.7.

Finally, a summary is concluded in section 2.8.

2.2 Forstner Operator

The Forstner operator has its basis in extracting feature points for digital image
matching. The distinct points, such as corners, can be located by least squares estimation
using a linear model, which computes the intersection point of all edge elements inside
the window. The edge element at a pixel corner is defined as a straight line passing
through the pixel corner with an orientation derived from the gradient as showed in
figure 2.1. The corresponding weights are added in the least squares operation to reflect
the strength of gradient in each pixel corner. The error equation for each pixel corner can

be written as:

V = cosp X, +sing Y, —L 2.1)
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Where L = cosg X + sing Y, the distance of the line from the origin, X, Y are the
coordinates of the pixel corner in the window; ¢ is the angle of the gradient direction

from the X-axis; X¢, Y are the coordinates of the estimated location of a feature corner.

The weight P is proportional to the absolute gradient square:
2 2
P = Gy + Gj 2.2)

The gradient is obtained by Roberts operator as showed in figure 2.2.
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[BD1]Figure 2.1: Edge element at position (X, Y) for determining
the estimated point (Xc, Yc)
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Figure 2.2: Roberts gradient in U and V direction

Gy = g@+1j+1) - g(,)) @2.3)
Gy = g@+Lj) - g@,jt+1) '
Wherei,j=0, 1, - - , 1; n is number of the rows and columns of the image; g is the

intensity of a pixel in the image. Then the gradient is translated to X, Y direction by:

V2

Gy = T(Gu - Gy)
(2.4)
V2
Gy = T(Gu + Gy )
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cos¢ and sing can be represented by gradient value:

cosp = %

Gy 2.5
sing = ——

G|

Where | G| = /G2 + G2 .

According to principle of least squares adjustment +VPVV = min, we obtain the normal
equation from Eq[2.1]:

B o

3 GyGy X.Gy Yo/ (J(GGyX + GIX)

The Forstner operator has the advantage that any number of edge elements can intersect
on the unknown point. The residual V of the edge elements from the pixel corners in
Eq[2.1] could be very large, up to a few pixels, depending on the weight and position of
these pixel corners in the window. According to Forstner (1987), the internal precision
of the estimated point can be measured by an error ellipse, which illustrates the error of

the point in different directions. The roundness of the error ellipse can be estimated by

4 det(N)
tr2 N

2.7

Where

3 G2 ZGxGy]
N= (2.8)
Sy

detN) = 3" G2G? - (ZGXGY)2 (2.9)
tN = 3 Gi + 3.G3 (2.10)

The roundness measure q lies in the range between 0 and 1. In the case of a right angled
corner, where the two intersection directions determine the position, the error ellipse will
tend to a circle and q to 1. When a straight edge passes through the window, however,

all edge elements, except those without the magnitude of gradient, lie approximately in
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the same direction, ie. q tends towards 0. The error along the edge direction is infinite
and the location of an edge is unstable. Therefore the Forstner operator cannot locate the

position of a single edge.

2.3 A Linear Model for Edge Detection

In an image, an edge point is a point where a ‘sharp’ intensity change takes place. An
edge can be described by discrete edge points which chain together. Since edge points
can be defined anywhere on the edge, it is not necessary to consider the error of an edge
point along the edge direction, because any constraint on the edge location in edge
direction does not violate the definition of an edge point. In order to implement the

model Eq[2.1] for edge detection, an

additional constraint is added, which is

based on the introduction of the line

passing through the origin and which meets ~ \-Edge Line

the edge at right angles as showed in figure \@ (v
e .. S f—+a X
2.3. The constraint limits the edge position Gradient Direction
along the edge direction to the point which (Xe,Ye)
is nearest to the origin in the window \
. N
coordinate system. The error of the edge TV N

point along the edge direction, under the Figure 2.3: The edge position limited

constraint, becomes zero. The limiting by a constraint along the edge direction.

condition can be given by

Xe _ Y,
sin 6 cosé

(2.11)

Where & is the angle of the edge direction to the X-axis, which is derived from the

weighted average of gradients in the window as follows:

— 1
G, = —
nj

n

£ (G; cosg i)

=1 (2.12)
1o 5

— % (Gf sing ;)

ni=p !

Q
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Where G2 = Gi + G:)z,. The gradient direction is given by

tga = (2.13)

CDI‘%QI

X

The gradient direction is defined from the low intensity towards the high one. To define
the edge orientation in the image, we assume that the intensity of the right side along the
edge direction has a higher value than that of the left side. Therefore the edge direction is
given by:

6 = a — 90° (2.14)
Substituting Eq[2.11] into Eq[2.1], we obtain:

V = (cos¢ sin@ — sing cos@ )x S — L (2.15)
In the linear model, only one parameter S is estimated. The result of least square

adjustment is given by:

i (32(GEX)+ 3 (GxGyY)-c0s8 (3(GxGyX) + DGy Y))

= : . (2.16)
sin® @ 3 Gy -2cos0 sind ) GGy + cos’6 ) Gy
and
X, = sind x S
(2.17)
Y. = -cosf x S

The value of S gives the distance from the origin to an edge in the window, while the
subpixel coordinates (Xe,Ye) form a vector from the pixel centre to an edge point. If
|Xe|< 0.5 pixel and |Ye|< 0.5 pixel, the edge passes through the central pixel and the

pixel is defined as an edge pixel which is used in the subsequent definition of edges.

2.4 Problems of Edge Location Using the Model

The linear model Eq[2.15] employed to estimate the peak of intensity changes
characterises S by the weighted average coordinates in each pixel corner. Edge location
determined by the linear model is equivalent to the centre of gravity in the operator
window. In general, the centre of gravity of a physical object is estimated by the whole

mass of an object without being affected by the mass of other objects. In a similar
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manner to the situation for the precise location of edges, the operator window should
cover the whole range of intensity changes associated with an edge, but not include other
unwanted signals. Since there is no a priori knowledge of the scale of intensity change in
a local area of an image, it is difficult to determine the optimal size of the operator
window. In this section, the problems of spatial scale are presented, which exist in the
location error of edges by using this linear model. Other problems are also discussed

such as curved edges and the asymmetric distribution of gradient magnitude.

2.4.1 Scale of Intensity Change

In the real world, edges rarely occur in a single step, but exist over a range of different
scales. It is possible that some intensity changes for one edge may cover only 2 or 3
pixels, while the intensity changes associated with another may extend over a large
number of pixels in the same image. Figure 2.4 illustrates a 1-D signal presented as the
first derivative of intensity, covered by a window (from A to C). As there is no
significant gradient value in the asymmetrical part between line A and line B, the
symmetrical part in the window (from B to C) determines the peak of intensity change.
In the case of figure 2.5, however, where the range of intensity change is larger than the
window size, the gradient value in the asymmetrical part (from A to B) influences the
result of the least squares adjustment, which makes the position of the edge point biased
towards the window centre. The truncation error increases with the increase of the range
of the intensity change for a fixed sized window. This means that the value of S defined

by Eq[2.16] will be shorter than expected. The truncation error is also dependent on the

A B C A B C

>

Gradient

B

Pixel Pixel

Figure 2.4: The operator window covers Figure 2.5: The operator window covers
the narrow range of intensity change the wide range of intensity change
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distance between the window centre and the peak of an intensity change. In figure 2.5,
the area of the asymmetrical part increases with the increase of the distance, so that the
largerS, the greater the error in the value of S. When an edge covers a small amount
outside a pixel, as shown in figure 2.6 by pixel 1, the pixel is falsely defined as an edge
pixel. However, when an edge just lies on the centre of operator window, no

asymmetrical part exists and the truncation error becomes zero.

In general, a large window will precisely
Pixel 2
locate edges, even for the narrow range of
intensity changes, but the gradient at the —~
pixel corners not included in the range of Pixel 1 [Ed
. . . , ge
intensity change associated with the edge Figure 2.6: A false edge pixel 2 created
should be zero. This condition is usually due to its short vector length.

not satisfactory for complex images,

where additional unwanted information such as neighbouring edges may be included into
the operator window, if it is too large, This results in the edge location being biased
towards or away from other neighbouring edges (Lu, 1989). In addition, the calculations
associated with a large window is time consuming and may create a location errors in
curved edges. Therefore, it is not appropriate to use large windows for the edge

detection.

2.4.2 Curved Edges

The linear model Eq[2.15] is designed for straight edge detection. For a curved edge
covering the operator window as showed in figure 2.7, there exists an error in edge
location due to the variation in the direction of edge elements. The diameter of the circle
in this example is 7 pixels and the operator window size is 5x 5. In order to make the
example simple, three pixel corners are considered to contribute to the location of the
edge point. The edge element in each pixel corner is assumed to be of the same direction
as the tangent in the point of the circle, and has the same weight as other pixel corners.
The three edge elements form a triangle, and determine the location of the edge point,

which is biased away from the circular centre. More tests on the different sizes of
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computer generated circles are showed in figure 2.8. Four operator window sizes are
used, 3x3, 5x5, 7x7, 9x9. The edge points on the circles are extracted by Eq[2.17]
with different window sizes, and they are fitted to a circular function. The estimated
diameters are distorted due to operator window sizes. The magnitude of the distortion
being dependent on the diameter of the circle and window size. The larger the diameter
or the smaller the window size, the less the distortion. If the diameter of a circle is over
60 pixels, a piece of arc on the circles can be regarded as a straight line, and the influence

of edge being curved can be ignored, especially for the small window size.

\

Figure 2.7: Distortion of edge location due to the edge being curved
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Figure 2.8: Distortion of the circle diameter for different circle sizes

and window sizes

The situation of edge displacement in a corner is similar to that in curved edges. In a real
image, a corner will not occur as a sharp angle, but as a smoothed arc in the local area.

One reason is that the process of image acquisition and digitisation blurs corners in an
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image. The other reason is that the image preprocessing prior to edge detection, such as
image smoothing, also blurs corners. The curvature in a corner is dependent on the shape
of the corner and the degree of its smoothness. For the precise location of curved edges,

therefore, the size of the operator window should be made as small as possible.

2.4.3 Asymmetric Distribution of Gradient Magnitude

The distribution of gradient magnitude in the above examples is assumed as symmetrical
with respect to the peak of intensity changes. In fact, an asymmetric distribution of
gradient magnitudes usually occurs in real images. Figure 2.9 displays a white strip on a
black background. The grey values and gradient magnitude on the black line shown in
the figure are listed in table 2.1. The slope of the distribution on the white side is steeper
than that in the black. If the peak of intensity changes is in the centre of an operator
window, as shown in figure 2.10, the edge location will be biased towards the black side
due to the asymmetrical distribution of gradient magnitudes. The error increases with
increases in the operator window size. Hence a small operator window is required to

achieve high precision of edge location.

Figure 2.9: A white strip under the black background

Pixel 1 2 3 4 5 6 7 8 9

Intensity 188 | 186 | 185 | 178 | 167 | 136 79 72 72

Gradient 2 1 7 11 31 60 7 0

Table 2.1: Intensity and gradient on a line



Chapter 2: Edge Detection 26

[ Winclow Centre A

| A

Edge |locatio

Gradient Magnitude
&

104

4] T T T T T T T

0 1 2z 3 4 5 6 7 8 Pixel

Figure 2.10: The shift of edge location due to the asymmetrical distribution

2.5 Implementations of the Model

High accuracy of edge location is essential in the research for the purpose of object
inspection and recognition. To locate edges precisely, the problems discussed above
should be solved or limited to a certain magnitude so that their influences on final results
are minimised. In this section, a weighting function is developed to overcome the
deficiency of using a fixed window size for the operator to extract edges at different
scales. As discussed above, the length S in Eq[2.16] calculated using a small operator
window is shorter than its correct dimension in the case of an intensity change across a
broad edge. Fortunately, this situation will occur on both sides of an edge as shown in
figure 2.6, ie. the lengths S and S of the pixels in each side are shorter than their
correct lengths. This makes it possible to delete the false edge pixels and to improve the
accuracy of edge location from the adjoining edge pixels by a weighting function.
Another implementation is to solve the practical problem that the same signal in a square
window may have different contents due to different edge orientations. A round window
operator, instead of a square window operator, is performed on edges, in order to give

an identical result.
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2.5.1 Weighting Function

The vectors (Xe, Ye) of the edge pixels occurring on opposite sides of an edge will
differ. If a false edge pixel exists, the vector of the true edge pixel must exist in the
direction to that shown by the false edge pixel, as shown in figure 2.11. By comparing
the lengths of their vectors, the false edge pixels (pixel 3 and 4) attached to the longer

vector can be rejected.

1 2 3 24H2.5°
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Figure 2.11: Edge pixels occur on  Figure 2.12: The direction of a vector

opposite sides of an edge. assigned to one of eight sectors.

To find the adjoining pixel to which the vector of a candidate points, the orientation of
the vector should be defined within one of eight sectors (each 45°) as shown in figure
2.12, since there are the eight pixels around a given pixel. The section associated with an
adjoining pixel is determined by reference to its orientation. The precise position of the
edge point can be determined from the weights as a function of the two vector lengths.
The shorter the vector, the higher the weight. The empirical weighting function can be

written as follow:

1

X=——(P X, +P, X
P1+P2(1 1 TPy X3)

: (2.18)
Y=——(PY +PY
l)1+1,2(11 > Y5)

Where (X;,Y;), (X,,Y,) are the coordinates of two edge points in the image coordinate
system, determined from both sides of an edge. P; and P, are the weights determined by
the lengths of the two vectors from the centres of two pixels respectively. To choose the

best weighting function, tests have been performed on the image of a computer
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generated circle with a diameter of 20 pixels, and blurred by a Gaussian smoothing filter.
The edge points are fitted to a circular function using a least square adjustment. The
precision of edge points can be assessed by the RMS (root mean square error) of the
distance from each edge point to the assessment circle. Table 2.2 illustrates the precision
of the edge points with different weights. Type 1 with 5x 5 window size provides the
best result. The weighting function in Eq[2.18] greatly improves the precision of edge
points as shown in table 2.3. In the table, line 1 presents the precision of edge points
located in the pixel centres; line 2 presents the precision of subpixel location determined
by Eq[2.17]; and line 3 presents the precision of subpixel location after improvement by
the weighting function (type 1). Figure 2.13 illustrates the edge location of a circle in
three resolutions. It is interesting to note that the error of edge points in line 1 and 2
decreases with the increase of operator window size, while the best precision in number

3 is calculated by 5 x 5 window.

st 3x3 | s5x5 | 7x7 | 9X9
1 S1 S> 0.022 | 0015 | 0.040 | 0.056
2| ~fS1 | JS2 | 0124 | 0oses | 0.045 | 0.058
3| &3 s> | 0084 | 0041 | 0041 | 0055

Table 2.2: The precision of edge points for different weighting functions

Diameter 3x3 5x5 7 x 7 9x9
1 0.322 0.322 0.337 0.254

10 Pixels | 2 0.187 0.086 0.047 0.031
3 0.037 0.012 0.030 0.025

1 0.343 0.343 0.325 0.236

20 Pixels | 2 0.128 0.128 0.061 0.054
3 0.022 0.015 0.040 0.056

1 0.360 0.348 0.332 0.240

30Pixels | 2 0.130 0.130 0.060 - 0.046
3 0.016 0.016 0.030 0.042

Table 2.3: The precision of edge points in (1) Pixel location; (2) Subpixel location;

(3) Subpixel location after improved by the weighting function.
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Figure 2.13: The edge points in a circle (a) Pixel location; (b) Subpixel location;

(c) Subpixel location after improved by the weighting function

2.5.2 Round Window

The normal shape of the operator window is square. An area covered by a square
window is not invariant with the orientation of the window. The same edge with the
different orientations can exist in the square window, resulting in different contents as
displayed in figure 2.14, leading to the different location of the edge. To overcome the
deficiency in the use of a square window, the operator window is made round as shown
in figure 2.15. Tests have been performed by the operator with round and square
windows on the computer created circles whose diameters are 10, 20 and 30 pixels.
Table 2.4 illustrates the test results obtained with the window size of 5x 5, 7x 7 and
9 x 9 pixels. The precision of edge points is assessed by the RMS of the distance from
each edge point to the circular function. It is obvious that the precision is greatly

improved by using the round window, particularly for 5 x 5 pixels.

Figure 2.14: A square window covers on the area with different orientations
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Figure 2.15: Round window in 5x 5,7 x7 and 9x 9

5x5 7 x7 9x%x9
Square{ Round | Square | Round | Square | Round
10 Pixels 0.059] 0.012 | 0.049 | 0.031 | 0.039 | 0.025

20 Pixels 0.043] 0.014 | 0.053 | 0.040 [ 0.078 | 0.056
30 Pixels 0.031{ 0.016 | 0.053 | 0.030 [ 0.075 | 0.042

Diameter

Table 2.4: The precision of edge points performed by square and round

window on the different size of circles.

2.6 Process of Edge Detection

The process of edge detection has been implemented in five steps: image smoothing,
pixel screening, subpixel location of edge points, edge thinning and edge chaining. A
image smoothing function is first applied on the input images to reduce the effect of
noise distortion. To eliminate unnecessary processing, the image is then screened in
terms of gradient magnitude in each pixel to determine which pixel should be processed
in the succeeding step. The third step is to calculate subpixel location of edge points
using Eq[2.17]. The edge thinning checks false edge points and improves the accuracy of
edge location. Finally, edge points are chained by following pixels, based on the

minimum local distance. These steps are discussed below.
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2.6.1 Image Smoothing

Natural images taken by a camera usually contain some noise. A differential operator,
such as Roberts operator, usually enhances noise, which will result in jagged or
discontinuous edge lines. The linear model (Eq[2.15]) based on a round window using
the least squares method of edge detection has some influence on reducing the effect of
the noise. However, such influences will degrade when the window size is smaller. In
order to reduce the effect of noise in the intensity changes without changing the operator
window size of 5x5, a smoothing function must be applied to the image intensities. The

Gaussian filter is a well known image smoothing function, which is defined as:

2 2
G(xy) = — exp(- -X——iZL] (2.19)

o 20

where x, y are the coordinates in the window coordinate system. ¢ is the scale factor of
the Gaussian function, which determines the size of the smoothing window. A coarse
scale of the smoothing function not only filters out noise but also blurs the image. If one
edge with the symmetrical distribution of gradient magnitude occurs in the window
during smoothing, coarse scale smoothing will not influence the edge location (Lu,
1989). However, if an edge with asymmetrical distribution of gradient magnitude is
smoothed, the peak of intensity change will be shifted as shown in figure 2.16. A large
smoothing window may also include more unwanted signals than a small window.
Therefore, the window size must be considered in regard to both image smoothing and

accuracy of edge location.
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Figure 2.16: Shift of the peak of intensity change due to image smoothing
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2.6.2 Pixel Screening

An edge corresponds to an intensity change which has a higher gradient magnitude than
for neighbouring parts of an image. To avoid estimating edge points over all pixels in the
image using Eq[2.16], because it is too time consuming, pixel screening is used to locate
those edges with gradient magnitude above a certain threshold. Edge gradient magnitude

is calculated by Roberts gradient in a 3 x 3 window from:
ttN=Y G2 + > G2 (2.20)

The threshold is determined by the analysis of the histogram of gradient magnitude over
the whole image. If an image consists mainly of two classes of gradient levels, the
histogram will have two peaks separated by a valley. The histogram-based method,
proposed by Otsu (1979), can find the midway point between the mean of the two
classes. In this way, most pixels in an image are screened out, and only those gradient
magnitudes which are above the threshold will reveal the pixels which must be located by

the succeeding step.

2.6.3 Subpixel Location of Edge Points

The position of the pixels screened by the above step are calculated using Eq[2.16] in
5x 5 windows. If the coordinates of a pixel are within the area of the central pixel in the
operator window, the pixel is labelled on an edge support image with a value of 1, while
0 means non-edge pixel. In practice, the threshold for the absolute coordinates is set to
0.75 pixel. Those pixels, whose coordinates are larger than 0.5 pixel, are used to improve
the accuracy of edge location, based on the function in Eq[2.18]. It has been shown by
tests that the absolute coordinates of an edge point greater than 0.75 pixel have little

effect on accuracy improvement.

2.6.4 Edge Thinning

As discussed in section 2.4.1, the vector length S of an edge pixel obtained by Eq[2.17]

will be shorter than expected when the range of intensity changes is wide, resulting in the
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generation of false edge pixels and an error in the edge location. The purpose of edge
thinning is to overcome the deficiency in the linear model. In the process, each edge pixel
has its neighbours determined by the orientation of its vector. If the neighbouring pixel is
indicated as an edge pixel as shown in figure 2.6, the correct edge pixel is determined
from the two by comparing their vector lengths. The pixel with the shorter length is
defined as an edge pixel. The edge location is then calculated by the weighting function
Eq[2.18]. If the neighbouring pixel is not an edge pixel, the pixel is defined as a true edge

pixel and its coordinates are not changed.

2.6.5 Edge Chaining

After edge thinning, extracted pixels within which edge points have been determined
correspond to the peak of intensity changes. Edge chaining is needed to connect these
scattered pixels into edge chains which represent the required structural information of
the image features. Generally, the edges which correspond to boundaries of objects
should be long and of high gradient magnitude, while the edges created by the other
factors, such as illumination of light source and reflection of surface, are usually jagged,
discontinuous or of low gradient magnitude. By analysing these properties, we can

classify features in images and limit the influences of other factors.

To chain edges, the edge pixels should be tracked in the proper order. Since each edge
pixel has eight neighbouring pixels, the deterministic rule for pixel tracking is to find the
nearest candidate to the current edge point by local minimal distance. The distances
between the chained edge pixel and neighbouring edge pixels are calculated using their
subpixel coordinates. Figure 2.17 shows that the edge has been chained along the edge
points from pixel 1 to pixel 4. In order to determined the next tracked pixel in the 3 x 3
window, the distances from edge point 4 to point 5 and to point 6 are calculated (point 2
and 3 have already been tracked). By comparing the two distances, the edge pixel, which

is clearly point 5, with shorter distance can be determined.
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Figure 2.17: Edge chaining in Figure 2.18: Edge chaining in a junction
minimal distance constraint

However, simply using the minimal distance rule will not handle the complicated
situation of junctions. In figure 2.18, if the first tracked edge point is number 1, the edge
can be chained from 1 to 6. If the first tracked edge point is number 11, the edge can be
chained from 11 to 16 and then chained to 4. Different edge chaining exists in the same
edge map, due to different starting points. In order to give identical results, it is
necessary to check if the next candidate is appropriate for tracking. In the above
example, point 4 is the nearest to point 16, but the distance Dy 16 is larger than the
distance D4 5 and D3 4. This means that the point 4 is more properly chained between
point 3 and point 5. This condition determines whether the edge tracking should continue
or not. Each candidate (pixel 4) is placed in the centre of the 3 x3 window. The
distances from the candidate point to its neighbouring points in the window are
calculated and listed in terms of their magnitudes (D45, D43 and Dy j¢). If the distance
(D4,16) from the candidate point (point 4) to the current chained point (point 16) is after
the second one (D4 3) in the list of the distances, the edge chaining stops. This method

provides an identical result of edge chaining, regardless of starting chain points.

The direction of the edge chaining corresponds to the local direction of the edge. If a
closed edge chains clockwise, the intensity inside the edge should have a higher grey
value than that on the outside. The local direction of an edge derived from Eq[2.14] is
attached to each edge point as a primitive for line segmentation in the next step. In the
process, an edge line is also given the properties of length and average gradient

magnitude which are important information for distinguishing boundaries of objects and
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noise. If an edge is short and has a small gradient magnitude, it is regarded as a falsely
marked edge and rejected. On the other hand, by ranking the properties of edges, they
can be listed in the order of importance. More important edges can be processed first,
and they will in turn provide some knowledge for processing less important edges. A

demonstration of the application of these principles is given in chapter 3.

2.7 Experiments

Initial experiments have been carried out on real images of industrial components. The
images of an industrial part and its edges are displayed in figure 2.19 and 2.20
respectively. From the illustrated subpixel locations of the edges, an analysis will reveal
which factors influence the precision of the edge location. The intensity on one plane
surface is often non homogeneous. It will change depending on the direction of imaging,
the location of light source and the reflection of an object surface. Marks on the surface
are also factors which change the intensity in local areas of the image. For a boundary to
appear identical from different image view points, it must be the intersection of two
surfaces. This condition may not be satisfied in the real world due to the smoothness of
boundaries, causing edge shifts in different images. Tllumination of the light source is
particularly important in the reflection of intensity change. High contrast in images
reduces the effect of noise, so that edges are chained more stably as showed in figure

2.22, which is superior to figure 2.21.
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A : B ; :
Figure 2.21: Low resolution Figure 2.22: High resolution
with low contrast with high contrast
In order to investigate the precision of o
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edges derived from the method described
in this chapter, a test was carried out on
a block , as illustrated in figure 2.23. This
block is used as baseblock for an

interferometer. The boundaries of the

S
N
S SR

block, which had been tested by o
Figure 2.23: A image of a block

autocollimation equipment, are

sufficiently close to straight lines, so that
the precision of edge location can be estimated by the RMS of residuals of edge points

from a straight line fitted to the edge points. A digital CCD camera (720 x 575 pixel)
was first calibrated by a procedure, which will be discussed in chapter 4. The block was
then imaged by the camera. The edge along the boundary of the block, whose size is
about 58 x 25 x 5 cm3, was extracted by using edge detection method as described
above. The error of the edge points created by lens distortion and image shear was

corrected in terms of the parameters of camera calibration. The edge points were
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segmented into 4 parts, which were fitted to straight line functions. The precision of edge
points presented as the RMS error derived from the straight line is showed in Table 2.5.
The average precision of the edge points achieved in this example is 0.046 pixel. More
than 6 images were tested with the different orientations of the block. The results are

approximately the same as the result in Table 2.5.

Line No. 1 2 3 4 | Average 1
No. of Edge Points | 321 | 126 | 345 | 146 4 )
Precision (pixel) |0.050|0.040(0.052]0.043| 0.046 3

Table 2.5: Precision of edge points in the segmented lines

2.8 Summary

An edge detection algorithm has been presented based on a linear model which locates
an edge point in the operator window with sub-pixel accuracy. The linear model
comprises two aspects: one is to determine the peak of the intensity change in gradient
direction, which is performed by the Forstner Operator (Forstner, 1987); the other is to
limit the unstable edge location in the edge direction by the introduction of a linear
constraint which passes through the window centre and meets the edge at right angles.
To improve the accuracy of the edge location, an edge point is determined by a weighted
average of two points derived from both sides of the edge. Another implementation is to
use a round operator window instead of a square window, so that the result will not be
influenced by the difference of edge orientations. Tests show that 5x 5 window size is
the most appropriate choice for edge location, considering the effect of the weighting
function, the use of round window and the influence of curved edges. The scattered edge
points are then chained by following neighbouring pixels, based on the minimum local
distance. The direction of the edge chaining corresponds to the local direction of the

edge, which is attached to each edge point as a primitive for the succeeding process.
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3.1 Introduction

3-D surfaces can be reconstructed by matching corresponding extracted edges from two
or more overlapping images. Close range images taken from different camera positions,
however, will reveal different views. One surface of an object occurring in one image
may not be imaged on one or more of the other images. In addition, the features derived
from the chained edge pixels in chapter 2 will differ in their geometric properties on the
overlapping images obtained from different view points. An edge in one image may
correspond to parts of two edges or more in another image. Therefore, a procedure of
construction of objects in a close range image based on edge matching by simply
determining conjugate edges will fail. In order to create conjugate edges in stereo
images, it is necessary to segment edges into distinct edge features. Furthermore, a
simple chained edge has no geometric meaning, since in industrial environments regular
shapes, such as ellipses and straight lines, often occur as elements of object boundaries.
For the purpose of object recognition and inspection, therefore, it is generally more
relevant to present the boundaries of objects revealed in the images in geometric form,
because simple geometric functions provide more reliable information and are easier to

calculate.

The line segmentation problem has been addressed extensively in computer vision
literature. The major approaches could be classified into the two categories: those
focusing on detecting corners of intersecting edges; and those which detect straight lines

and curves from a global view. These two approaches will be reviewed below.

3.1.1 Corner Detection

Many algorithms have been developed to detect dominant corners on object boundaries.
Grimson and Pavlidis (1985) found the breakpoints of a curve by comparing the original
and a smoothed version of the curve. A discontinuity is then easily detected and regular

curve fitting is performed only between the discontinuities. Meer et. al (1986) suggested
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a method to detect dominant points by first determining the optimal scale of Gaussian-
like convolutions of multiple-scale representations of the boundary. Subsequently,
corners are detected at this optimal scale. The method uses a single scale that best
represents the object. Asada and Brady (1988) proposed the curvature primal sketch to
represent changes in boundary curvature. Boundary symbolic features are each detected
at a different scale based on some preconceived notions of a best scale for a particular
feature. The resulting representation is a multiple-scale interpretation of the boundary.
Rattarangsi and Chin (1990) analysed the scale space of isolated simple and double
corners, which is transformed into a tree that provides a simple but concise
representation of corners at multiple scales. A coarse-to-fine tree parsing technique is
used to detect corners at the maximum observable curvature at a majority of scales.
Philippe et al (1991) detect corners of planar curves by repeatedly convolving the signal
with a very small averaging mask weighted, by a measure of the signal continuity at each

point.

The techniques of line segmentation by detecting corners on an edge will result in a small
number of edge pieces which can be fitted to different geometrical shapes. However,
they have a fundamental short coming: there is no difference between corners and points
on high curvature curves corrupted by noise. It is possible that a well-defined corner,
which is the intersection of two straight lines with slightly different directions, or a
tangent point between a straight line and a regular curve, will not be detected. Some
points on a small circle will be regarded as corners based on the same criterion, due to
errors in the edge detection process. This ambiguity is caused by the analysis being
carried out only on very local areas. A global view is necessary to segment the lines by

analysing the characteristics of the edges.

3.1.2 Global Line Segmentation

Global line segmentation aims to directly segment digital lines into straight lines and
circular arcs under some criteria. Ramer (1972) presented a simple algorithm to
approximate planar curves by polygons, based on a maximum offset from straight lines.

Fischer and Bolles (1986) described two methods, one of them passed a "stick" of a
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certain width and length over the curve, and the other studied the curve from different
"views". A selection of break-points was made according to the maximum number of
votes obtained from these views. Both methods are based on segmenting the curve over

different scales, and on perceptual organisation.

In recent years, two methods has been proposed for line segmentation. The split-and-
merge method is based on the offset from a straight line. In the split phase, the input data
is segmented to assure that each segment fulfils a certain condition. In the merge phase,
redundant breakpoints that have been produced during the split phase are eliminated.
The other method is y-s algorithm. The y -s domain in 2-D consists of a plot of the
orientation (y) versus length (s) of the original spatial curve. The slope of the line
corresponds to the curvature of the original curve. A straight line in the spatial domain
appears as a horizontal line in the y -s domain, and a circular arc appears as an arbitrary
straight line. The y-s curve for a spatial curve is constructed by computing the directions
between points. These methods have been developed in planar curves by Grimson
(1986) and Wuescher and Boyer (1991). Krupnik and Schenk (1992) extended these

algorithms to segment curves in 3D object space.

The algorithms for global segmentation of geometrical lines allows detection of straight
lines and circular arcs. The split-and-merge method can detect straight lines, but it is not
easy to merge a group of short straight lines into a regular curve, especially when an
edge is composed of two or more curves. The y-s method is very sensitive to noise, and
it only provides a rough segmentation. Furthermore, a circle in object space is often
projected as an ellipse in image space, the description of circular arcs is not adequate for
presenting the shape of curves correctly. However, the concept of \y-s domain, based on

the local orientation on a curve, motivated the method used in this thesis.

Hough Transform is a well known technique for shape and motion analysis in images
containing noisy, missing, and extraneous data. It converts a difficult global detection
problem in images into a more easily solved local peak detection problem in a parameter
space. Hough Transform can be applied to any function, but is easy to explain for a

straight line. For detecting straight lines in an edge image, any single point in the image
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space has a line passing through it. the equation of the line is d = x cos® + y sin®, where
d is the length of the normal to the line from the original of image coordinate system,
and O is its orientation. Each point in the image space can be presented as a curve in the
parameter space. Points which lie on the same straight line will result in curves that
intersect in a point in the parameter space, whose co-ordinates are the parameters of the
line. An intersection point with a large number of curves passing through it indicates a
line in the image space. A survey of Hough Transform technique can be referred to

Illingworth and Kittler (1988).

3.1.3 A New Method for Line Segmentation

In this chapter, the suitability of the algorithm developed in this thesis for line
segmentation is demonstrated, based on the analysis of the local directions of edges. The
edge detection method discussed in chapter 2 provides edge local direction for each edge
point. The local direction of an edge point is a 1-D value which clearly reflects the trend
of the edge at the edge point with respect to the next point. If a group of edge points
contain the same trend in edge direction, it means that these edge points are of similar
geometry. The method attempts not to find corners, but directly to find the basic
components of straight lines or regular curves by the assessment of the local direction at
the edge points along a complete edge. The approach of the method is similar to Hough
Transform for detecting local peak in parameter space, but the parameter of direction for
each point is directly obtained from edge detection process, rather than transforming
from image coordinates, so that the problem of line segmentation is reduced to one
dimension. Another characteristic of the method is that edge points have already been
connected. Therefore, the process of line segmentation can be performed on each edge,
without processing all edge points in the whole image at one time as the normal Hough
Transform methods have done. The principles of the line segmentation in the method
are: all edge points on a straight line should indicate approximately the same edge
direction; and all edge points on a regular curve should indicate the same sign of the

difference in direction.
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In section 3.2 and 3.3, the process of line segmentation is first performed on a single
edge. Straight lines and regular curves are detected respectively,v based on the above
principles of line segmentation. In section 3.4, the basic elements of geometric shape
determined by the above steps are extended in both directions to form end points. These
geometrical lines extracted from different edges with the similar properties are then
merged. In section 3.5, straight lines and open regular curves are linked at their
terminals, so that the boundaries of an object can be closed. In section 3.6, surface
patches are formed in terms of certain constrains. The results of experiments on these

procedures will be given in section 3.7.

3.2 Detection of Straight Line

The procedure for line segmeritation starts with the classification of the local directions
assigned to each of the edge points by Eq[2.14]. Figure 3.1(b) shows the number of
edge points in the range of directions for one edge displayed in figure 3.1(a). The edge
points are separated into a small number of groups which correspond to the straight
lines. By detecting the local maxima of edge directions, the general direction of a straight
line can be determined. However, there exist two factors which influence the detection
of straight lines. An edge may be formed by a mixture of straight lines and curves, so
that a simple threshold which tests local maxima will not suit all situations. Secondly,
errors existing in edge directions will create many local maxima which are confused with
the true direction of straight lines. Figure 3.2 (b) displays the distribution of edge
directions on the edge which surrounds the cylinder as shown in figure 3.2 (a). The local
maxima of the distribution outside the range of directions of straight lines vary

significantly, depending on the type of curves and their smoothness.

In order to solve this ambiguity problem, constraints must be used to select the correct
peak from the many local maxima in the distribution of edge directions which applies to
the straight lines. By analysing the distribution of edge points on straight lines and other
areas, several significant phenomena are evident (figure 3.1(b) and 3.2(b)). The

distribution of the edge directions of a straight line is often characterised by a sharp
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change, with the peak relatively higher than its neighbouring maxima, and its width very
narrow. Therefore, for the detection of straight lines, it is necessary to assess the width
and the relative height of the distribution. The width can be assessed by fitting the

distribution in the region of local maxima to a quadratic model:

n=ax?+bx+c (3.1)
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Figure 3.1: A machine part: (a) the extracted edges;
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Figure 3.2: A cylinder: (a) the extracted edges;

(b) the distribution of edge points in the range of directions

Where n is the number of edge points in a certain range of directions (3 degrees). x is the

coordinate in the direction axis. a, b and ¢ are the parameters of the model. The



Chapter 3 : Line Segmentation 45

parameter a reflects the shape of the distribution as shown in figure 3.3. The greater the
absolute value a, the narrower the width of the extension. If 5 numbers are chosen from
equally spaced points along the extension, with the local maximum in the central
position, we obtain the expression for the residual of the quadratic function for a region

of the distribution :

_ 2

Figure 3.3: The shape of the distribution in the different value a.

The subscript of xj presents the position in the description with respect to the local
maximum, and n, is the number of edge points in the corresponding range. i = -2,—1, 0,
1, 2. Using a least squares adjustment, the parameter a can be presented as the

following:
1
a = ‘"E(z(no -n, - nz) + n_, + n]) (3-3)

From Eq[3.3], an expression for the assessment of the width of the distribution is written

as:
Tw = 2(ng -ny -m) +ny+n (3.4)

If an edge lies on a polygon, there exist just a few edge points whose directions are
between two maximums of the distribution as shown in figure 3.1(b). However, more
edge points will exist between two maximums of the distribution, if an edge lies on the
combination of curves and straight lines as shown in figure 3.2(b). For the detection of a
straight line linking with curves, the relative height of a maximum in the distribution,

must be considered. The synthetic measure of a local maxima can be given by

T = TW -Nj3 -N3 -N_4 -N4y (35)
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The general direction of a straight line can be determined by detecting T above a
threshold. Figure 3.4 (a) and (b) show examples of the distribution of edge points on a
straight line and a curve respectively. The numbers of edge points n-3, n3, n-4 and n4 on
a straight line in figure 3.4 (a) tend to be zero, while those numbers on a curve in figure
3.4 (b) are of significant effect on the assessment. Even though the numbers of edge
points in the peak are the same, a straight line in figure 3.4 (a) is detected, while the

assumption of a straight line in figure 3.4 (b) is rejected.
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Figure 3.4: Distribution of edge points: (a) on a straight line; (b) on a curve.
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Figure 3.5: Distribution of edge points on two straight lines

Since the order of the straight lines in figure 3.1 (a) is not the same as that in figure 3.1
(b), which ranks the lines in terms of direction, parallel boundaries in object space may
not be parallel in the image, due to the distortion of image projection. Therefore, the two
peaks of distribution may overlap as shown in figure 3.5. If two peaks are close to one

another, the straight lines detected directly by assessment of T will fail due to the large
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values of n3, ngq in Eq[3.5]. In order to avoid such a situation, the peak search includes
two steps. The first step is to detect local maximums by checking the value Ty using a
low threshold. The second step is then to check whether a peak exists near each peak
being searched, and if so, to determine the side on which it lies on. If one peak exists

near the current peak, the assessment of T can be written as follows:

Tl = TW -NnNj3-Ny4-Nj35-Ng (36)

> Ty = Tyw - n3 - n4 - n5 - ng G.7

The numbers of edge points in negative sign indicate the numbers in the left side of a
local peak. T; is computed when a peak exists close to the right side of the current peak,
while T, is derived when a peak exists close to the left side. Threshold setting is
important for checking whether these edge points are composed of a straight line. Some
methods of threshold selection have been proposed by Reddi et al. (1984), Wang and
Haralick (1984), and Papamarkos and Gatos (1994). However, most methods are used
for image segmentation, where the number of thresholds are known. These method try
to find the optimum valleys between peaks. Since the number of peaks corresponding to
straight lines in an edge of the above example is unknown, the threshold for line
segmentation is difficult to determine. In the thesis, an ad hoc threshold is given to the
line segmentation, which may not be fitted to all situations. The problem of setting an
optimal threshold is needed to be further studied. All detected peaks are listed in the
order in terms of their magnitude. A range of direction, such as 8 degrees, is given to
each peak. Straight lines are detected by searching linked edge points, whose directions
lie within the range of the corresponding peaks. Edge points, which number above a
certain limit (eg. 15 points), are then fitted by a straight line function using a least
squares algorithm. The error equation for each edge point along a straight line can be

written as:

V; = sina X; - cosa Y; + p (3.8)

Where Xi, Yj are the coordinates of an edge point; a is the direction of the straight line;
p is the distance from the centre of the image coordinate system to the line. Since the

assessment parameters o and p in observation equation (3.8) are non-linear. it is difficult
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to estimate the parameters o and p directly by the equation. The alternative parameters

o and p can be estimated firstly in the following equation:
V1=}\,1 Xl+}\'2Yl+l (39)

The parameters of a straight line are then determined by A, and A,. We have:

. A
sing = —————
VA3 + A3
cosa = - B N (3.10)
A2+ a3
1
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A2+ a3
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Figure 3.6: Edge points on the straight line move in Y direction

It should be noted that if a straight line passes through the origin of the image coordinate
system, the parameter A, or A, tends to approach infinity, because p is equal to zero. In
this case, a derived by the Eq[3.10] may be subject to calculation error. In order to avoid
this situation, all edge points on the straight line are moved a certain known distance
from the coordinate centre as shown in figure 3.6, so that the parameter a will be
constant. The movement of the straight line is depending on the parameters A; and A,. If
|A;| is larger than [A,|, all edge points move one pixel in Y direction and the error

equation for each edge point can be written as:
Vi= 41X+ A3(Y,+1) +1 (3.9)

The parameters o' and p' can be calculated by Eq[3.10] by substitution of 4 1 and A 2

for A, and A,. The correct parameter o is the same as o, while the parameter p is equal
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to p' — cos(a). If all edge points are moved in X direction, in the case of |A,| being

larger than |A,|, the parameter p is equal to p' - sin(ct).

3.3 Detection of Regular Curves

Excluding points detected as the elements on straight lines, other edge points are
regarded as the candidates to describe regular curves. A regular curve is a curve which
could be presented as a simple mathematical function. Currently, second order
polynomials are used to define regular curves. Geometric groups of edge points are
separated by testing the sign of the difference of direction of the edge at each edge point.
Because of noise in these directions, the difference is calculated from points a certain
distance apart, rather than adjacent elements. The linked edge points with the same sign

of difference in direction are fitted by a curve functions follows:
F(X,Y) =aX2 +bXY +cY2 +dX +eY + 1 (3.11)

where a, b, ¢, d and e are the parameters of the polynomial function. Unfortunately, the
error equation for each edge point cannot be derived directly from the above equation,
because the determination of the normal distance from any point (Xe,Ye) to a regular
curve is not simple. A possible method is to determine an approximation of the distance,
assuming that the distance is small. Let the equation of a curve be F(x,y) = 0. The

distance from a point (Xj,Yj) to the point (xj,yj) on the curve is :
V2 = AX} + AY] (3.12)

1

where AXj = Xj — xj, and AYj = Yj — yj. Assuming that A Xj and AY; are small,

F(x,y) is expanded as follows:

Fx;,yp) = FXY;) - Fiy X, - F'AY, = 0 (3.13)

Where F'y and F'y denote the first derivatives of the equation. The distance V; can be
obtained by minimising Vi2 under the constraint of Eq[3.13]. The evaluation function is
assumed as:

® = AX? + AY? + 2k (F(X,,Y,) - F'AX, - F'AY,) (3.14)
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Where k is a parameter. By differentiating Eq[3.14] with respect to AX and AY, and

setting the results to be zero, the following equations are derived:

o2 2AX; - 2kFy, =0
aX 1 1

i (3.15)
I 2AY, -2kF =0

i~ Yi

i

7Y,
The solutions to Eq[3.13] and Eq[3.15] are
- B Y)Fy
12 12
bOFy fFy
Ay, = T Y Fy
i F|2 o+ F|2 )
Xi Yi

(3.16)

Therefore, the distance Vj from the point (Xj,Yj) to the curve can be calculated by:

v, = 1Y) (3.17)

i 12 12
VvExi 'y

Using the definition of a regular curve as a function of second order polynomials in

Eq[3.11], the distance Vj from an edge point to the regular curve can be written as:

2 2
aX? + bX,Y; + cY? +dX; + eY; +1

= (3.17")
l 1 1
VFx + F4
where
F'Xi = 2aXi + bYl + d (3 18)

f

F'Yi le + 2CYi + e

The coefficients are obtained by minimising the distance Vj in Eq[3.16"] using a least
squares adjustment. If there exist outliers in data, a robust approach, such as least-
median square (Rousseeum and Leroy, 1987), may be more effective, but this has not
proved necessary in this study. As the function of the residual Vj is non-linear, the
calculation must be iterative. The RMS error derived from the least squares adjustment
is used to assess whether the edge points define a regular curve. If the value is above a
certain threshold, the group of edge points is regarded as a natural curve and rejected.
The parameters a, b, ¢, d and e provide basic parameters of the polynomial function,

which can be transformed to the parameters of an ellipse, hyperbola or parabola. In the
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case of an ellipse, the parameters are the direction of the major axis, the central

coordinates and the magnitude of the major and minor axes.

3.4 Line Extension and Merging

The basic elements of geometric shape determined by the above steps should be
extended in both directions to form end points, while these geometrical lines extracted
from different edges with the similar properties are required to be merged. If we have
priori knowledge about the scene object, the model-based approach (El-Hakim, 1992)
can be used to solve the line extension and merging problem. When the environment is
unknown, however, the problem should be solved based on already extracted geometric

information.

In the above section, the local directions of an edge are used as a primitive to segment
edge points into geometrical groups. These geometrical lines, however, are often split
due to errors in local directions of an edge. In this section, a distance from an edge point
to an assessed line is used as a primitive to extend that line in both directions to form end
points. In referring to the measurement of how closely an edge point is related to an
assessed line, a primitive "direction", tests the correspondence of the local direction of
that edge point to the direction of a straight line, while the primitive "distance" describes
the displacement length of an edge point to the straight line. Since assessed lines have
been formed by the above process, the distance can be used as a geometrical primitive
for further line segmentation. The process of line extension and merging in the following
includes: line extension on a single edge, extraction of geometrical points, and line

merging on different edges.

3.4.1 Line Extension on a Single Edge

Figure 3.7 shows an assessed straight line detected with two ends A and B. The
direction of an edge point adjacent to A is outside the range of direction of the straight
line, but its location is close to that of the assessed line. Such a point can potentially be

added to the elements which have been fitted to a straight line function, to extend the
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geometrical line, provided it is within a certain distance, referred to as the threshold, of
the assessed line. The resulting extended line with new parameters is again extended by
measuring the closeness of additional edge points. In this way, a line is gradually
extended and its location becomes closer to the complete line. Currently, the offset
threshold is set at 0.5 pixel. If the distance from an edge point to the geometric line is
above the threshold, the process of extension stops. The end points are determined by

projecting the edge points at two ends to the geometrical line.

Figure 3.7: Extension of a straight line

However, this process cannot be performed on the edge points beyond point B, which
display a different situation. Due to image noise or blemishes on the boundaries, the edge
points beyond B depart from the straight line path for a certain distance and then again
follow the straight line. This indicates that line extension should be able to bridge the gap
and extend the edge points to the actual ends of the line. In the research, gaps in the
edge points are limited to 15 points. In this way, the process of line extension is more

tolerant to noise.

Regular curves are treated in the same way as straight lines, so that the method of line
extension discussed above can also be applied to regular curves. However, a regular
curve contains more degrees of freedom than a straight line, since the number of the
coefficients in a regular curve function is 5, whereas it is 2 for a straight line. Figure 3.8
shows that a regular curve is detected at ends A and B. El is a curve determined by edge
points between end A and end B. The points 1, 2 and 3 satisfy a certain offset from the
curve E1, while the point 4 does not. After the first 3 points are added to the basic edge
points to create a new curve E2, point 4 now satisfies the offset from the curve E2 and
could be used to define a new curve function. Gradually, as the ends are extended, the

assessed curve becomes closer to its correct shape.
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Figure 3.9: One edge separated into several short curves

The shape of an assessed curve is sensitive to the noise, and edge points near ends of
sections of a curve have a greater effect on changing the shape of the curve than the
points which form the curve in the middle of the basic elements. This shape change is
clearly reflected in the extended sections. In figure 3.8, the distance from edge points to
the curve from point 11 to the curve end gradually become large. If the point 11 at point
B does not satisfy the offset criterion, no further edge points will be close to the assessed
curve, and the regular curve cannot be extended. The shape change of the extended
assessed curve is influenced by not only the errors in the edge points, but also the
number of edge points. In figure 3.9, one edge is separated into several short curves (1,
2 and 3). In fact, the edge points on curve 1 could be merged with the edge points on
curve 2 to form curve 4, while their geometrical properties are different from those of
the edge points on the curve 3. In order to segment lines correctly, edge points on two
neighbouring curves may have to be fitted to a new curve. The estimation of whether the
two groups of edge points are combined together is dependent on testing the RMS error,

which is derived from a least square adjustment to determine the assessed curve. If the
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RMS is below a threshold, the properties of the two groups of edge points are regarded
as the same, and they are merged to form a new curve. Otherwise, the two curves

remain unchanged.

3.4.2 Extraction of Nodes

A node is the junction of two arcs. Since line extension is based on the offset criterion of
the distance of an edge point to an assessed geometrical line, edge points at the
connection of two neighbouring lines may be included into either group of the elements
which form two geometrical lines. This situation often occurs where a straight line links
with a curve, or two curves are connected. In figure 3.10, the edge points 1, 2, 3 and 4
can be included in either the edge elements of the straight line, or the regular curve. As
discussed above, the edge points near ends will have more influence on the shape
formation of assessed lines than the edge points away from ends. The straight line in the
figure will be assessed in the direction L2, because the elements fitted to the straight line
include points 3 and 4. In the same way, a regular curve is formed in the shape C2, since
it is influenced by edge points 1 and 2. In order to create correct geometrical lines with
correct ends, the edge points at the connection of two neighbouring lines must be

separated or only one edge point should be assessed as a common point.

Figure 3.10: Edge points on connection of two geometrical lines

In figure 3.10, the straight line is a tangent to the regular curve at the geometrical point.
The calculation of the geometrical point will be discussed in next section. The
overlapping edge points are separated by testing the distances from the geometrical point

to these edge points. The edge point with the smallest distance is considered as a



Chapter 3 : Line Segmentation 55

reference point to separate the edge points 1, 2, 3 and 4 into the groups of elements for
the two neighbouring lines. The correct parameters of the two geometrical lines can be

calculated based on the newly classified edge points.

3.4.3 Line Merging from Different Edges

Line extension and merging is performed on the straight lines and regular curves derived
not only from one edge, but also from different edges. Since edges are chained along the
pixels with high gradient magnitude, a geometric line may be divided into several edges.
Lines with the same geometric properties should be merged into a single line. The
criterion for line merging is that the ends of the separate lines should be close to each
other, and the elements of one line should satisfy the offset criteria, that they should be
within a certain distance of the other line. Since the parameters of long lines are more
accurate than those of short lines in the merging process, long lines are assumed as basic
lines against which to check the offset distances of the elements of short lines. If the
check is successful, the edge points corresponding to merged lines are then fitted to a
geometric function. A straight line is simply presented by its two ends. A regular curve is
described by parameters of a polynomial function and the coordinates of its end points.
The numbering hierarchy of end points corresponds to the edge direction, ie. a line
formed from end1 to end2 separates the intensity of an image into two areas, with the
intensity on the right higher than that on the left. If end1 of one line is linked to end2 of

another, the property of the combined line remains the same.

3.5 Lines Linking at Terminals

A geometrical point is defined as one where two neighbouring lines are connected.
Straight lines and open regular curves should be linked at their terminal points, so that
the boundaries of objects can be closed. A terminal can be created by intersecting
combinations of straight lines and regular curves, which includes: intersection of two
straight lines, intersection of two regular curves, intersection of a straight line and a

regular curve, and a tangent point connecting a straight line and a regular curve.
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3.5.1 Intersection of two Straight Lines

The intersection of two straight lines requires the solution of two linear equations in two

unknowns x and y. The equations have the form :

sina, X - cosa, Y = - p
. (3.19)
sina, X - cosa, Y = - p
The solutions of this form can be written as following:
p. cosa] - p. cosarn
X= —2
cosa] sina cosay sina
1 . 2 .2 1 (3.20)
p., sina] - p, sinay
Y = 2 1

cosaq sinap + cosay sinaq

The intersection is placed as the end point for line 1 and line 2, instead of Py and P, as

shown in figure 3.11.

P(X,Y)
Pl P2

Ll L2

Figure 3.11: Intersection of two straight lines

3.5.2 Intersection of a straight line and a regular curve

The equations of a straight line and a regular curve are as follows:

sinaX - cosaY = -p

i ) (3.21)
F = aX® + bXY + cY? + dX + eY + 1

After removing one unknown Y from above equations, we have the equation of one

unknown in the second order degree:
a X’ +bX+c =0 (3.22)

Where
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a = a+btga + ctg’a
b =d+ etga + —p——(b + 2 ctga) (3.23)
cosa
2
c'=c( p) + SP 4y
cosa cosa

The solution to Eq[3.21] and Eq[3.22] is

-b £ \/b'2 -4a ¢

2a (3.24)

X =

Y

tga X1 +
cosa

There are two solutions to the equations (3.21). The correct intersecting point P should
be near the ends P; on the straight line and P; on the regular curve as shown in figure

3.12.

Figure 3.12: Intersection of a straight line and a regular curve

3.5.3 A Tangent Point Connecting a Straight Line and a Regular Curve

Another type of a terminal which connects a straight line and a regular curve is a tangent
point, where the straight line is tangent to the regular curve, as shown in figure 3.13. In
order to make the calculation simple, it is assumed that the shape of the regular curve
does not change and the terminal P moves along the curve until the direction of the
straight line is identical to that of the tangent of the curve. The final result should satisfy

the equation as follows:
®=Fy X -X)+Fy (Y, -Y) (3.25)

Where F'x and F'y is described in Eq[3.18]; (Xo,Yo) are the coordinates of one end of the

straight line; (X, Y) are the coordinates of the tangent point. For one point on a curve,
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the magnitude of the value F indicates how close the point is to the tangent point, while
the sign of the value F illustrates the side of the tangent line on which the point is placed.
If there exist two points with different signs of F in Eq[3.25], the tangent point must
exist between the two points. Using simple dichotomising search, the tangent point can

be approached by an iterative calculation.

P1 P2

(X, Y,)

Figure 3.13: A tangent point connects a straight line and a regular curve

Tangent Line

Curve

Figure 3.14: One point projected on a curve in the direction (F'x, F'y)

The search of a tangent point in the use of Eq[3.25] requires that the searched point
P(X,Y) should be along a curve. As a middle point P(X,Y) derived by dichotomising
between two points P1 and P2 on a curve, must not be on the curve, as shown in figure
3.14, this point should be projected onto the curve. The distance from a point to the
curve is described by a residual V in Eq[3.17']. The correction to position of the point

can be made towards (F'x, F'y) the corresponding point (X',Y') on the curve by :

XI =X_ VFX :X“‘ F(§’Y)F2X
JF2 o+ F; Fy + F
FXY) F (3.26)
VF '
Y =Y - L =X - Y

2 2
JF'?( + F}% Fx + Fy
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3.5.4: Intersection of two Regular Curves

The determination of the intersection of two regular curves is viewed as a solution to

two functions as follows:

FXY) =aX +bXY +¢Y +dX+eY +1 =0

(3.27)
FEXY) = a,X* +b,XY +¢,Y* +d,X +e,Y +1 =0

However, it is difficulty to calculate the intersecting point by directly solving these two
equations. Figure 3.15 displays an appropriate iteration instead of determining the
intersecting point, by repeatedly projecting a point onto the two curves using Eq[3.26].
In the first instance, the point P; with the distance Vi is projected on the curve 2 to
create the point Py, which is then projected back onto the curve 1 to create the point P3.
Since the point P3 is closer to the intersecting point than the point Py, the intersecting

point can be approached by iterative calculation.

Curve 2

Figure 3.15: Intersection of two curves is approached by iterative calculation

3.6 Generation of Surface Patches

A surface patch is bounded by a sequence of geometrical lines. Each surface patch in
image space presents one surface of an object in object space. Since straight lines and
open regular curves have been linked at their terminals, it is necessary to chain straight
lines and regular curves in a proper order to form surface patches. Figure 3.16 displays
an object, which has 7 surface patches in image space. However, there are two ways to
make a closed chain at the terminal B. For example, a chain, shown by the black arrows
in the figure, bounds two surface patches. In order to chain a sequence of geometrical

lines correctly and automatically, some rules should be applied to the process.
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Each straight line separates two surface patches, except the area of the background of
the object. If a chain at terminals is always kept on the left side of the chain (or right
side), the chain will give a correct result, and only one surface patch is bound. This
concept can be performed by comparing angles between possible chained directions, and
the direction with the smallest angle is chosen as a chaining direction. As shown in figure
3.16 at terminal B, the angle between the direction shown by the white arrow to the
previous chained line is smaller than the angle shown by the black arrow, so that the

chain at terminal B should follow the white arrow.

Figure 3.16: Surface patches generated by chaining the geometrical lines

Centre of curve 180° Centre of curve 2
1 A

0° 360°

Figure 3.17: Tangent direction of curves at terminal A

The chain method can also be applied to regular curves. The direction of a curve at
junction A in figure 3.16 is a tangent direction, which is in the same as the direction of
the straight line linked to the curve. Generally, the angle between a tangent direction of a
curve and a direction of a straight line could be 0°, 180° or 360° as shown in figure 3.17.
However, the difference between 0° and 360° can be distinguished by checking the

position of the centre of the curve. If the centre of a curve is on the left side, the tangent
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direction of the curve on terminal A is 0°, otherwise, it is 360°. The steps for the

generation of surface patches include:

1) Divide a straight line or a regular curve into two parts, if there is a junction in

the middle of it.
2) Find junction points which link three or more geometrical lines.
3) Generate a surface patch from a starting geometrical line.

4) Chain the geometrical line from one of its ends to another line with the same

end.
5) Calculate the directions of each line, if they are linked at a junction.
6) Determine the chained line by comparing the magnitude of their angles.
7) Go back to step 4 until the chained line is the same as the starting line.

8) Compare the properties of the surface patch with those of the previously
generated surface patches, and delete the current one if it is the same as a

previous determined patch.

9) Go back to step 3 and chain the starting line in another direction or chain

other lines until all lines have been chained.
10) Generate surface patches with closed regular curves.

11) Delete the patch with geometric lines which have one side as the background.

A surface patch can be presented as a complete regular curve, such as an ellipse, or a list
of terminal numbers with their properties, such as a straight line and an open regular
curve. The process of the generation of surface patches is performed on 2D data. Due to
poor illumination on some surfaces, the boundaries between these surfaces may not be
detected, resulting in 2D surface patches including two or more real surfaces in 3D

object space.
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3.7 Experiments

The proposed strategy has been tested for line segmentation on real images. Figure
3.18(a) displays the image of a cylinder, which is processed by edge detection as shown
in figure 3.18(b). An edge along the contour of the object is segmented into two straight
lines and four sections of the ellipses, some of which are merged with the others in terms
of geometric similarity. These open ellipses are then linked at terminals to form four
surface patches. The linking includes the connections between a straight line and an
ellipse, and the intersection between two ellipses. Figure 3.18(d) displays the results of

the line segmentation.

(b)

(c) (d)
Figure 3.18 : A Cylinder : (a) An original image; (b) Edges detected from the image;
(c) Straight lines and regular curves; (d) Surface patches.
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Figure 3.19(a) displays the image of a block. The influence of noise on edge location can

be seen in enlarged edge maps, where the contrast of the edge in figure 3.19(b) is higher

than that in figure 3.19(c). The proposed method can segment these edge points
corrupted by noise into straight lines as shown in figure 3.19(d)

(b)

L N

(d) (©)
Figure 3.19 : A block: (a) Edges detected from the original image; (b) and

(c) Edge points in subpixel location; (d) The result of line segmentation.
3.8 Summary
The strategy, developed for line segmentation in the thesis, mainly deals with industrial

components. The success of the procedure relies heavily on the detection of edges. The

precise edge detection method discussed in chapter 2 enables the description of objects
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in image space by simple geometric functions, such as straight lines and regular curves.
In the method, the local direction of an edge is regarded as an initial primitive to be
analysed for the segmentation of edge points. Straight lines are detected by grouping
edge points with approximately the same local direction, while regular curves are
detected by checking the sign of the difference of edge local directions. The detected
geometrical lines are extended in both directions, depending on an offset criterion. The
straight lines and regular curves with the same properties are then merged. In order to
close boundaries of objects in image space, straight lines and open regular curves are
linked at their terminal points. Finally, surface patches are generated by constrained
chaining the geometrical lines. The results of linc segmentation require less data to

clearly represent important features of imaged objects.



Chapter 4 Camera Orientation

4.1 Introduction

Surface patches of an object created by the above process are presented in 2D image
space. If the object is recorded from two or more different view points, 3D position on
the object can be measured. Camera orientation is an important part of digital
photogrammetry. It establishes the relations between the 3D object coordinate system
and the 2D coordinate system in each image. These relationships are given as a function
of the camera parameters which are solved by bundle adjustment using 3D control points
and their corresponding coordinates on each image. In digital photogrammetry, artificial
targets are usually designed as control points to facilitate automatic detection and

identification. The general process of camera orientation consists of the following steps:

e Image acquisition of the calibration frame;
¢ Digital search for the targets in the images;
e Precise location of the targets in the images;

e Determination of the correspondence between control points and their image

targets;

e Bundle adjustment to obtain camera parameters.

Each of these stages is a precursor to its next stage, and is essential for the completion of

the process of camera orientation.

4.1.1 Formulation

The transformation between image and object coordinate system is based on the precise
determination of the camera parameters, which are described by the collinearity
equations. The collinearity equations form a perspective transform which mathematically
describes the relation that the object point, the perspective centre of the camera and the

measured image point ideally lie on a straight line. The transform includes parameters for
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interior and exterior orientation and additional parameters which model lens distortion

and image shear. The collinearity equations (Kraus, 1993) are defined by :

my, (X; - Xo) +my, (Y; - Yo) +my, (Z-Ze)
X m31(Xj-Xc)+m32(Yj'Yc)+m33(Zj -Zg)

ity (X; - Xo) + 11 (Y, - Yo) +my (Z; - Zc)
y, Ay = S, f 2 :
Y-y + Y y mSl(Xj_Xc)+m32(Yj 'Yc)+m33(Zj -Z.)

XX, +ij = -S

4.1

and
ij = (x-x,)(r’dg +r'd) + Shyy 4.2)
ij = (y-y )r’dg +ridy) (4.3)
rt = (x-%,)" + (y-y,)’ (4.4)
where
Xj, ¥j = the image coordinates of target j;
X, Yj, Zj = the object coordinates of ball j;
X0, YO = the coordinates of the principal point in the image coordinate system;
Xe. Yo, Zc = the coordinates of the perspective centre in the object coordinate
system;
f = the principal distance of the camera, which is constant and not adjusted,;
Sx, Sy = the scale factor in x and y directions;
ds3, des = the lens distortion parameters for radial distance r;
Shy = the shearing factor in the image geometry;

myy, ..., m33 = the elements of a 3x3 orthogonal rotation matrix M which is a function

of 3 rotations of the camera coordinate system, commonly termed ©, ¢

and «, about the 3 axes X, Y and Z respectively.

The matrix M is defined as follows :
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m; m, Mmy,
M=|m, m, my,
my, m, (4.5)

COSQCOSK  COSMSINK + SIN@WSINQCOSK  SINSINK - COSWSINGCOSK
= | COS@SINK  COBWCOSK - SINWSIN@SINK  SINWCOSK + Cos@SIN@SINK
sing - SINWCOS P COSICOSP

4.1.2 Camera Configuration

Camera configuration involves the camera arrangement in relation to the sensed objects.
A 3D point on an object can be determined from ray intersection of two or more
corresponding points in overlapping images. The accuracy of the coordinates of the
point is influenced not only by the error of camera orientation and the image coordinates
of conjugate points, but also the configuration of cameras. A configuration defect will
cause an unstable solution to the object location. Figure 4.1 displays two cases of
configuration defects. If the base/depth ratio is too small, a small error in image
coordinates will cause a large error Ad; in the direction of the depth (a shift from point P
to point P’). If the base/depth ratio is too large, however, a similar error of image
coordinates will be magnified into a large error Ad, in the directions orthogonal to the
depth direction. In order to avoid configuration defects and obtain more accurate object
coordinates, the errors in the coordinates of 3D points created by improper set-up of

cameras should be analysed and limited to a reasonable range.

Camera_1
P A% —>
Base Line Depth > P’
Camera 2
Camera_1 Base Line Camera 2
A
P De
sy TP

Figure 4.1 : Two cases of configuration defects
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In “normal” stereo photography, if the parameters of camera orientation are assumed to
be error free, the accuracy can be estimated by applying the well-known formulas

(Kraus, 1993).

2
_ [y d? d_Y?
O'y— [Ef_ch] +(T0y) (46)
d2
04 = Gp E

with: Gy, Oy mean accuracy of the restitution of X and Y orthogonal to depth

direction;
G4 ... mean accuracy of the restitution of the depth;
Cp .. mean accuracy of the image parallaxes (= accuracy of matching);
d ... maximum distance (= depth) between camera and object;
f ... calibrated focal length or principal distance of cameras;
b ... photogrammetric base line;
X,y ... image coordinates with the origin at the principal point.

In close range photogrammetry, sensed objects are required to be maximally covered and
captured in all images. Therefore, the optical axis of multiple cameras are generally not
parallel, but converge a suitable angle for the application. The convergence angle, which
is fundamental to evaluating the imaging geometry, is defined as the angle subtended by
the camera optical axes. If the cameras are pointed towards the sensed object centre as
shown in figure 4.2, the magnitude of the angle can be related to base/depth ratio in the

photogrammetric normal case, as follows:

oL
tg — = — 47
&5 4.7)
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ipolar Plane

Figure 4.3 : Intersection of two conic solids created by two error circles

The geometry of the camera configuration problem can be viewed in figure 4.3. If the
error of image coordinates is the same in X and Y directions, it can be described as a
circle around a given image point. An error circle forms a conic solid with its apex at the
projection centre. The possible locations of 3D points are the intersection of two conic
solids. An epipolar plane can be determined from two projector centres O, O, and the
intersection point P. The error of the point can be divided into two orthogonal parts: one
error in the epipolar plane; the other in the normal direction of the plane. If any two
bundles of rays within the two cones do not meet together, the ray intersection will be

computed by the least squares adjustment. The coordinate of the point in the normal
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direction of the epipolar plane will be located within the range of PsPs as shown in

figure 4.4. This error is not related to the base/depth ratio. It is only depended on the
distance between the point and the camera centres. The errors on the epipolar plane can

be described in terms of PP, in depth and P;P, orthogonal to the depth in figure 4.3.
The length P,P, will decrease with the increase of the base/depth ratio, while the length
P,P, will increase in this case. Evaluation of the convergent configuration shows that a

convergence angle of 90 is the "best" configuration, because it yields a near isotropic

form, ie. precision estimates P;P, and P3P, are approximately equal.

Error Circle in Left Image Error Circle in Right Image

Epipolar Plane

Figure 4.4 : Error of a 3D point in the normal direction of the epipolar plane

Image scale, principal-distance/object-distance ratio, is another factor, which influences
object accuracy. It is obvious that the size of a conic section increases with the increase
of the distance from the apex to the section. A decrease in image scale number will result
in a proportional increase in object point precision (that is, a reduction in the standard
error of object coordinates), irrespective of the base/depth ratio. Generally, cameras are
expected to be set up as close as possible to the sensed objects with the condition that
these objects are to be fully covered by all image formats, so that the highest accuracy

can be achieved.

Object point coordinate accuracy is also influenced by camera orientation. If the
locations of projector centres and the point P are assumed to be stable, the camera
configuration can be changed from the parallel axes (normal case) to the convergent
axes, as shown in figure 4.5. In this case, the image will shift from the location in image
L 1and R 1toL_2and R 2. As discussed above, an error circle, which surrounds an
image point, can form a conic solid in object space. An angle subtended by the conic axis

and the camera optical axis is dependent on the coordinates of the image point and the
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L_1 R 1
. f ) f
RN Base Line
L2 '}“‘-\\,'\ R 2
D Depth
o . 8y

%

Object P

Figure 4.5 : The comparison between normal and convergent configurations

size of an error circle. For circles in an image with the same size but in different
locations, the apex angles for those conic solids created by these circles are different,
resulting in the different conic shapes and sizes. Secondly, the change of camera
orientation will result in the variation of image scale for a particular point. In figure 4.5,
the same error circles of the left image in normal and convergent cases will create the
error in object space shifting from §; to §,. Therefore, object point coordinate precisions
for a particular point in normal and convergent configurations are different. The
convergent configuration will also result in different shapes of the object in stereo

images as shown in figure 4.6, where a rectangle is imaged as a trapezoid.

C a

Left Image Right Image

d b b

Figure 4.6 : Perspective shape of a rectangle in stereo images

The number of cameras influences the accuracy of the solution and configuration. In
general, the accuracy increases with the increase of camera number, because it improves
network reliability (Fraser, 1984). Normally, the accuracy of object point coordinates
needs to be estimated over the whole object, to determine average accuracy of the 3D

object coordinates and the lowest accuracy. If the camera configuration is composed of
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more than two camera stations, the estimation of the accuracy or precision of object
coordinates becomes more difficult. The preferred concept of Limiting Error
Propagation based on simulation studies was developed by Brown (1980) and Fraser
(1987). The concept is based on the assumption that the camera orientations are
regarded to be error free. The only errors considered as influencing the object point
coordinate accuracy estimates will be errors in the image coordinates. the accuracy of
object point coordinates in simulation studies can be estimated by limiting error
propagation for a particular camera configuration. Marshall (1989), for example, applied
this technique to evaluate the factors influencing the network configuration problem. His
tests were performed on simulation data with target points regularly spaced on a cube.
Four cameras are set up in five configurations as shown in figure 4.7. The simulation

results are given in table 4.1.

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

Configuration 2 Configuration : 3 = 80°

Configuration 1 Base/Distance ratio = 0.7 4 =120°
Base/Distance ratio = 0.7 ¢ =120° 5= 160°

Figure 4.7 : Configurations of four cameras

. c c Gz —
Configuration mII:I m’;y N D/CXY
1 0.18 0.13 0.25 1 in 28,000
2 0.15 0.12 0.20 1 in 33,000
3 0.14 0.10 0.20 1 in 36,000
4 0.11 0.10 0.12 1 in 46,000
5 0.11 0.12 0.09 1 in 46,000

Table 4.1 : The influence of camera configuration on object point precision

The notation used in table 4.1 is as follows:

o, = mean standard error, of all object points, in X, Y and Z;

oxy = mean standard error, of all object points, in X and Y;
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6z = mean standard error, of all object points, in Z,

D = the object distance.

Marshall’s conclusion (1989) shows that the combination of “normal” and convergent
geometry for multiple camera configuration does not influence the planimetric precision
to any large degree. Evaluation of the convergent configurations showed that a
convergence of 120° was the best configuration of four cameras, since it yields a near

isotropic form.

Mason (1994) proposed a conceptual model for the task of configuring a strong imaging
geometry in photogrammetric network design. This model is based on the notion of
generic networks. A generic network constitutes compiled expertise, describing an ideal
configuration of sensor stations that can be employed to provide a strong imaging
geometry for a class of network design problem. In addition to improve the
understanding of network design, this model performs an important role in the
development of an expert system for automated network design for dimensional

inspection task.

In practice, camera configuration may also be influenced by space limitations and the
restrictions imposed to achieve successful image processing algorithms, such as those
presented in this thesis. Secondly, an object may only be partly imaged from some view
points. Camera configurations with a large convergent angle may lead to some parts of
the area in the images not overlapping, so that objects cannot be completely constructed.
Different image scales in the overlapping images is another problem that may be
introduced by camera configuration. Parts of an object may have different image scales
in different images, specially for large convergent angles. Finally, the intensity of object
surfaces in images may vary significantly due to camera set-up for large convergent
angles. The magnitude of the intensity on an object surface in an image is dependent on
the lighting source, the normal direction of the surface, the camera location and the
materials of the object, if all surfaces of an object contain the same colour. The
significant shift of cameras will lead to the significant differences of the intensity in

images. It is possible that the intensity on one surface is larger than that on a second
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surface in one image, but smaller than or equal to it in the other image. This may have a
significant influence on the success and accuracy of image processing algorithm that
have been used in this thesis. In the edge detection process, if one boundary has low
contrast of the intensity in an image, its edge cannot be detected, or may be detected

with low accuracy.

Therefore, the determination of the camera configuration in this thesis has been
controlled by a compromise between the desire to obtain high accuracy of object
coordinates and the requirements of the image processing procedure. The set-up of
cameras should ensure high contrast of object boundaries in all images, which is also
related to lighting source. Secondly, the corresponding components of an object, which
are intended to be measured, must appear in at least two images, so that they can be
matched and intersected into object space. Cameras should be set as close as possible to
the sensed object, with the convergent angles as large as possible but not over 90° in
two camera case. For the tests in this thesis, only two cameras were available. Hence, in
order to satisfy the above conclusion, a scene object is always captured and located in
the centre of an image. The convergent angle is limited in a range between 15° and 90°

as shown in the experiments of chapter 5 and 7.

4.1.3 Target Design

In close range photogrammetry, targeting is commonly done with circular retro-
reflection bright disks which will be imaged with high contrast, thus facilitating
automatic recognition and precise location of the targets. Gruen and Stallmann (1992)
created a calibration field, which consists of a black plate and small towers with circular
targets as shown in figure 4.8. Heuvel and Kroon (1992) designed a white circle with a
concentric ring on a black base. Around this there is another concentric ring in which a
ten bit target identification is coded as shown in figure 4.9. They also designed a reseau
cross as a target shown in figure 4.10. These targets are all plane targets, and hence due

to image projection, the shape of targets in images will be distorted.
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Figure 4.8 A circular retro-reflective target

Figure 4.9 Concentric rings Figure 4.10 A reseau cross

Jansa et. al (1993) used a control field of small balls for camera calibration and
orientation. The spherical shape enables robust detection of the target in the image, as
the image of a ball must always be recorded as a circle, since it is invariant with different
view points. A calibration frame mounted
with these targets, the coordinates of
whose centres are known, serves as
control for this task. For the purpose of
camera orientation, however, the size of a
calibration frame should be commensurate
with the size of imaged objects, while the
size of targets in the images should be
appropriate for the camera location

process. In the thesis, control frames used

for camera orientation are similar to that Figure 4.11 An origin image of a

as shown in figure 4.11. calibration frame
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4.1.4 Methods for Target Location

Since the accuracy of orientation parameters is fundamentally a function of the
directional measurements of target centres in object and image space, precise target
location is a precondition for precise 3D restitution. Normally, 3D coordinates of control
points can be located very accurately by theodolite (for example, 0.03MM (. 03MM,
0.04MM jpn XY, Z coordinates), so that the errors in the camera parameters are mainly
determined by the accuracy of target measurement of their 2D image coordinates. In
recent years, extensive studies have been made on the target location problem in digital
photogrammetry. The main algorithms used include: location of the centroid, least

squares template matching, and edge extraction and feature fitting (Trinder et. al 1995).

The centroid location approach is based on the calculation of the centre of gravity of the
target pixels. The target pixels are determined by thresholding the window, which
separates the background from the target. The unweighted mean value of the positions
of all pixels of a target yields the target centre. A variation of that method is the
weighted centroid centring (Trinder, 1989). The basic principle is the same, but the pixel
positions are weighted with the corresponding grey value of the pixels. This algorithm is
not so sensitive to incorrect thresholding as the small weight of the darker and uncertain
edge pixels do not significantly influence the result, but it is significantly affected by

noise or uneven illumination.

Least squares template matching is based on a process of minimisation of the disparities
between the grey values of corresponding pixels in a reference image, containing the
target itself, and a search image, which is an artificially created window, containing a
template of the target (Beyer, 1992). The unknowns derived from this adjustment are
parameters of the (usually affine) transformation, which takes into consideration
differences in position, scale or rotation between the reference image and search
windows. The computation will yield the estimated position of the template of the target
on the image, and thus the position of the real target in the image. The advantage of this
method is that it is not very sensitive to noise, but will be affected by uneven

illumination. The perspective distortions in the target image are compensated for, as part
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of the computation, and an accuracy which describes the quality of the match can be
calculated. One of the disadvantages is that one must know an approximate position

within 3 to 5 pixels, to ensure convergence of the solution.

Edge extraction and feature fitting method (Huang and Trinder, 1993) exploits the edge
detection operator discussed in chapter 2, to extract the circular or elliptical edges (if the
image scales in X and Y direction are different) with subpixel accuracy. The parameters
of the ellipse can be obtained from the adjusted parameters of the appropriate second
order function. The main advantage of this method is that it is possible to check the
internal precision of the location by evaluating the RMS error of the ellipse or circle

fitting procedure.

The precision and accuracy of methods of digital target location have been investigated
by Jansa et.al (1993) and Trinder et.al (1995). The test indicated that the precision of
target location derived from simulated targets based on the methods centroid
determination, template matching and edge location, varied from less than 0.01 to 0.04
pixel for 5 or more bit quantisation. Errors occurred in the target location, if illumination
on the object is uneven. The exterior orientation procedure of the overlapping images
may not detect those errors, leading to shifts and distortions of the restituted 3D objects.
Target location based on edge extraction is more or less able to detect the real edge of
the target provided that the background of the target is fairly homogeneous and does not

disturb the edge extraction process.

In this chapter, an automatic procedure of camera orientation is described, focusing on
the location and identification of circular or elliptical targets in the images. To locate the
targets in the image, the edge detection method described in chapter 2 is exploited to
extract the elliptical target edges with subpixel accuracy. The ellipses are located by
fitting an elliptical function to the extracted edge points, from which the centre of the
targets can be determined. The process of target location will be presented in section
4.2. The list of the targets in the image must be arranged in their correct order in object
space. In section 4.3, a fast search to find the correspondence between 3D balls and their
image targets is described, which is based on exploiting the available information in the

image, in order to limit the number of tests of possible alternative numbering systems of
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the targets. The process results in the correct number being attached to each targets.
Beside the automatic target identification, a simple manual identification is also
discussed in this section. In section 4.4, bundle adjustment is discussed based on the
initial approximations of camera parameters being obtained from a DLT computation.

Experiment results will be given in section 4.5.

4.2 Location of Targets

The white balls on the black background in the calibration frame shown in figure 4.11
enable high contrast targets in an image to be acquired. The edge detection procedure
discussed in chapter 2 is a suitable tool for extracting the target edges which correspond
to the physical contours of these targets. The process of target location requires the
digital search of the targets in images by their shape, and the determination of their
central position automatically from the surrounding edge points. Before giving the
details of the processing, the geometric relations between the balls and their images will

be discussed in the following subsection.

4.2.1 Projection of Balls on an Image Plane

Though a ball is round in 3D object space, its shape in the image is usually elliptical. One
reason for this is that the image scale in X direction is different from that in Y direction
in the video image, due to the different pixel sizes along the two axes. This factor,
however, does not change the location of a target centre, which is described by the
elliptical centre at any scale. Since the target centre in an image is not normally at the
principal point of the image, there will be a bias in the elliptical centre away from the
principal point. Figure 4.12 displays the geometrical relation of a ball with its elliptical
position in the image plane. The major axis of the ellipse is directed towards the principal
point in the image. The distance between the true image position of a target centre and

an elliptical centre can be defined by :

1l
A= 2GS, -8) 4.8)
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Elliptical Centre
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Figure 4.12 : Projection of a ball on an image plane

where S; and S; are the projected lengths of a ball radius along the major axis of the
ellipse in the image, with an assumption that the image scales in X and Y directions are

the same. Using a triangle function, the two elements are computed by :

R cosf
cos(a +f3)
_ _Recosp

cos(a - )

S, =
4.9)
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Where R is the semi minor axis of the ellipse, or the radius of a circle when the principal
point is at the target centre. o is the angle measured at perspective centre between the
direction to the principal point and the direction to the target centre. B is the angle
measured at the perspective centre to the extreme side of the target. Substituting Eq[4.9]
into Eq[4.8], we obtain

2 Rsina cosf sinfs

A= 2 2 s .2 c a2
cos’a + cos’ff -sin“a - sin“f

4.8%)

The triangle functions can be transformed into image coordinate X and principal distance

f, using the geometrical relation in figure 4.12 :

L =+f+X°

f
cosa = —
L
sing = % (4.10)
L
cosff = ——
VR? + L’
R

sinf = ————
VYR + L
Substitute Eq[4.10] into Eq[4.8"], we obtain

R*?X(X? + f?
A = f2 (fZ +(X2) - R2)X2 (411)

For each camera, the principal distance f is constant (for example, 16 mm). The
magnitude of the projected error A is therefore dependent on the distance X from target
centre to principal centre and the minor axis R of the ellipse in the image. For example,
an image is assumed to be 720 by 586 pixels with the principal point in its centre. The
image scale is about 130 (pixel / mm), so that the principal distance f is about 2000
pixels. The semi-minor axis of an ellipse R is assumed as 7 pixels. Substitute these data
into Eq[4.11], the maximum projected error of the target centre in a 720 x 586 pixel
image is A = 0.006 pixel. This error is so small, that it can be ignored. If targets are
imaged by high resolution cameras, and have significantly larger R (in pixels) than the

one in above example, however, this correction must be considered.
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4.2.2 Digital Search of Targets and Their Centre Location

To extract the edges of targets, the image of the calibration frame in figure 4.11 is
processed by using the procedure of edge detection described in chapter 2. However,
this process is relatively time consuming comparing with the subsequent processes. Since
the targets in the image only occupy a small percentage of the area, in order to speed up
the process, it is necessary to do a quick search for regions occupied by the targets first.

The edges are then detected from the section of the images occupied by the target.

e

R e 2

Figure 4.13 : An ellipse in binary image Figure 4.14 : Edge points fit to an ellipse

A window is selected on each target by analysing the targets in a binary image, based on
a threshold of the average grey value in the image. The target will display a regular
circular shape as show in figure 4.13. Since the difference of intensity between the
targets and the background is significant, the variation of threshold setting, which may
change the target size in binary image, will not influence the final results. For the fast
search, the threshold set as the average grey value is effective. The circular shape can be
recognised by connectivity analysis from a binary image. The centre of each row of white
pixels centre will be displaced a maximum of one or two pixels in X-axis, comparing
with neighbour rows. The number of white pixels in each row varies according to their
location on the target. These characteristics will allow the shape of targets to be
distinguish from other trregular shapes. The target recognition results in the coordinates
of the left and right extremities of the target in each row in X-axis, and top and bottom
extremities in Y-axis. A small image window is then determined ten or more pixels from
the extremities of the target. Using the edge detection method discussed in chapter 2,

edge points on a target can be detected as shown in figure 4.14. An elliptical function is
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then fitted to the shape determined by these edge points.

As discussed above, there are two reasons why the shapes of the image targets are
elliptical. The first is due to the different pixel sizes in X and Y directions. This fact will
not change central position of targets, and the major and minor axes of the ellipses are
parallel to X and Y axes. The second fact is due to the lack of coincidence between the
principal point and the target centre which forces the centre away from the principal
point. The major axis will be along the direction from the principal point to the target
centre. Since the influence is very weak, only variations in image geometry of the target,
due to the different pixel sizes, are considered. If the axes of an ellipse is parallel to X
and Y image axes, four parameters can determine the structure of the ellipse as

following:
aX’> +bY’ + X +dY +1 =0 (4.12)
The error equation for each edge point (X;,Y;) can be written as:

aX; + bY] + cX; +dY; +1
Vv, = (4.13)

i 12 12
\/F xi +F yi

where

F’xi = 2aXi + c
\ (4.14)

i

a, b, ¢ and d are the transform parameters, which can be calculated by using a least
squares adjustment method. These parameters can be transformed into an equation for
an ellipse, which is denoted by :

X-X) |, (Y-Y) _
R} R}

1 (4.15)

Where X and Y are the coordinates of an elliptical centre; Ry and Ry are the major and
minor axis of the ellipse respectively. Let the Eq[4.15] be presented in the form of

Eq[4.12] as follows:

1 1 2X 2Y,
X2t —5Y - —5X- S5 Y+1=0 (415)
FR% FRJ FR} FR§
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where

Xe , Ye

2¢ ~< _1 4.16
R (4.16)

F =

Comparing Eq[4.8'] with Eq[4.5], we obtain :

1 1 2X 2Y,
a= ——b=——jc= —Cd=—5 (417
FRZ FR} FRZ FRZ
The elliptical parameters are presented by the following equations :
c
X. = - —
¢ 2a
d
Y. = - —
¢ 2a
; (4.18)
R, = ,/—@Xg + b¥Y? - 1)
a
1
R, = \/g(aXé +bYZ - 1)

The RMS error derived from the adjustment is used to check the interior quality of
ellipse fitting. If the value is smaller than an accepted threshold, the shape of the feature

is regarded as an ellipse and the result is adopted.

4.2.3 Improvement of Accuracy of Target Location

Balls serving as targets are expected to be imaged as ideal round bright disks on a black
background. However, the balls were fixed on the frame by a steel string or a bar, which
may occlude part of the ball, resulting in the distortion of part of the edge as shown in
figure 4.15. These distorted edge points have a detrimental effect on the assessment of
the target location. In order to locate targets precisely, the erroneous sections should be
segmented and deleted. The residual in Eq[4.13] represents the distance from an edge
point to the assessed ellipse. If the number of distorted edge points are only a small
percent of the total number of edge points describing the target, the magnitude of their
residuals can reflect the quality of the extracted edge points for the target location
process. The larger the residual, the poorer the quality. This differentiation between

distorted and correctly located edge points can be determined from their relationship to
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the RMS error derived from a least squares adjustment of Eq[4.13]. If a residual is more
than 3 times the RMS error, the edge point is regarded as erroneous and rejected. The
deletion of erroneous edge points can also be done manually. Targets which do not

suffer from erroneous edge points can clearly be located more accurately.

(@) (b) (c)

Figure 4.15 : Some erroneous edge points on targets

Table 4.2 displays a comparison between target locations before and after deleting
erroneous edge points. For target (a), even though only 3 edge points are deleted, the
displacement of target centre is 0.14 pixel, and the precision is less than a quarter of its
original value. The improvements are greater for the two targets (b) and (c). The number
of deleted edge points must be limited to a certain threshold number (for example, a
quarter of the total number of edge points) to achieve satisfactory results. If the number
of deleted point is above the threshold, the target is regarded as unreliable and ignored.
The deletion of erroneous edge points can also be done manually, since human being can

adjust the results more flexibly and reliably.

Targets in Figure 4.15 a b c

Total Number of Edge Points 38 35 41

Number of Deleted Points 3 12 10
Displacement dx 0.14 0.07 0.15
(Pixel) dy 0.00 0.42 0.18
Precision Before 0.264 0.384 0.216
(Pixel) After 0.061 0.101 0.088

Table 4.2 : A comparison between the results before and after deleting

erroneous edge points
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4.3 Identification of Ellipses

Once the targets have be located, the list of the ellipses in the image must be arranged in
the order of the balls in 3D space. A possible solution to this problem is to search all
combinations of the order of the balls and determine the correct order by testing its
error, based on using the Direct Linear Transformation (DLT). The search speed is
largely dependent on how quickly the correct order of listing, amongst the possible
alternatives, is found. However, the total number of possible combinations of the target
list is often very large, especially when a large number of control points occurs, making
the exhaustive search extremely lengthy. In this application, there are 25 control points.
If 15 ellipses exist in the image and the DLT is assumed to take 10~ second for each

calculation, in the worst situation, it will take 1.3 x 106 years to finish the search.

Some strategies in artificial intelligence, such as hill climbing and least-cost partial path
(Winston, 1984), take the form of incomplete rules which tend to indicate the right
choice, but without giving a guarantee. The problem addressed here requires finding the
correct order, not a better choice, because there are no alternative “correct” choices.
Therefore, a reduction in the combination complexity by exploiting the geometrical

information in the image is the basic approach adopted for the solution.

4.3.1 Direct Linear Transformation (DLT)

Direct Linear Transformation is the prime method used to determine the correct order of
the target numbers. It is a method which establishes a direct relation between image
space and object space. Image coordinates are related to object coordinates by means of

eleven transform parameters as follows :

L,X +L,Y + L,Z +L,

x ==
LQX + LloY + L”Z +1 (419)
g = LsX T LeY + LyZ +1Ly
L,X +L,Y + L,,Z +1
Where Lj,......, L1] are the transform parameters. If the control point coordinates are

assumed to be without error, the observation equations can be presented by :
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1
Vi = XL YL Z 4Ly - LyxX-LygkY -LyxZ- %)
(4.20)

y

where

A =LgX + LY +LjjZ + 1 (4.21)

Eq[4.20] is linear but A is not constant. The transform parameters can be computed
iteratively using a least squares adjustment. Since there are 11 parameters, the minimum
number of targets required for the formation of 12 observation equations is 6. The
advantage in the use of the DLT transform is that it does not need provisional values for
the adjustment. In this application, the RMS error obtained in the DLT is used to
estimate the internal precision of the adjustment. If one or more targets in the image are
not correctly assigned to target numbers, it will be clearly reflected in the magnitude of

the RMS error.

4.3.2 Number of Targets

Since the total number of possible combinations of target lists will be affected by the
total number of targets, for 25 control points, the numbers of possible combinations for

the different numbers of targets are shown as:

1 target : 25
2 targets : 25x24 = 600
3 targets : 25x24x23 =13800
251
7 targets : —— = 24x10°
25-N!
25 targets 251 = 1.5x10723

The combination complexity rises with an increase in the number of targets. Motivated

by this fact, one way of reducing the number of possible choices is to correctly identify a
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small number of the targets in one image. As the DLT method, which is used to check
the correct order, requires a minimum number of six targets, for the purpose of fast
calculation and reliability, seven targets are the appropriate number for use in the search
process. If the list of the seven targets is in the correct order, other targets can be
identified by the camera parameters derived from the seven points. To achieve a good
geometric solution, the seven chosen targets should be scattered throughout the image,

including the four corners and the image centre.

Ellipse

\i

-« f ——»

b

Image Plane

Ball

Figure 4.16 : The relation between an ellipse and a ball

4.3.3 Target Size in an Image

Even though the combination complexity is greatly reduced by choosing seven targets
for identification, the possible numbers of combinations are still huge. Exploiting the
information of the target size in the image, which is a function of the ball's location in
object space, is another way of reducing the combination complexity. The centre of a
ball in the 3D coordinate system can be approximately located with respect to the
perspective centre from the position of the centre of the target in the 2D image
coordinate system. This can be derived from its 2D coordinates and the ratio of major
axis or minor axis of the ellipse and the ball diameter. Figure 4.16 displays the relation
between an ellipse in an image and a ball in object space in the X-Z plane. The

approximate coordinates of the centre of a ball can be derived from:
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D
X = —(x-xq)
dx
D
Y = =20 - y) (422)
dy
f.
z=-Yp-p
dy dy
Where
D = the diameter of a ball;

fx, fy = the principal distance of the camera in X and Y direction,
dx, dy = the major axis and minor axis of an ellipse;
X0, Yo = the coordinates of the principal point in the image;

X,y = the central coordinates of an ellipse.

The units in the equations are millimetres or pixels, which are transformed from one to
the other using the image scale. From the above, an additional set of 3D coordinates of
the balls is created, as well as the group of the “known” coordinates of the control
points. Since there is no knowledge of translation and rotation between the two
coordinate systems, it is impossible to identify the targets directly by comparing the
coordinates in the different systems. However, the distance between balls should be
invariant in the two coordinate systems. This condition can be used as a distance check
in the search process of determining the correct order of the targets. The distances
between the 3D coordinates of seven chosen points derived from the assumed set of
coordinates can be checked against the distances between the set of known control
points in their assumed order. If one difference is above a threshold distance, it will
indicate that the assumed point numbering system is incorrect. The threshold limits the
difference in distance within which pairs of targets are assessed as equal. Most wrong
pairs are filtered out, if the difference is above the threshold. The determination of the
threshold is crucial for the speed and reliability of the search process. The accuracy of
the 3D coordinates of control points derived from Eq[4.22] is depended on not only the
precision of the principal distance and the location of the principal point, but also the

accuracy of the central coordinates of the ellipses and their major and minor axis. The
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threshold must be determined in relation to the estimated errors in distances. If a
threshold is set too small, the correct order may be missed, while if the threshold is set
too large, the distance checks will require less effort, but erroneous point numbering
system will be accepted for the DLT computation. This will result in more lengthy
calculations. In order to set the threshold correctly, it is necessary to analysis the error in

the coordinates derived from Eq[4.22].

4.3.4 Analysis of Coordinate Accuracy

The error in the coordinates can be derived in terms of the errors in the elements in the

function. The differentials of Eq[4.22] in terms of X, Y and Z are defined by :

Ad
AX=X(£— X 4 ax AXO)
D dy X - X, X - X,
Ad
AY:Y(A_D. - Y 4+ &y Ayo) (4.23)
D dy  ¥y-Yo Y-Yo
AZ:z(Q..AdX.i. é_fé_)
D dy fx

The magpnifications of X, Y and Z are written by :

X X D D
My = [(EM.)? + M, )2 + (—M,)? +(—M,,)?
< \/(D p) (dx ax) (dx <) (dx x0)
Y Y D D
M, = [(=Mp)® + (—M,)? +(=M,)* + =M,)’ (4.24)
v \/(D D) (dy dy) (dy ) (dx v0)

z z f
M, = [(=Mp)® + My ) + (EMg)?
7 J(D ) (dx dx) (dX Fx)

Since the diameter of a ball can be measured by a calliper accurately, the relative error

D can be as small as 1: 50000 and the influence of this error can be ignored. The

accuracy of a target centre can normally be less than 0.1 pixel. If D is approximately

12.8 mm in this case and dx or dy is assumed as 10 pixels, the error in dBMX or EQMy
X y

is approximately 0.128™MM which is very small and can be ignored. The magnitudes of

the errors Mgy, Mxo and Myq are determined by the provisional estimation of fx Xo and
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. . i f i
yo for the cameras. If the error of these estimates is assumed to 2 pixels, d—"fo is

equal to 3.2mm (fy = ]6MM) and :?—Mxo or aIlMyo is about 2.56MM_The errors Mdx
X y
and Mdy are the errors in the elliptical major and minor axis created by the edge

detection and the elliptical fitting. If their errors are assumed to be 0.2 pixel and the 3D

Y Z
coordinates of a target are (0.2™, 0.2m, 2.5M) (dszx’ d—Mdy, d—MdX) can be of

X y X
the order of (4mm, 4mm 50mm) This result indicates that the location of targets derived
by Eq[4.22] is very sensitive to the error in the elliptical major and minor axis, which is

the largest contribution to the errors. Since the coordinate Z is normally larger than X

. o Z .
and Y, for the approximate estimation of a threshold, only the error d—MdX is

X

considered. The distance between two points is written by :

dist = (X, - )2 +(Y, - L)' +(Z, -Z,)  (4.25)

The approximate RMS error of the distance is therefore represented by :

— Zave
My = ¥2 =P My, (4.26)
X
Where Z,ve is the average Z coordinate of control points. Using the data assumed above,

the RMS error is about 7°M_ which is a reference value for setting the threshold.

4.3.5 Process of Target Identification

The seven targets are arranged in alphabetical order as a, b, ¢, d, e, f and g. The numbers
of 25 control points are attached to the targets in the numeric order. As a distance is
derived from two points, a distance check can be carried out when the numbers of more
than one candidate are assumed. The first action in the search process assumes the target
a to be the first control point, and b to be the second. The distance Syp between the
targets a and b is then compared with the distance Si, between the control point 1 and
the control point 2. If the difference is above a threshold, the assumption is wrong and

the target b is assumed to be the third control point. If the difference is smaller than the
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threshold, the following target ¢ is determined accordingly. The distance check will be
performed between the three targets. In this way, the search process is carried out until
seven targets are checked as shown in figure 4.17. The number of checked distances
rises with the increases of the number of involved targets. If all the differences of the
distances are within the threshold, the set of seven points selected will then be checked
by the DLT. The DLT check is a reliable step, which determines whether the set of
points is in the right order. If the RMS error derived from the DLT is above an

acceptable value, the process will return to check in the distance between the targets.

Figure 4.17 : Distances among seven targets

The threshold for distance check is an important value which determines whether the
search process selects a new candidate or assumes the current candidate is incorrect.
Since the RMS error derived from Eq[4.26] roughly gives the error of an average
distance, the true error for each distance is unknown, so that the determination of a
reasonable threshold is not easy. However, it is interested to note that if the threshold is
set at different levels, such as 10cm 15¢m , 40cm_ the number of times the DLT
computations are carried out are 58, 2314, ... , 3.3x 105 respectively. The search
process for the first threshold level takes a very small amount of time compared to that
required for the next larger threshold level. This makes it possible to set multi-level
thresholds. The search process is firstly performed on the threshold which is set to be
10m_If no correct order of targets can be found, the search process goes to the next
level of the threshold which is set to be 15°™, Since the time used on the first and second
level of the threshold is approximately the same as the time used on only the second

level, the search process using multi-level threshold does not waste much time. If the
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error in the difference of distances among seven targets is small, however, the search can
be processed quickly with a small value of the threshold. In this way, the search can be

achieved efficiently.

4.3.6 Manual Identification of Targets

The balls as control points are expected to be round and of an identical size. The errors
in roundness, resulting in the different shapes of the balls, are caused by the different
view points, while the error in size directly influences the 3D position of targets in the
use of Eq[4.22]. These errors hinder the automatic process of target identification. As a
supplement, manual identification of targets is performed on images by giving
identification numbers directly to the targets. Several targets are identified first, while
other targets are identified by the camera parameters derived from these points. The
identification of targets results in the numbers being attached to the corresponding

targets as showed in figure 4.18.

Figure 4.18 : Identification of the targets
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4.4 Bundle Adjustment

Once the coordinates of target centres in image space are related to corresponding
coordinates of ball centres in object space, the precise parameters of camera orientation
can be obtained by bundle adjustment. Bundle adjustment is based on the collinearity
equations, where the perspective geometry is modelled in a straight forward way. The
observation equations can be obtained by differentiating the unknown elements in
Eq[4.1], while normal equations can be formed through conventional methods. The

solution of the normal equations provides the parameters of camera orientation.

Before using least squares methods, however, the initial approximate values are needed
for the estimation of inner and outer orientation elements. It is not easy to estimate these
approximate values in the different situations, such as when the viewpoint or the
orientation of the calibration frame is changed. Furthermore, an automatic procedure
requires initial approximations to be given automatically. The DLT method provides
adjustment values of the parameters without the requirement for provisional values.
Since these results are approximately related to the results of bundle adjustment, it is
possible to obtain the initial approximations for the bundle adjustment from the DLT

results.

The basic idea (Karara, 1989) of the solution of initial approximations is to transform the
collinearity equations Eq[4.1] into the form of DLT transform equations. The initial
approximations are then calculated from the DLT transform parameters. Since lens
distortion and shearing factor in bundle adjustment are very small and need no

provisional values, they are ignored in relating the collinearity equation to the DLT as

follows :
Xx=x.—f m ,X+m,Y +m.Z + y,
0 Xmy; X +m;,Y +my,Z +y, (4.27)
y = - f m, X + m,Y +m,Z +y, ’
Yo Y my X +mg,Y +myZ + y,
where

v1 =—(mpXc + my2Ye + my3Zc)
Y2 = —(mp1X¢ + myy Y + mp3Zc) (4.28)

y3 =—(m31Xc + m3Y¢ + m33Zc)
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and
fx = Sy
4.29
fy = Sy f ( )

The above equations are transformed into the form of DLT equations :

X = (my; X, -my, £)X+(my X, -my, )Y +H(myx, -my £x)Z+(y 3%, -7, )
my X + m,Y + muZ +y,

_ (myy, ’m21fy X+(myy, "mzzfy )Y +(my,y, -mﬁfy)Z+(7 3Yo =¥ 2fx)
my X +m,Y+myZ+y,

(4.27)

Comparing the elements of Eq[4.27'] with the elements in DLT equations, we obtain :

L, Ly L my X, -m;,fy  myy,-m, fy my,
L, L¢ Ly :L my,X, -m,fy  m,y, 'mzzfy ms, (4.30)
L, L, L, V3| My3Xg = m,fy, myy, 'mzsfy My,
L, Ly 1 Y 3Xo =711k YYo= 7:f, 73

The initial approximates of interior orientation can then be calculated, referring to

Karara (1989), as following;

Xo = 7§(L1L9 +L,L,+L;L,)
Yo T 7§(L5L9 +LsL,, +L,L,)) (431)
fi = 73} +L +1%)-x; '
f£7 =y @ +L +10)-y;
where
I — 432)
3 .
L, +L}, + L7,
The elements of exterior orientation can be written as:
(Loxog-Ly Lygxo-Ly Lyxp-Ls)
my; My My fx fx fix
M=|my my my| = 193’; -Ls LIO};O"L6 Lllb;f) -Ls (4.33)
ms M3 IMz3 Y Y Y
Ly Ljp Ly

and
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XC Ll LZ L3 4
Y. |=-L, L, L,| |L, (4.34)
ZC L9 LlO Lll 1

4.5 Experiments

The procedure of camera orientation has been tested by placing a camera in different
viewpoints. The number of images is unlimited. Two or more cameras can image the
control frame at the same time, while their orientations can be determined
simultaneously. Tests have been performed on the image in figure 4.18. Table 4.3
shows the RMS error of the adjusted image coordinates. One result is adjusted from 27
target centres derived by all surrounded edge points, while the other is adjusted from
the target centres calculated without erroneous edge points. The improvement of the
precision can be seen in the table, where the RMS error goes down from 0.147 pixel to
0.053 pixel of X coordinates, and from 0.119 to 0.073 pixel of Y coordinates. By
comparing the two adjusted results, the RMS error of the coordinate shift could be as
large as 0.086 pixel in X axis and 0.047 pixel in Y axis. It should be noted that the error
of target location is created not only by the edge detection process, but also lighting
condition, when ball shaped targets are used. If the light source is positioned at some
distance from the camera, the brightest spot in the image is shifted out of the target
centre. This results in the measured target centre biasing towards the brightest spot
(Jansa et.al 1993). In order to generate a symmetrical intensity distribution of targets,

lighting source should be mounted as close as possible to the camera.

: Without Difference
All Edge Points Erroneous Points Adjustment Results
X y X y X y
RMS 0.147 | 0.119 0.053 0.073 0.086 0.047

Table 4.3 : Accuracy of bundle adjustment

The results of bundle adjustment create a data file, which includes the correct parameters
of interior and exterior orientation and their precision as shown in table 4.4. The first
column gives the name of orientation parameters, whose values are displayed in the

second column. The third column gives the precision of the estimated parameters. This



Chapter 4 : Camera Orientation 96

file can be input into other softwares written for object measurement, to establish the

relation between 2D image space and 3D object space.

* BEGIN_* Project : Camera_Orientation

* ORIENTATION_DATA * :
FOCAL_LENGTH (cm) 16 (not adjusted)
X SCALE  (Pixelcm) 1196.194213 1.94716
Y SCALE (Pixelem) 1312.304632 2.12818
X_PRINCIPAL_POINT (Pixel) 361.956245 3.33347
Y _PRINCIPAL_POINT (Pixel) 259.888035 4.29740
X_SHEARING -0.000469 0.00030
R3_LENS_DISTRORTION 0.000391 0.00038
RS_LENS_DISTRORTION 0.000035 0.00004
X_PROJECTION_CENTRE (cm) -26.150962 0.09870
Y PROJECTION_CENTRE (cm) -221.466939 0.43850
Z, PROJECTION_CENTRE (cm) 88.080683 0.10467
OMEHA_ROTATION 77.083632 0.11777
PHI_ROTATION —-103.082169 0.10150
KAPPA_ROTATION -2.970492 0.02054

Table 4.4 : Result of bundle adjustment

4.6 Summary

An automatic and semi-automatic procedure of camera orientation has been developed
for a digital close range photogrammetric system. In this application, small bright balls
mounted on a calibration frame serve as control points, since their shape in an image is
invariant to the camera position. To recognise the targets, white spots with regular
circular shapes are searched throughout the image. The edges are then detected using
the algorithm described in chapter 2 from the small image which just covers the area of a
target. The central location of targets and their size can be determined from these edge
points. The list of the targets in the image must be arranged in the correct order of the
balls in the 3D world. A fast search is described which is based on exploiting the
available metric information about the targets in order to limit the number of possible
alternative orders of the target numbers. In this way, the search can be achieved
efficiently. The identification of targets results in the correct numbers being attached to
the corresponding targets. The precise camera parameters are calculated by a bundle
adjustment, while the initial approximations of the parameters are transformed from DLT

computation.



Chapter 5 Reconstruction of 3D Objects

5.1 Introduction

Reconstruction of 3D objects from two or more images is an important step for object
recognition and inspection. Digital photogrammetry enables the determination of 3D
geometric data of objects, based on multiple overlapping images. In a digital
photogrammetry system, corresponding features in overlapping images can be found
automatically by a matching procedure. Given known transformation parameters
between image and object space, locations of these image features can be calculated in
object space. Generally, image matching technique may be classified into area-based

matching and feature-based matching.

Area-based matching uses the radiometric values of individual pixels in image windows
centred on the conjugate point in different images. From a point in one image, its
conjugate in the other is found on the bases of a certain similarity measure, defined by
the gray values within the image window. This method is widely applied in practice and
achieves good results in cases where the surface relief is relatively flat and the images of
the surface has a rich image texture (Wong, 1986). Conversely, the reconstruction of
discontinuous surfaces and surfaces with few texture images by means of this method is

problematic.

Feature-based match is a process of finding corresponding features on the different
images. Features in an image may be interest points, edges and geometric items, such as
straight lines, regular curves or surface patches. Image features are usually only a small
percentage of the whole content of the image, but they convey the essential information
about surface discontinuities. Generally, matching based on geometric features is more
reliable than that based on interest points and edges, because there exist some geometric
constraints on the matching process. Surface patches created by the line segmentation
process described in chapter 3 clearly present geometric features. The elements, such as
corner points, in the surface patches are related each other by virtue of their relative

position. These relations provides a clue to help finding the correspondences of features.
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In addition, the condition of epipolar geometry, based on the camera orientation, is also
used to limit the search for matched candidates on an image from two dimensions to one
dimension. However, some boundaries of an object may not be extracted in the edge
detection process due to poor illumination, so that one detected surface patch may
contain two surfaces of the object. Therefore, direct matching on surface patches in
stereo images will fail in some cases. Straight lines and regular curves are primary
elements of surface patches, as well as containing geometric information. Using such
elements as matching features is more appropriate. Once the correspondences of image
features are determined, the three dimensional positions of those features are easily

computed from the pairs of features in both images.

In this chapter, an automatic procedure of 3D object construction is presented in terms
of epipolar geometry and feature geometry. In section 5.2, epipolar geometry is
discussed, which gives the relation between image coordinates in overlapping stereo
images. In section 5.3, straight lines and regular curves are matched in terms of the
epipolar constraint and feature geometry. Section 5.4 describes in detail the intersection
of the geometric features. Section 5.5 shows several experimental results, while a

summary is given in section 5.6.

5.2 Epipolar Geometry

The results of bundle adjustment in chapter 4 give the relation between image and object
space. This relation can be transformed into the relation between the coordinates of
points in a pair of images which lie on an epipolar line, called the epipolar geometry,
which is used to limit the search for conjugated points in both images to the line. The
functional epipolar geometry can be found in Wong (1986) and Tan et. al. (1994).
However, since the epipolar geometry is an important constraint for stereo matching, the
computation equations of epipolar lines developed for this thesis will be described in the
following subsection. The epipolar geometry is presented by a 3x3 matrix, which directly

relates the coordinates of points in images on an epipolar line.
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In order to show the mathematical relationship between the image points in stereo
images, it is necessary to analyse the parameters of the camera orientation, which
comprise the elements of interior orientation, additional parameters, such as lens
distortion and image shear, together with the external orientation. The process of object
reconstruction in this research is mainly dependent on the extracted edges. Since the
locations of edge points along the object boundaries have been corrected for errors
caused by lens distortion and image shear after edge chaining, the effects of lens

distortion and image shear will not be considered in this chapter.

5.2.1 Epipolar Line in Stereo Images

The epipolar geometry relates homologous points in a pair of images along the
corresponding epipolar line. The epipolar constraint can be derived from the parameters
of absolute orientation as discussed in chapter 4. If two images are named as left and

right, the collinearity equation (4.1) in the left image can be written in a matrix form as :

(XL - X0
fo 1 X* XLc
il = M, |Y-Y, 5.1)
fLy /l L
-7,
-1

The subscript L refers to the coordinates or parameters of the left image. The

parameter A | is a scale factor. The vector o from the projection centre of the left

camera to one ground point (X, Y, Z) can be transformed into the following formula :

X-X.. X,
a=Y-Y,| =41, M H]|y, (5.2)
Z-Z, 1

where



Chapter 5 : Reconstruction of 3D Objects 100

(_1_ 0 _il:.(.)_\
fo fo
1
Ho=|0 — —Yf-@— (5.3)
Ly Ly
L 0 0 -1

We can also obtain the vector B from the projection centre of right camera to the ground

point (X, Y, Z).

X=Xz Xg
B=|Y-Yq | = 2 Mg Hy|yg (5.4)
Z-Zg, 1
where
__L 0 Xro
fo fo
H, =| 0 — -Jm (5.5)
fRy fRy
0 0 |

If we assume y to be a vector of the baseline from projection centre of left camera to that

of right camera, we have :

AXc XRc - XLc
y=|AY, | = | Y — Y, (5.6)
AZC ZRc - ZLc

According to the coplanarity condition, three vectors should satisfy that ac ¢ y x § = 0.
Therefore the coplanarity equation can be written as

X-X.\ (AX, X - X,

Y-Y, |e|AY, | x| Y=Y, | =0 (5.7)

Z-Z,.) \AZ, Z-Z,,
In order to write these equations for the use of matrix operations, the cross product is

expressed as follows :
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AX)) (X=X, 0 -AZ, AY.)(X-X, X-X,,
AY, | x|Y-Y, | =|AZ. 0 -AX.||Y-Y.|=B|Y-Y, | (58)

AZ,) \z-z,) \AY. AX, 0 J\Z-Z, zZ-Z,

where B is an asymmetric or skewsymmetric matrix. Hence, the equation of coplanarity

becomes:
T T
XL Xg Xy, Xr
Yo H}:MLBM;HR Ye |=1YL| Ejyr]| =0 (5.9)
1 1 1 1
where

€1 ©n €53
_ qT T _
E=HMBMH; =|e, e, e, (5.10)
€3 €3 €53

The equation (5.9) relates the coordinates of the left image with the coordinates of the
right image on an epipolar line. Given a point in one image, an epipolar line function can
be formed in the other image. This relation is invariant to the transformation and rotation
of coordinate system determined by control points. If the relative positions of two
cameras are fixed, the calculation of the matrix E with the different placement of a
control point frame differs only by a ratio factor. Dividing all elements in the matrix E by
the last element e33, the standardised matrix E4 will be invariant to the coordinate
system, which can be written as follows :
ey € €
E, =|¢y €p ¢y (5.11)

U U
ey €3 1

It is useful to check the stability of camera position during the working process. Since
the orientation of the control frame may not be placed exactly in the same position each
time, the camera parameters may not be constant. However, the standardised matrix Eg
and the distance between the projection centres of two cameras will be invariant. If those
values are significantly different, it indicates that the relative positions of the two cameras

have been changed between two sequential checks.
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5.2.2 Epipolar Line in One Image

The equation (5.9) determines an epipolar line function in one image from a point in the
other image. The epipolar line function can also be determined directly by a point in the
same image. Any two points on the same epipolar line in one image can determine the
corresponding epipolar line function in the other image as shown in figure 5.1. Using the
condition that the same epipolar lines have the same orientation, the coordinates of the
two points can be directly related. The equation of an epipolar line in the right image,

determined by point 1 and point 2 in left image, can be written as follows :

(enxu TeyuYu Tey | [ Xk
€,Xy te,y, tes | Yr| =0 (5.12)

€13Xp; T €Yy T €5 1

(ellez teyuY, T ) (X
€,X, teny, tey ||y | =0 (5.13)

€3X1, T€5,Y1, T35 1

Since the two points are assumed to be on the same epipolar line, the orientation of the
epipolar line on the other image, determined by the two points respectively, must be the

same. Hence, we have :

b e, X, te +e e, X ,te +e
tgh= —- = —2tu 2YuTC _  CnXnT YT 6 (5.14)
a e, Xyt e,ynte; e Xt eyt e
Left Right
o -
X X
L
L, 2
~
- Epipolar Line
ax, +by, +t¢c =0
. Yy R Yr

Figure 5.1 : Two points on the epipolar line in the left image determine

the same epipolar line in the right image
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Where a and b are the parameters of a straight line. If (x1,yr) is defined for all points

(x12,yL2) on the epipolar line, transforming this equation into the form of Eq[5.9], we

obtain:
T T
Xp1 Xp X1 0 €13 Cp1 Xy
yul EL|ye Yu €13 0 —e, ||y =0 (5.15)
1 1 1 —€;, € 0 1
where
€1 T €183 T €565
€ T €125 — €8y, (5.16)

€3 T €1€y — €€

Similarly, we can obtain epipolar line equation in the right image :

XRi Xr XR1 0 ~€rz  Cgo XRr
Yar| Er [Yr|[= | Yn Cr3 0 —€g | | Y| =0 (5.17)
1 1 1 —€p, € 0 1
where
Cri T ©€12€5 7€,
Cra T ©5€3 =€, (5.18)

Crs T €1€y T €36y

Similar to the equation (5.9), the relation of image coordinates on an epipolar line in
equations (5.15) and (5.17) is invariant to the transformation and rotation of the
coordinate system. Another characteristic is that the product of the vector (e;,,¢€,,,€;;)
with the matrixes E; is zero, which is useful for matching geometric features in the
following process. The equations (5.9), (5.15) and (5.17) provide the epipolar geometry
on a pair of images. Given a point in an image, the function of an epipolar line can easily

be determined by the 3 x 3 matrix in one of these equations.

5.3 Stereo Matching

Stereo matching is a method of matching geometric information in stereo images.

Identical features in different images can be found automatically by a matching
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procedure. There are two main features derived from the line segmentation in chapter 3:
straight lines and regular curves. Stereo matching of these features is based on the

geometry of these lines and the epipolar geometry described above.

5.3.1 Matching of Straight Lines

The correspondence of a pair of straight lines in two images is determined in terms of
their terminal points, which should satisfy the epipolar constraint. Matching of straight
lines is more reliable than matching of single points, because they include the line
geometry. Since errors exist in the parameters of straight lines, two corresponding points
in the pair of straight lines may not lie exactly on the same epipolar line. To determine
the correspondence, the distance from a candidate point to an epipolar line must be
checked. If two points (x1,y1.1) and (xr1,yr1) are the ends of two straight lines in stereo
images respectively, the epipolar line created by point (xr;,y1;) can be presented as

follows :
a Xy tbyyyz tcg =0 (5.19)
where

ag = e, Xy teyuy, tey
by = e,xp, te,y, tey, (5.20)

Cr = €;3Xy, Teyuy Tey
The distance from the point (x,,¥g,) to the epipolar line can be calculated by Eq[3.16]
in the following equation :
agXg Tbryg +Cx

Jai +bl

Similarly, the distance from the point (x,,,y,,) to the epipolar line created by the point

disty, = (5.21)

(xr2,YR2) can be as following :

a x;, tby,, +c, (5.22)

2 2
Jai +b;

dist;, =

where
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a; = e;Xg Te,¥r T3
by = eyXg Tepnyr tey (5.23)

Cp = €3Xg; T€3Yp ey

The distances dist;, and dist,, will most likely not be the same, but they should be very

similar. If both distances are smaller than a threshold, such as 0.5 pixel, those two points
are regarded as on the same epipolar line. The problem of ambiguous elements occurring
in repetitive patterns should be solved by reference to the point order in a polyline which
surrounds the surface patch, or by checking the elevation of the ends of the straight line

in object space.

However, there are two kinds of straight lines for which correspondence cannot be

found. Since a pair of images is taken from different view points, some straight lines

occur in one image, but not in the other due /—\
to occlusion. Secondly, extracted straight \_/

lines are not always presented as the
boundaries of objects, such as the contour 1 2

of a cylinder as shown in figure 5.2. The

straight lines 1 and 2 corresponding to the /
object contours have different locations on v
an object on different view points, so that

these straight lines cannot be matched. Figure 5.2 : A cylinder

5.3.2 Matching of Regular Curves

To find the correspondence of regular curves, it is necessary to consider their size and
location. Since an open curve in one image may not correspond to that in the other, the
elements being matched should be closed curves, which are normally ellipses, expressed
as second order polynomials. It should be noted that the centres of conjugated ellipses in
stereo images may not lie along the same epipolar line, because an elliptical centre does
not correspond to the centre of its object in 3D space due to projectivity as shown in

figure 5.3. If a line, passed by P;, P, and P, is not parallel to the image plane, the image
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scales at their corresponding points Py, P, and P'C are different. Therefore, the point P,
located in the middle of P; and P, may not indicate its corresponding P, located exactly

in the middle of P; and P'Z. In addition, the size and shape of an ellipse in the image
varies for different view points, due to different image scales. However, one important
fact is that two epipolar lines which are tangential to a given ellipse in one image, are
also tangential to a matched ellipse in the other. This condition includes the basic

requirement for the size and location of matched ellipses.

Projection Centre Ellipse

Image Plane

Figure 5.3 : Projection of an ellipse on image plane

Let us consider an ellipse, whose equation in an image is written as a second order

polynomial:
ax’ +bxy +cy’ +ex +dy +1 =0 (5.24)

Its matrix form can be presented as:

T

X 2a b d)(x
y b 2¢c e|]y|=0 (5.25)
1 d e 2/\U

Where a, b, c, d and e are the parameters of a second order polynomial. The tangent line

at a point (x¢, yt) can be presented as

(22 b d X¢

b 2¢ e||y;|=0 (5.25")
1 d e 2/\1
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Assuming the ellipse is in the left image, the equation (5.15) of the epipolar line passing

the point (x,,y;,), can be written as :

T
X 0 -ey; e )Xy
€13 0 -—e,llyn| =0 (5.15°)
/) \-e, e, 0 1

If the tangent line is assumed to be the same as the epipolar line, we get :

2a b d)(x 0 -e, e, )Xy
b 2¢c el|ly,|T k| e, 0 —e,||Yu (5.26)
d e 2/\1 -€, €, 0 1

Where k is a scale factor. Multiplying the vector Ej = (eL1, eL.2,e1.3) with the matrix Ej,

we have :
T
€1 0 —€i3  ©€p
€, €3 0 -e,| =0 (5.27)
€3 € Cn 0

Therefore, we obtain the following function of a line which joins two tangent points on

the ellipse as shown in figure 5.4.

e, Ma b d Xy, Epipolar Line Tangent Point
e, | b 2¢ ej|ly,|=0 (528)
e,/ \d e 2/\1

The equations (5.25) and (5.28) determine

two tangent points on the ellipse. The

matched elements of an ellipses can be /o
Intersecting Line

presented as a straight line with two
Figure 5.4 : Epipolar lines are

tangent points as its ends. In a similar ]
tangent to an ellipse.

manner to matching straight lines, the
ellipses being matched should satisfy the requirement that their corresponding tangent

points lie on the same epipolar line.
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5.4 Intersection of Geometric Features

The matched image features, such as straight lines and ellipses, have to be transformed
into object space by photogrammetric methods. The location of 3D straight lines are
determined by ray intersection of their end points using camera orientation. A 3D straight

line is simply presented by the 3D coordinates of its two terminals.

The determination of 3D ellipses, however, is a non-trivial task. If homologous edge
points on stereo images are known, the 3D points along an ellipse border can be
calculated by ray intersection. The 3D ellipses can then be formed by fitting these points
to the function of an ellipse. Since edges detected in different images are different, edge
points in one image usually have no corresponding edge points in the other image.
Furthermore, it is not accurate to intersect the edge points within an area where the
tangent direction of the ellipse is nearly parallel to an epipolar line. In order to recover a

3D ellipse precisely, it is necessary to develop other approaches to the problem.

Andresen and Yu (1994) developed a method using a parametric form of an element in
space optimising the parameters with respect to a suitable residual. A residual for any
ray, starting on the ellipse boundaries in the images, to the ellipse in space can be
derived, if suitable initial values of the parameters are determined. Minimising the
residuals by a least squares method yields the parameters. In the method, deriving
suitable initial values for the parameters of the spatial ellipse is important for the
convergence of the iteration. The rough approximation of the spatial ellipse is determined
by intersecting almost homologous edge points. These data then are used to derive an
approximate plane of the ellipse. Intersecting the rays of each edge point with this
approximate plane yields a new set of data, which determines approximate parameters of

an ellipse.

In this section, a more simple method will be described. The main principle of the method
is that a spatial ellipse is regarded as an intersection of an object plane with a conic
surface, whose apex is at the projection centre, as shown in figure 5.5. An ellipse in an
image can also be referred to as the intersection of an image plane with the conic surface.

The parameters of an ellipse on two different planes are transformed, if the relations of
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the two planes are known. In fact, a matched pair of ellipses in stereo images involves
two conic surfaces, one for each image. A spatial ellipse can be determined by the
intersection of these two surfaces. However, the calculation of the intersection of two

conic surfaces is complicated, specially when errors exist in the parameters of two conic

surfaces. Therefore, the determination
of an object plane is preferred. A Image Plane
method for the calculation of an ellipse
in space is developed, which contains
two aspects: one is to determine an
Object Plane

relation between image and object /

planes. The derivation is based on the L——V

coordinate system of the AutoCAD Figure 5.5 : Intersection of a plane

object plane; the other is to establish the

graphic package. with a conic surface

5.4.1 Determination of Object Plane

In order to determine an object plane, which is intersected by both conic surfaces, two
epipolar lines are created at the same distance on each side of the centre of the ellipse,
which intersect the ellipse in 4 points in the stereo images as show in figure 5.6. These
points are then transformed into object space to determine a plane. The equation of a

plane can be presented as :

v, X+y,Y+y;Z+p=0 (5.29)
Left Right
1 2
2 1
Epipolar line
3\/4 3\—/4

Figure 5.6 : Epipolar lines intersect an ellipse in stereo images
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and
Yi+y; +v; =1 (5.30)

The vector ¥ = (y,, Y,, Y, ) is along the normal direction of the plane. In order to
generate the arbitrary but consistent local coordinate system on the plane, an arbitrary
axis algorithm is used, which is referred to the AutoCAD® system. Given a unit-
lengthvector to be used as the Z axis of a coordinate system, the arbitrary axis algorithm
generate a corresponding X axis for the coordinate system. The Y axis follows by
application of the right-hand rule. The method is to examine the given Z axis and see if it
is close to the positive or negative World Z axis. If it is, cross the World Y axis with the
given Z axis to arrive at the arbitrary X axis. If not, cross the World Z axis with the given
Z axis to arrive at the arbitrary X axis. The boundary at which the decision is made was
chosen to be both inexpensive to calculate and completely portable across machines. This
is achieved by having a sort of “square” polar cap, the bounds of which is 1/64, which is
precisely specifiable in 6 decimal fraction digits and in 6 binary fraction bits. The origin
(Xo» Yo, Zg) of the system can be determined from the average coordinates of four
points, and the vector v is defined as the Z axis. The vector a in X direction is defined as

(y5, 0, — v, ). if the absolute values of y;and v, are smaller than 1/64. Otherwise, the
vector a is defined as (— v, , v, , 0). The vector B in the Y direction is determined by the
vectors y and a, where 3 =y x a.. The cross product can be expressed in matrix form :

;8 1 Vi a, 0 WERRE: a,

B=|B,| =V, x|a,|=| 7, 0 -7 ||, (5.31)
B V3 a, V2 71 0 a,

By standardising the vectors o and 8 with lengths equal to one, an orthogonal rotation

matrix (a, B, v) is obtained.

5.4.2 Relation between Image and Object Planes

Any point on the plane can be presented as (xp, yp) with zero elevation in the normal
direction (Z axis) of the plane. This point can be transformed into object space by using

the orthogonal rotation matrix and the origin (X, Yo, Z,) on the plane.
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Xy X a, By 7)) [(*%p a, B X (%p
Y| =|Y%| e By 7:||¥p| = |22 B, Yo||vp (5.32)
Z, Z, a, B; v/ \0 a, By Z,/\1

Combining the equation (5.32) with the collinearity equation (5.2), we get the equation

which relates the coordinates in image plane with the coordinates in the object plane as

follows :
XL, . | X-Xi¢ . 1 a; B Xo-XLe¢)[(%p
YL| = 7 H ML) Y=Y | = SHLML a2 B2 Yo—Yic||Yp
1 L Z-71, L as B3 Zo-Zie)\1
- Lamep S (5.33)
AL, L L Yp :

1

Using this relationship, a regular curve on the image plane can be transformed on to the

object plane :

Xp| (22 b d')(xp Xp Xp
yp| |V 2¢ € ||yp|=|¥p Qlyp| =0 (5.34)
1 d e 2f/\1 1 1
where
2. b d
Q. = GM/HM|b 2 e|HMG, (5.35)
d e 2

In a similar manner to the computation of a regular curve derived from left image plane,
an equation of the regular curve on the object plane can also be transformed from the
right image plane. The two regular curves are conic sections derived by the intersection
of the conic surfaces, whose apexes are at projection centres, and an object plane. A 3D
regular curve can be determined by the parameters of two curves on the plane and the
location of the plane. The accuracy of the recovery of 3D regular curves is affected by
the error of the feature location in the image, camera orientation, an intersected plane,
any existing outliers in the data of edge points and the size of the curved feature in image

space. Figure 5.7 displays the intersection of planes with conic surfaces formed from the
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left and right images. There is one correct curve on the plane 1 in the object, while two

curves occur on the plane_2 which is not determined correctly.

Left Right

Plane 2

Plane 1

Object

Figure 5.7 : Intersection of two conic surfaces with plane_1 and plane 2

5.5 Experiments

Experiments have been conducted on an industrial component by following the
procedure discussed above. Two cameras were set up horizontally and positioned about
0.5 m in front of the object range of interest with a convergent angle about 50°. A
control frame with white balls fixed on it was first imaged, in order to obtain the
parameters of camera orientation as described in chapter 4. The control frame was then
replaced by an object, with dimension of about 150 x 150 x 70 mm3, comprising 400 by
400 pixels in the image. Figure 5.8 illustrates a pair of stereo images which are processed
by edge detection and line segmentation (figure 5.9). The two main polylines are

matched and transformed into object space, thus determining two surfaces (figure 5.10).
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As discussed in chapter 2, the distribution of gradient magnitude on edges in the images
is asymmetric, and a smoothing filter will cause shifts of the edge location. In table 5.1,
the results were calculated for three sigma values 6 = 0.0, 0.5, 1.5 for image smoothing,
and compared with the measurements of the object using a vernier calliper. It was
obvious that the smoothing factor influences three dimension of objects, with the best
result when o = 0.5 or below. The experiment also provides the distances between the
circle centres and line 4, 6, 10 and 11, which are difficult to measure by callipers. The
test indicates that the dimensions of the object can be determined to an accuracy
expressed as an RMS of the difference between photogrammetric and direct
measurement of 0.13 mm or 0.37 pixel. The diameters of the circles in the object were

determined to an accuracy of 0.07 mm or 0.1 pixel.

Figure 5.9 : Line segmentation of edges
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3 7 Measure| Difference (mm)
(D)4 @ (mm)[ 00 | 05 | 1.5

5 1] 103.10 | -0.13[-0.08 |-0.09

5 3 2| 4790 | 004|-0.13]-0.14
3] 2998] 005| 0.06[ 0.14

@ 3) 5| 1484 013]|-0.12]-0.08
Lines |7 | 57.00 | 0.04| 0.05] 0.11

8| 4742 020[-020]-021

o| 1082 0.02| 0.02[ 0.16

12| 77227 020]-020]-0.17

9 13| 66.58 | -0.22]-0.17]-030

RMS 0.137]_0.130] 0.168

10 1] 690 ] -0.02] -0.02 | -0.02

13 2| 690 -012]-0.12]-0.13
1 ircles 3 | 6.90 | —0.07[-0.08[=0.15

4] 6.90]-0.04]-0.03]-0.04

12 RMS 0.073| 0.074] 0.102

Figure 5.10: Top and front views Table 5.1: Results of dimension measurements

Figure 5.11 displays the stereo images of a block, using normal lighting sources: one

fluorescent lamp from ceiling; the other from horizontal direction. The dimension of the

object is about 60 x 30 x 25 mm3, comprising about 250 by 200 pixels in the images. The

edges are detected along the boundaries of the object as shown in figure 5.12, followed

by line segmentation (figure 5.13). The results of the test is summarised in table 5.2.

From the stereo images, some reflections can be seen on the edges of circle 3 and 4,

resulting in the circles being a little bit smaller than that expected.

Figure 5.11 : Stereo images of a block
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Figure 5.12 : Edges on the block

Figure 5.13 : Results of line segmentation

Measure Difference
© mm) | (mm)
3 1 60.47 0.07
Line[ 2| 2541 0.11
3| 2853 0.05
4 6.56 ~0.12
@ ® 2| |[Circle] 5 6.57 ~0.11
1 6 8.29 0.05

Figure 5.14 : Two main views Table 5.2 : Measurement results
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5.5 Summary

This chapter describes an automatic procedure to construct 3D objects by matching
geometric features on stereo images. The epipolar constraint presented by a 3 x 3 matrix
can be derived from the parameters of camera orientation. This matrix relates the
coordinates in one image with their corresponding coordinates in the other image along
an epipolar line. The presentation of the epipolar constraint is invariant to the location
and rotation of a control frame, if the relative positions of two cameras are constant.
Stereo matching of geometric features is based on the line geometry and epipolar
geometry. The correspondence of a pair of straight lines in two images is determined in
terms of their terminals, which should satisfy the epipolar constraint. To find the

correspondence of regular curves, it is necessary to consider their size and location.

An epipolar line, which is tangential to a given ellipse in one image, must be tangential to
a matched ellipse in the other. This condition includes the basic requirement for the size
and location of matched ellipses. The matched elements of an ellipse can be presented as
a straight line with two tangent points as its ends. In a similar manner to matching
straight lines, the ellipses being matched should satisfy the condition that their

corresponding tangent points lay on the same epipolar line.

A 3D straight line is simply presented by 3D coordinates of its two terminals, while a 3D
regular curve can be described by a plane in object space and the parameters of a 2D
curve on the plane. The plane can be determined either by the points on a given curve, or
the corner points of a polygon which surrounds the curve and contains the same plane.
Geometric functions of straight lines and regular curves provide more reliable
information and are easy to calculate. However, there exist certain types of surfaces
whose boundaries cannot be detected or viewed, resulting in the description of an object

not being complete.
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6.1 Introduction

3D object recognition is a difficult and yet an important problem in computer vision. It is
a necessary step in many industrial applications, such as the identification of industrial
parts, the automation of the manufacturing process, and it is essential for intelligent
robots equipped with a powerful visual feedback systems. Most computer vision systems
which are designed to recognise three dimensional objects compare a scene object
against entities in a model database containing a description of each object the system is
required to recognise. The development of such model-based recognition techniques has

occupied the attention of many researchers in the computer vision community for years.

Object recognition consists of identifying an object in a scene with a model in database,
to determine its correspondences, and the 3D information of the object, such as the
orientation and position. The recognition methods may be classified into global and local
methods (Grimson, 1990). Global methods try to match the model by either using a
template or by computing global parameters such as area, perimeter, moments, and
Fourier descriptors (Bamieh and De Figueiredo, 1986; Reeves et al., 1988). Most
methods assume that the image has been converted into binary format before the
computation of parameters. Global methods are not well suited for recognition of most
objects since they do not find correspondence between measured local features on the
object and those on the model. However, they are well suited for recognising plannar

targets of various shapes.

Local methods are designed to match individual features of the object to their
corresponding features in the object model (Besl and Jain, 1985; Chin and Dyer, 1986;
Brady et al., 1988; Fan, 1990; Flynn and Jain, 1991). The performance and competence
of a recognition system is conditioned by two major factors. One is the method used to
describe the objects and models, the other is the method used to establish the
correspondences between objects and models. The term “object” refers to an actual

object in the scene, while “model” refers to a designed model in the database. In order to
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match an object with a model, the method of description of matching elements in the
object and model should be the same. In an industrial environment, CAD systems are
usually used to design objects for the manufacturing task. They are therefore suitable for
exploring for representing the model database. The term CAD-based computer vision has
been used to describe research employing CAD models for various visual tasks (Brady et
al. 1988; Ikeuchi and Kanade, 1988; Hansen and Henderson, 1989, deFigueriedo, 1987,
Lu and Wong, 1988; Kak et al. 1988).

In general, CAD models (Requicha, 1980) may be used for the geometric description of
objects based on: spatial occupancy enumeration or cell based methods, such as octrees;
constructive solid geometry (CSG), comprising families of solid models together with
Boolean operations on these objects to construct new objects; sweep representations
such as translations and rotations to form solid objects; and boundary representations
based on the descriptions of the boundaries of the objects in terms of surfaces, curves of
intersection of the surfaces and relationships between them. There are advantages and
disadvantages in the use of each of these structures, while the transformation between
structures may be a non-trivial task. However, CAD systems have been developed to the
stage where the particular representation strategy used in model-building can be "hidden"
from the end user of modelling software. Most commercial solid modellers allow the user
to build objects using CSG techniques, while the internal representations of the solid so
constructed need not be a CSG representation. Indeed, some solid modellers maintain
multiple representations of objects under construction, in order to offer the user

flexibility of design, speed of display, and representational power (Flynn and Jain, 1991).

CAD models serve as a basic description of object geometry. Inference procedures of
various sorts are applied to the CAD models to produce features which can be useful in
object recognition procedures. Flynn and Jain (1991) produced a relational graph
representation from CAD models which are stored in a database for object recognition.
Goad (1986) developed recognition codes for a single object based on edge matching.
Hansen (1989) employed feature filters to select useful features of objects designed on a
CAD system. Burns and Kitchen (1988) proposed a hierarchical representation to store
object databases with a large number(hundreds) of objects. Horn (1986) developed the

extended Gaussian image (EGI) as a method to represent objects. The EGI is a collection
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of points, or impulses, located at positions defined by the orientation of the surface
patches, on the unit sphere. A surface with a large change in its curvature is represented
by points spread over a large area on the GI, while a surface with very small change in
curvature will be represented by a cluster of points (a single point in case of a plane). It is
obvious that the ratio of the surface patch area on the GI to the actual area on the object
is a representation of the surface curvature. The advantage of the EGI representation is
that it rotates with the object, and thus any object orientation can be easily transferred to

another.

The approach to object recognition presented in the research is based on a digital
photogrammetric technique which extracts object features in 2.5 or 3-D geometry as
described in previous chapters. Therefore, the presentation chosen from CAD models
should correspond to those obtained from the results of digital photogrammetry. In this
chapter, a graphic representation of models transformed from CAD models using DXF
file as input, is described. The graphic models are represented by planar surfaces which
are bounded by straight lines or regular curves. These surfaces are grouped in terms of
their normal directions and are stored together with their areas and perimeters as
matching elements. The topological relations between surfaces are constructed in terms
of the centre of each surface and the common edge of two surfaces. The number of

models in the database could be as many as a few hundred depending on the application.

Object recognition from the digital images must be determined by matching the extracted
elements of the objects with the models in database. The objects in the scene are
described by the same type of relational graph presentation as the models in the database.
Since the objects in the images are only partly visible in this study, although they could
be completely measured if the imagery system were designed appropriately, their
description will not be complete. Therefore, the number of detected surfaces in an object
will always be less than the number of surfaces in its corresponding model, if there are no
other object elements falsely grouped with those belonging to the object. One important
characteristic of the system is that the dimensions of objects are measured accurately. As
a first stage of model matching, most models can be discarded as not matching the scene
object by checking their size against the size of the object. In the second stage, all visible

graphic elements of an object should exist and satisfy those in the corresponding model.
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Their topological relations should also be identical with the relations between the graphic
elements in the model. One condition not being satisfied will indicate that the model does
not correspond. The object recognition process results in the identification of the sensed

object, its position and orientation.

In the next section, a drawing interchange file (DXF) will be introduced as an output file
of the CAD models. Section 6.3 provides an inference engine to transform CAD models
to graphic presentation. Section 6.4 presents the details of model matching process.
Section 6.5 shows experiment results of object recognition on real images. Finally,

section 6.6 summarises the chapter.

6.2 CAD Output: The DXF Format

A CAD system is a general purpose Computer Aided Design program for preparing two-
dimensional drawings and three-dimensional models. It is widely used in manufacturing,
architecture and other areas. In order to allow designs created on one CAD system to be
used by others, and to assist in interchanging drawings between CAD and other
programs, a drawing interchange file format (DXF) has been defined. DXF files are
standard ASCII text files, which can easily be submitted to other programs for
specialised analysis. Since a DXF file is a complete representation of the drawing
database, for the presentation of matching features, it is not necessary to use all
information in the file. Attention is concentrated on that portion of the DXF standard

devoted to the description of 3D geometry.

A DXEF file is subdivided into four editable sections, plus the END OF FILE marker. The
HEADER section contains settings of variables associated with the drawing. The
TABLES section contains several tables, each of which contains a variable number of
table entries. The BLOCKS section contains the entities that make up the blocks used in
the drawing, including anonymous blocks generated by associative dimensioning. All
basic geometric elements in the sequence design stage of a model are stored in this

section. The ENTITIES section contains entity items, which can also appear in the block
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sections. The appearance of entities in the two sections is identical, but this section

provides the final drawing of the CAD design.

A DXEF file is composed of many groups, each of which occupies two lines in the DXF
file. The first line of a group is a group code, used to indicate both the type of the value
of the group and the general use of the group. The second line of the group is the group
value, in a format that depends on the type of group specified by the group code. For
example, a line is presented by two points. The codes for the coordinates of a start point
are (10, 20, 30), and for the coordinates of a end point are (11, 21, 31). Each code is
followed by a coordinate value. A program can easily read the value following a group
code without knowing the particular use of this group in an item in the file. A DXF file
can often specify object geometry in terms of group entities such as: lines, circles, arcs
and polylines. These basic details of the geometry of models can be used to construct

graphic presentations for object matching.

6.3 CAD Models to Graphic Presentation

An ideal 3D representation is unique and unambiguous, and has a rich set of
representable objects. The graphic presentation of models used in this research is
constructed by deriving a subset of the basic geometric entities from DXF files. The
computational burden of graphic presentation is not incurred at object recognition time,
since the transformation of CAD models to graphic presentations need only be applied
when a new model definition is created and the corresponding vision object is needed.
Each model is handled separately, so, the addition of a model to the database does not

change the representations of existing models.

The geometric inferencing performed first searches the entity section to find the location
of the subset which models the geometric elements of a model, in blocks section. Then,
all elements of the object boundaries are processed, and topological relations produced

as described below. Finally, the graphic representations are stored into a model database.
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6.3.1 Attributes of Geometric Primitives

The basic geometric elements of object boundaries are stored explicitly in the analytic

format in the DXF file, in terms of lines, circles and arcs.

1) Line Segments: In the DXF specification, a line segment is characterised by a starting
point and an ending point. The coordinates of points are stored in the list of vertices. A

line is presented as two numbers of vertex and length.

2) Circular arc: In the DXF file, a circular arc is specified in its own (arc-centred)

coordinate system (X,, V,, Z,), in which the plane of the arc is parallel to the x,y,-plane,
and displaced from it along the z, axis. The direction of the z, axis is given and related to

the world coordinate system. The primitives of an arc contain its central coordinates, z
axis direction, radius, start angle and end angle. A circle is presented similarly to an arc
without the start angle and end angle, while an ellipse is presented by 12 arcs which link
smoothly at their ends. This system computes major axis and minor axis of an ellipse
from these symmetry arcs. The attributes for an ellipse are radius (an average of major
axis and minor axis), and ratio (major axis divided by minor axis). These attributes are

identical with those of circles, where the ratio is 1.0.

6.3.2 Planar Surfaces and Their Topology

The inference system does not attempt to present objects in a complete way, but rather

dominant features are used for model matching. Planar surfaces are chosen as the main
features which are related to each other. In the inference system, planar surfaces are
generated from basic geometric elements of object boundaries, which are classified into
two kinds: regular curves (circles and ellipses) and polygons. Each planar surface is
presented by the normal direction of the plane (o, B, y), its central coordinates and
bounded edges. A 3D regular curve for a planar patch is presented by 2D parameters
projected on the plane, while a polygon is simply a group of straight lines. Additional
primitives of a planar surface are radius and ratio for an ellipse or a circle, and perimeters

and area for a polygon. To establish the topological relation among planar surfaces,
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planar surfaces are grouped in terms of their normal directions. The planar surfaces are

also related by their common edges and the distances between their central coordinates.

6.3.3 Graphical Presentation of a Model

The graphical presentation of an object derived from the DXF file can be created as
shown in table 6.1, which corresponds to its model in figure 6.1. The presentation of
each object includes: object name, orientation section, ellipse section, polygon section,

line section and vertical point section. The name MODEL 1 stands for the first model in

MODEL 1

113.52 9.9 3.80 3.11
DIRECTION 0 DIRECTION 1 DIRECTION 2
010 1 00 0 01
ELLIPSE 8 POLYGON 5 POLYGON 4
01234567 4 6 8 9 11 0 2 3 10
POLYGON 3 ENDDIR 1 ENDDIR 2

1 57 0 0
ENDDIR 0

0
ELEMENT_ELLIPSE 8

0 -86.80 33.80 0.0 3.45 1

7 -10.15 9.75 11.0 3.45 1
ELEMENT_POLYGON 12

0 58.22 15.80 0.0 2028.25 194.0 4
0 3 7 26

1i 72.770 33.55 9.8 1303.40 172.2 4
0 3 7 26

ELEMENT LINE 30
o o 1 0 1 305
29 18 19 10 11 665
ELEMENT VETP 28

0 727 00 00

27 1015 110 9.75
ENDMOD 1

0

Table 6.1 : Graphic representation and inferred quantities of bounded lines



Chapter 6 : Recognition of 3D Objects 124

Figure 6.1 : A meodel displayed in CAD system

a database, following the four values which are maximum and minimum of line lengths
and maximum and minimum of circle or ellipse radius. Since objects are constructed
tohigh accuracy as discussed in chapter S, by comparing the dimension between sensed
objects and models, most models whose dimensions are beyond the range of the object
dimensions can be ignored. The DIRECTION section contains main orientations of
planar surfaces, each of which includes the list of ellipses and polygons. The
ELEMENT ELLIPSE section list all ellipses whose elements are central coordinates,
radius and ratio. The direction of each ellipse is derived from direction section. The
ELEMENT POLYGON section contains all polygons whose elements are central
coordinates, perimeter, area and the list of bounded lines. The ELEMENT LINE section
list all lines where the first two numbers are vertices, and next numbers are polygons
between which the line lies. The final element is the length of a line. The
ELEMENT VETP section list the coordinates of all vertices. The marker ENDMOD 1

indicates the end of the first model presentation.

6.4 Model Matching

Matching between the objects in a scene and the database of the models is performed by
a detailed comparison between their graphic presentations. A sensed object is presented
in the same way as the models in the database. Since the object in the images is only
partly visible, its description will not be complete. Therefore, the number of detected

surfaces in an object will always be less than the number of surfaces in its corresponding
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model. The matching process contains two steps: the screener, in which most models
which are unmatched to the given object are excluded, and the graph matcher, which
performs a detailed comparison between the potential matching graphs and computes the

3D transformation between them.

6.4.1 Screener

In principle, the number of models in the database may be large, and evaluating each pair
to find possible correspondence would be prohibitively expensive. Instead, a simple
comparison between the dimensions of a scene object and models is used to ignore most
models whose size is different from the size of the object. There are two elements used
for dimension comparison: length of lines and average radius of ellipses. Each model has
its maximum and minimum lengths of straight lines and size of ellipse if such features
exist on the model. The size range of a sensed object should be within the range of a
matched model, since the number of geometric features of an object is less than that of a
corresponding model. Considering the errors in image processing, the possible range of
model size is allowed to increase by 10% for the test. This process limits the candidates
of the possible matching models to a very small number, which are then performed in the

next process.

6.4.2 Graph Matcher

The graph matching procedure consists of finding the pairs (in the model surface and
object surface) forming all possible sets of matching elements consistent with a single
rigid 3D transform. Grimson (1990) provided a comprehensive list of possible constraints
for 3D edges, cylindrical features and surface patches, some of which are used in the
object recognition procedure. The process begins by finding all the possible pairs <m, o>
where m and o are the model and object surfaces, respectively. The geometric
comparison of surfaces is dependent on the perimeter, the area and the number of lines
which bound a polygon, or radius and ratio when the surface is an ellipse. In measuring
the similarity between m of the model and o of the scene object, the normalised measure

of the difference is computed for each of the following properties:
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o dm’o 1) = d(Am,Ao), where A and A _represent the surface area of a

polygon in a model and an object, respectively.

e d_ (2 =d,P, ), where P represents the perimeter of a polygon.

®
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~
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d(Rm,Ro ) where R represents the average radius of an ellipse.

e d (3= d(Rtm,Rto)where Rt represents the ratio of major axis and

minor axis of an ellipse.

A normalised measure between a and b is defined as follows:

|a—b]
max(a, b)

d(a, b) = (6.1)

Thresholds are set for each of the differences to determine whether the match is accepted
or rejected. One surface of an object may correspond to more than one surface of a
model, as shown in the example in figure 6.1, where the size of all circles are the same,
so that one circle in an object may be found to correspond to eight circles in the model.
If one surface of an object does not match with any surface in a model, however, it will
indicate that the model does not match with the object and is rejected. The process
results in each surface of the sensed object having multiple possible corresponding
candidates in a model. It is obvious that only one matching candidate is possible, if the
object corresponds with the model. Therefore multiple candidates must be reduced to a
single candidate for each surface of an object. This process involves a compatibility

constraint using topologic relations.

Topologic relations exist among planar surfaces of a model or an object. If two pairs

<m;,0; >and <m;,o0; >satisfy similarity measures respectively, the relation between
m; and m;should be the same as that between o; and o;. Everytime a pair of nodes
<m;,0; > is selected, it is compared to all the already matched pairs <m;,0; > using a
compatibility constraint. If this constraint is not satisfied, the chosen pair <m;,0; > is

discarded. The constraint contains the following relation checks.
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e Orientation Relation (£ 1 ): Planar surfaces of a model or an object are grouped in

terms of their normal directions. The angle between the orientations of two surfaces

reflects their orientation relation. Let 8 _ and €, denote the angles between the

orientation of <m;,m; > and <o;,0;>, and let A@ = [0 - 6|, then the pairs
<m;,0; >and <m;,0; > are said to be £1_compatible if and if A& is less than a

certain threshold.

e Proximity Relation (£2 ): Proximity relations summarise the distance between surface
centres. Let L, and L, denote the distance between centroids of the surfaces m; and

m;, and o; and 0, respectively, and let AL = |L, — L], then the pairs <m,,0, >

and <mj,o0; > are said to be£2_compatible if and only if AL is less than a certain

threshold. If two surfaces are polygons and adjacent (ie. they share a common edge), an

adjacent relation is checked between the two surfaces.

After all surface nodes of an object match with the model nodes and satisfy compatible
constraints, a geometric transform is calculated between the coordinate systems of a
model and object. Computing the geometric transform between matched objects not only
indicates how to bring the matched objects into correspondence, but also helps to verify
the matching process. The estimate of actual transform between the model and object
coordinate systems can be given by a set of vertices of the polygons. If all elements of
the object after transformation match with the elements of a model, the object is

considered to correspond to the model, and its position and orientation are determined.

6.5 Experiments

The system has been tested on several industrial components. The CAD models were
constructed from physical prototypes whose dimensions were measured by hand.
AutoCAD system designs of each model in terms of the data dimension were generated,
and output into a DXF file. The geometric inferencing is then performed on models to
create graphic representations which are stored into a model database. Figure 6.2

displays the models listed in the database.
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A sensed object is captured using two CCD cameras as shown in figure 6.3. The image
processes as discussed in the previous chapters are then applied on the images to
construct 3D objects (figure 6.4). The representation of the object is described in the
same way as models. The maximum and minimum of the line lengths in the object are
148.89 mm and 70.08 mm, and the maximum and minimum of the circle radius are 21.04
mm and 5.06 mm. The four values are used to screen the models in the database and
delete those whose ranges of dimension cannot cover the range of the object dimensions.
In the database, only models 4 and 7 cover the dimension of the object, while the sizes of

the other models are either too small or too large and are therefore ignored.

3 )
N1
an
N’

5

7

Figure 6.2 : CAD models in the database

The graph searching process is then used to find the correspondence between the nodes

in the object and the nodes in the model. Graph matching starts with one planar surface.
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Once one match is established, more matches can be added if the resulting match meets
the constraints of the node similarity and topologic relations. After all elements of the
object are matched with those of a model, the object is transformed into the coordinate
system of the model. Finally, not only the object is recognised as model 4, but also its
position and orientation are determined. In the example, the system on a Sun workstation
takes about four minutes to complete the 3D object construction, and one second to
search the correspondent model in the database. The computation time in object

recognition is depended on the complex of scene objects and matching parameters.

Figure 6.3 : Stereo images of an object

O(o)oo OOCODO

Figure 6.4 : Line segmentation of the object

Another example is the object in the example of chapter 5 as shown in figure 5.10. There
are two polygons and four circles in the constructed object. However, the corresponding
model has twelve polygons and eight circles as shown in model 6 of figure 6.2. Since all
circle size are the same, the constraint on their topologic relations becomes very

important in determining their geometric position.
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6.6 Summary

This chapter provides a complete method to describe and recognise 3D objects, using
boundary information of these objects. A CAD system provides designed models which
are output in DXF files. An inference system is then applied on DXF files to create
graphic presentation. A planar surface is presented by an ellipse or a polygon. All planar
surfaces are grouped in terms of directions. Topologic properties are used to relate them
to one another. Matching between the objects in a scene and a database of the models is
performed by a detailed comparison between their graphic presentations. A sensed object
is presented in the same way as the models in database. The matching process contains
two steps: in the screener, most models which are obviously unmatched to the given
object are excluded; the graph matcher performs a detailed comparison between the
potential matching graphs and computes the 3D transformation between them. The
object recognition process results in the identification of the sensed object, its position

and orientation.
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7.1 Summary of the Thesis

The work described in this thesis is aimed at studying some methods used in digital
photogrammetry and machine vision, and investigating their applications in digital
photogrammetry for industrial monitoring. The main task is to develop a complete
system which automatically describes 3D regular objects, using the same descriptions to
represent model and scene objects, and recognise each object in the scene by identifying
it with one of the models in a database. The research pays attention to not only the
measurement of industrial components with high resolution, but also the interpretation of

objects in the scene.

The system starts by detecting significant features of a sensed object in images. Images
of industrial components are generally characterised by sharp discontinuities which
represent features on the object. The accurate extraction of these discontinuities, which
are characterised by the peak of the intensity change in the image, is an essential part of
the digital photogrammetry system. An edge detection algorithm has been developed in
chapter 2, based on a linear model which locates an edge point in the operator window
with sub-pixel accuracy. The procedure commences with an analysis within 3 x 3
windows of an image to determine gradient magnitudes. These gradient magnitudes
above a certain threshold will reveal that the edge may exist and must be located by the
succeeding step. Location and orientation of edges are derived by a least squares fit in a
5 x 5 window. A linear model for every set of pixel corners contributes to the peak of
intensity changes by using the gradient as weight, to define the position of the edge.
Thinning is done to delete false edge pixels and improve the accuracy of edge location by
a weighting function from both sides of the edge. Finally, the scattered edge points are

chained along edges in terms of local distances between edge points.

Edge detection is referred to as a low-level image process. A simple chained edge has no
geometric meaning, since in industrial environments, regular shapes such as ellipses and

straight lines, often occur as elements of object boundaries. In order to efficiently
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interpret such objects in the scene, it is generally more relevant to present the boundaries
of objects revealed in the images in geometric form. The strategy, developed for line
segmentation in chapter 3, is motivated by the fact that all edge points on a straight line
should indicate approximately the same edge direction, and all edge points on a regular
curve should indicate the same sign of the difference in direction. The method starts with
finding basic components of straight lines or regular curves by the assessment on the
edge direction at the edge points along a whole edge. Straight lines or regular curves are
then extended to their end points using geometric parameters determined by their
components. Those lines with the same properties extracted from different edge section
can be merged in terms of their geometric similarity. In order to close boundaries of
objects in image space, straight lines and open regular curves are linked at their terminal
points. Finally, surface patches are generated by constrained chaining the geometrical

lines.

Camera orientation is an important part of digital photogrammetry, since it establishes
the relationship between the 3D object coordinate system and the 2D image coordinates.
The parameters are solved by bundle adjustment, using 3D control points and their
corresponding image coordinates. Small bright balls are ideal targets as control points,
since their shape in an image is invariant to the camera position and they are always
imaged as circles. A calibration frame mounted with these balls, the coordinates of whose
centres are known, serves as control. In the research, an automatic or semi-automatic
procedure of camera orientation has been developed for the digital photogrammetric
system. To recognise the targets, white spots with regular circular shapes are searched
throughout the image. The edges are then detected using the algorithm described in
chapter 2 from the small image which just covers the area of a target. The central
location of targets and their size can be determined from these edge points. Using a
bundle adjustment, the precise camera parameters are obtained, while the initial

approximations of the parameters are transformed from DLT computation.

Using two or more cameras, 3D objects can be reconstructed by matching the same
properties in stereo images with the addition of the epipolar line constraint. In chapter S,

epipolar geometry is discussed, which gives the relation between image coordinates
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along epipolar lines in overlapping stereo images. The epipolar constraint presented by
3 x 3 matrix can be derived from the parameters of camera orientation. The presentation
of the epipolar constraint is invariant to the location and rotation of a control frame, if
the relative positions of two cameras are constant. Stereo matching of geometric features
is based on the line geometry and epipolar geometry. The correspondence of a pair of
straight lines in two images is determined in terms of their terminals, which should satisfy
the epipolar constraint. The locations of 3D straight lines are determined by ray
intersection of their end points using the camera orientation. A 3D straight line is simply
presented by the 3D coordinates of its two terminals. The correspondence of a pair of
ellipses in two images is determined in terms of two epipolar lines which are tangential to
a given ellipse in one image, and also tangential to a matched ellipse in the other. The
calculation of 3D ellipses is based on the assumption that a special ellipse is an
intersection of an object plane with a conic surface, whose apex is at the projection
centre. An object plane is determined by a few intersection points on the corresponding
ellipses in the stereo images. The relation between image and object planes is established
in terms of the camera orientation. The ellipse on the image plane is then transformed
onto the object plane. A 3D ellipse can be described by a plane in object space and the

2D curve parameters on the plane.

3D object recognition consists of identifying an object in a scene with a model in a
database, to determine their correspondences and the 3D information of the object, such
as the orientation and position. Models in the database are created by a CAD system and
transformed into a graphic representation, by planar surfaces which are bounded by
straight lines or regular curves. These surfaces are grouped in terms of their normal
directions and are stored together with their areas and perimeters as matching elements.
The topological relations between surfaces are constructed in terms of the centre of each
surface and the common edge of two surfaces. Matching between an object in the scene
and models in the database is performed by two modules: the screener, in which most
models are deleted due to their size being beyond the range of the scene object; and the
graph matcher, which performs a detailed comparison between the potential matching

graphs, and then computes the 3D transformation between them.
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7.2  Contribution

This research describes a bottom-up procedure to reconstruct 3D objects from raw
image data for object measurement and object recognition. The key contributions of this

research are summarised as follows:

e An edge detection method was developed to locate edges with subpixel accuracy.
The precisely extracted edges in low-level image processing enable the description of
objects by simple geometric properties. The edge detection method is not limited to
the features with regular shapes, but any step edges. Tests have indicated that the
edges can be located with a precision about 0.1 pixel, depending on the contrast of

intensity.

e Line segmentation, approached from a global view, segments the extracted edges
into straight lines and regular curves. This step further reduces the processed data to

a few parameters of geometric functions, which are more meaningful and reliable.

e A method of recovering 3D ellipses by an intersection of an object plane with a conic
surface, provides more accurate results than that by matching individual edge points
along a curve. The size of an ellipse can be determined with the accuracy about 0.13

mm on the railway sleeper, and 0.074 mm within an object dimension of 103 x 50 x

67 mm’ .

e A graphic presentation of objects and models was established. It is a straight forward

approach, which is efficient for object recognition.

e The digital photogrammetry system for object recognition is data-driven in that no a
priori scene knowledge is required. The descriptions of the objects are computed
without any knowledge about existing models, which is important when the

environment is unknown.

e An automatic and semi-automatic procedure of camera orientation was developed for
a digital close range photogrammetric system. It is characterised by high accuracy,

high speed and reliable results.
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7.3  Suggestions

The research presented here is an attempt to solve the problem of industrial monitoring
using digital photogrammetry and machine vision techniques. As always in cases of a

new approach, the elements of the proposed methods have to be refined and improved.

One problem which occurs in line segmentation is that the degree of noise in the location
of the edge points varies in terms of lighting source, object materials, surface colour and
the normal direction of object surfaces. Some straight lines may be short, while some
curves may be long. A simple threshold to determine line segmentation will not fit
different situations. In order to segment geometric features correctly, an adaptive

threshold is required.

The system for the application of object recognition is limited to the industrial
components with simple regular shapes. It is not efficient for complicated objects or
objects with occlusion. One reason is that the processes of edge detection and line
segmentation cannot extract small detail features correctly, since there is not enough

edge information. A region growing approach may help to solve this problem.
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