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Abstract

Estimation of the size, shape, and location of an object(s) using images acquired from
multiple view points is required in many close range measurement and computer
vision tasks. The first step in this process is the extraction of features in the images. In
the second step, the features in images that correspond to the same 3-D points are
identified. This identification process is termed the establishment of correspondences.

In this thesis a geometric technique, based on image rectification principles, for the
establishment of multiple view point correspondences is developed. The technique
uses parallel epipolar lines in rectified image space hence, it is termed the PEL
algorithm. This technique can establish faster image point correspondences than the
usual epipolar line or 3-D space intersection techniques. This is due to avoiding the
non-linear search. An initialisation process, which is not required by the epipolar line
or the 3-D space intersection methods, is required for the PEL algorithm to pre-
estimate rectification and search band window parameters. Hence, the speed
performance of the technique is better when the number of points is larger than a
certain value which is depending upon the software implementation and the speed of
the computer used. The technique has been rigorously tested with both simulated and
real-image data under various situations.

Another aspect of the work conducted for this thesis contributed to the development of
a real-time multiple camera 3-D measurement system. In conventional frame grabber
based multiple camera systems sequential image data acquisition is a time consuming
task. In order to achieve frame rate functionality, dedicated hardware based on a
Digital Signal Processor for real-time video signal processing and data
communications were developed. The dedicated hardware plus a CCD camera is
termed an intelligent camera. In a multiple camera system each intelligent camera
processes images simultaneously and the processed data are transferred to a central
computing unit for further processing. This system provided the context for the
development of the PEL algorithm. The real-time performances of the system was
analysed and the PEL algorithm was tested using the data acquired from multiple
intelligent camera system.
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Chapter 1: Introduction

Chapter 1

Introduction

“The correspondence problem”

In close-range photogrammetric and computer vision tasks, the estimation of 3-D co-
ordinates (precisely or coarsely) using 2-D image information is often required. A vast
number of applications that require range information may be imagined. It may be an
optical triangulation system for pipe inspection (Gooch et al, 1996), a space robot
tracking and locating various objects (Shapiro and Rosenfeld, 1992), or a
measurement system guiding a robot for assembly of aircraft wing components
(Clarke et al, 1998). Active methods of acquiring range information may be used in
some applications where a single camera and a point laser source may be sufficient.
An image point formed by the reflected laser beam may be conveniently identified by
setting appropriate illumination levels. Hence, the correspondence between the laser
source and its image is automatically known. Depth information can be computed
given the distance between the laser source and the camera. In passive methods,
images of the objects are acquired from two or more view points. Active illumination
may be used to obtain images of objects with high contrast. Techniques are required to
identify features in different views that correspond to the same object feature hence,

the “correspondence problem”.
1.1 Introduction to correspondence techniques

The correspondence problem has been researched extensively by computer vision
researchers. Hundreds of research papers have appeared in various conferences and
journals over the years. Some research concentrated developing geometric techniques
(Longuet-Higgins, 1981; Faugeras, 1993). Certain others developed methods
involving both geometric and radiometric techniques (Kanade et al, 1999). In
photogrammetric community less emphasis has been placed on this topic and few
researchers addressed this topic alone (Gruen and Baltsavias, 1988). In many
algorithms geometric techniques are used to complement radiometric techniques. In
certain applications, only the geometric techniques are wused to establish

correspondences (Mass, 1992). The technique applied to a particular problem depends



Chapter 1: Introduction

on the scene content, the imaging geometry, and the required precision of range
estimations. After an extensive literature survey, the author could not find an universal

algorithm that is capable of performing equally well in every situation.
1.2 Introduction to geometric techniques

A typical situation is a pair of images acquired from two view points. The features of
interest may be extracted in one image. In order to find the corresponding features, the
intensity information in a small area (window) surrounding the extracted feature in one
image can be matched with the other image until a matching area is found. This is a
computationally expensive search procedure. If the relative or absolute orientation of
images are known, the geometric relationship between two images (i.e. epipolar
geometry) can be used to constrain the search and to establish reliable
correspondences. Hence, the geometric information is as important as the radiometric
information. In a multiple view configuration, the role of geometric information
become more important as far as the computational efficiency and reliability of

correspondences are concerned.

The epipolar geometry is a key projective geometric relationship used in most
correspondence algorithms. Considering a stereo pair, if the relative or the absolute
orientation of cameras are known the epipolar constraint can be used to find
correspondences or potential correspondences (Haralick and Shapiro, 1993; Atkinson,
1996; Mass, 1992). Figure 1.1 illustrates a convergent axes stereo pair where
projections from a 3-D point 4,(X,, Y,,ZJ on images & and / are at pointspn(xn,yn) and
P2i(x2»y2i)- The plane formed by points 4,, Oj, and O:2 termed epipolar plane, intersects
image planes along epipolar lines /n and A- Hence, for a selected point on //,, the
corresponding point should ideally fall on the conjugate epipolar line /?;.. The points
ei(xel,yei) and e2(xe2,yer) are termed epipoles and are common points for epipolar lines

in each image.

In some algorithms that use radiometric information, a point is selected in one image
and a window surrounding the point is determined. This intensity window is slid along
the conjugate epipolar line in the other image until a match is found hence,

constraining the search. The criteria for a match may be based on correlation,
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minimum intensity differences, least squares or other techniques (Kanade et al, 1999;

Baltsavias, 1991; Ruther, 1996).

Figure 1.1 Epipolar geometry

In some computer vision applications the camera exterior orientation is unknown and
has to be determined on-line using the acquired image data. In the past few years, there
has been an interest in developing novel geometric techniques for the establishment of
point correspondences when the exterior orientation are not known. The “essential
matrix” due to Longet-Higgins, 1981 can be used to map camera co-ordinates of
points in one image to the conjugate epipolar lines in another image. Hence, camera
interior parameters are required to convert pixel co-ordinates to camera co-ordinates.
Another development due to Luong and Faugeras, 1996 is the “fundamental matrix”
which can be used to map pixel co-ordinates in one image to conjugate epipolar lines
in another image. The camera interior parameters are not required when using this
technique since they are included in the fundamental matrix. The use of this matrix to
establish correspondences between n views is still under investigation (Faugeras and

Robert, 1996).
In most high precision close range photogrammetric applications, either the relative or
the absolute orientation ofthe cameras are estimated using control points. The camera

interior parameters are estimated off-line. However due to the nature of the high

1-3



Chapter 1: Introduction

precision requirements artificial targets are often placed on object points of interest.
The illumination and the cameras are set up so that only the target images appear in
each view. These target images are located to subpixel accuracy. Hence, for the
establishment of correspondences, accurately located image points are the only
available information apart from the camera exterior and interior parameters. As a
result the geometric techniques are the only means that can be used for the
establishment of correspondences. The epipolar line (EL), 3-D space intersection
(3DSI), and back projection are the mostly used techniques in high precision close
range applications (Fraser, 1997; Mass, 1992; Chen, 1995). The definitions of EL and
3DSI algorithms used for this thesis are given in sections 3.4.1 and 3.4.2.

1.3 Introduction to PEL algorithm

In this thesis, a technique called PEL algorithm is developed. It has been successfully
implemented for the establishment of multiple view point correspondences in high
precision close-range measurement applications. The algorithm may also be used in

other photogrammetric or computer vision applications.

The distinguishing feature of this technique is that it can establish faster point
correspondences than the EL or 3DSI methods. The algorithm exploits an special
instance of epipolar geometry. If the x-axis of the local co-ordinate systems of an
stereo pair are parallel to the base line and the image planes are co-planar, the
conjugate epipolar lines become collinear. Hence, there is no computational effort
required to determine conjugate epipolar lines. Figure 1.2 illustrates a pair of parallel
axes images Iri, Ir2- The projections of a 3-D point 4,(X,, YAZ,) are at points p i, (xribyri,)

andp ri(xr2i,yr2i) which fall on collinear epipolar lines /rn and /2, Hence, yrjl =y 72l

In practice, conjugate epipolar lines are not collinear due to errors in image point
location and convergent to rectified image transformations. Hence, a search band that
covers either side of the ideal collinear epipolar line is required to identify
correspondences. In this algorithm, a novel method is introduced to determine this

search band using the knowledge of search bands in convergent images.
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The algorithm considers images taken from multiple view points as a set stereo pairs.
Stereo pair correspondences are established as discussed above. Correspondences are
then distributed among stereo pairs using a technique based on epipolar geometry and

image point identity matching.

Figure 1.2 Parallel axes stereo pair and collinear epipolar lines

In close range systems, cameras are positioned in a convergent configuration to obtain
an optimum network design (Mason, 1994). The PEL algorithm considers multiple
views as a combination of stereo pairs. For each stereo pair, a pair of rectified image
planes is determined and the points of interest that are located in each convergent
image are transformed to rectified image planes. Provided that these transformed
image points are sorted in an ascending order of the y-co-ordinate in rectified image
space, an efficient search can be performed to find potential correspondences.
However, the ideal geometric condition does not exist with real imaging systems. The
corresponding points may not fall on collinear epipolar lines. One reason is the
transformed image point location errors from the convergent images. The other is the
transformation errors due to the errors in camera exterior orientation. Hence, a search

band is required to identify corresponding points. A technique is introduced to
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determine the search band in a rectified image pair and is specially required for the
establishment of reliable multiple view point correspondences. This technique uses

knowledge ofthe characteristics of search bands in convergent images.

If the correspondences are to be established in the convergent image space, for a
selected point in one image all the points in the other image should be checked to
determine if they are corresponding. If n points are available in each image, it requires
n2 search which becomes computationally expensive when the number of points is
large. Both the EL and 3DSI methods require n2 search. The advantage with the PEL
algorithm is that the search is approximately proportional to n. However, the algorithm
is efficient only when n is greater than a certain number. This is due to the time
required for initialisation stage which is dependent upon the implementation. With the
current implementation, using a 200MHz Pentium PC the PEL algorithm in a four
view configuration is faster than the EL and 3DSI methods when number of points is

greater than about 75. Table 1.1 illustrates some results from the timing tests.

No of points PEL EL 3DSI
(ms) (ms) (ms)
10 6.68 0.63 1.21
30 7.75 2.48 9.5
50 9.17 5.49 27.84
75 10.86 10.88 58.35
100 12.67 18.05 104.66
150 17.63 37.44 232.94
200 27.41 65.16 414.94
250 35.25 104.39 652.11
300 4451 148.98 940.48
350 50.79 231.18 1305.78
400 61.24 351.81 1771.31

Table 1.1 Timing comparisons

1.4 The real-time system development

Usually with frame grabber based close range measurement systems, images are
sequentially acquired from multiple cameras and are then processed in a PC or a

workstation. The work involves extraction of target image locations in each image,

1-6
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establishment of correspondences, and the 3-D location estimation. The acquisition of
images and the extraction of features is a sequential process which is time consuming.

In order to overcome processing speed limitations, a real-time system was developed.
In this system each camera has local processing and communication facilities which
perform the target image location and the data transfer to a PC in real-time. Images are
processed in parallel for feature extraction hence, sequential processing of images in
the PC is avoided. Due to the transfer of processed data the amount of data transferred
is minimised. A CCD camera with local processing and communication facilities is
termed an intelligent camera which is a modular system with the processing power of
a Digital Signal Processor (DSP) and Ethernet data communications. Various tests
were carried out to assess the speed and the accuracy performances of the system. An
intelligent camera can repeatedly produce about /70 target image locations every 40ms

(Clarke et al, 1998).
1.5 Structure of the thesis

In chapter 2 the fundamentals of close-range photogrammetry are reviewed.
Discussion of random errors of measurements and the least squares technique are
introduced. The camera model, collinearity equations, and camera interior parameters
are discussed. The direct linear transformation for resection, the estimation of relative
orientation, and the rigorous and non-rigorous intersection techniques are reviewed.

The chapter concludes with an introduction to the bundle adjustment.

Chapter 3 is devoted to the discussion of multiple view point correspondence
techniques. The details on the survey of image matching methods are discussed and
the methods are classified. Image feature extraction methods that are used in high
precision close-range applications are discussed. The geometric techniques used for
establishing correspondences are discussed in detail as are point correspondence
techniques used in close-range photogrammetry and their characteristics. Finally, the

techniques used in uncalibrated computer vision applications are introduced.
Chapter 4 discusses the development of a technique based on image rectification for

multiple view point correspondence establishment - the PEL algorithm. A case for

development of'this technique is discussed. The theoretical development of each stage

1-7
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of algorithm is presented in detail. The issues involved in multiple view
implementation are discussed and the speed performance of the algorithm was

compared with that of the others.

Chapter 5 is devoted to the simulation tests. Description of the developed software
simulation system is given. The effect of the errors in camera exterior parameters and
the 2-D image point locations on the epipolar constraint are discussed in detail with
illustrations of simulation tests that were carried out with a network of four cameras.
The performance ofthe PEL algorithm in multiple view configurations is illustrated in

detail with simulation test results

Chapter 6 discusses the development of a real-time close-range photogrammetric
measurement system. The system, based on intelligent cameras, exploits distributed
processing of video data. The algorithm used for object processing is discussed. The

development of dedicated hardware and software are presented in detail.

Chapter 7 presents results from practical experiments. First, the setting up of the real-
time system, the camera calibration using the data acquired from the real-time system,
and the 2-D target image location accuracy performance are discussed. Real-time four
view point correspondence establishment test results are presented. Finally results on
the establishment of correspondences using frame grabber acquired images are

tlustrated.

Chapter 8 presents the achievements of the work of thesis, suggestions for further

work, and the summary.

1.6 Aims and objectives of the thesis

The principal aims and objectives of the work described in this thesis can be

categorised into three groups as follows:

1. Development of intelligent camera system with real-time video processing and
Ethernet data communication capabilities: Each intelligent camera in a multiple

view system transfers extracted target image location data to a Central Processing
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Computer (CPC) for the establishment of correspondences and 3-D location
estimations. With respect to the speed performance, intelligent cameras were
expected to be able to process over /00 target images of size 6x6 pixels
(approximately) and transfer their subpixel locations to the CPC within a video
frame period 40ms. It was expected that CCIR complying CCD cameras were to be
used. Target image location accuracy of over /// Oth of a pixel was expected which

is comparable to the accuracy performance of frame grabbers.

2. Development of an algorithm for the establishment of real-time multiple view
target image correspondences: This algorithm receives the extracted target image
locations from intelligent cameras as the input, establish multiple view
correspondences, and produce details of the established correspondences in a
suitable structure so that 3-D location estimation algorithm can access the data
efficiently. This algorithm was expected to have better speed performance than EL

and 3DSI techniques.

3. Integration of intelligent cameras and correspondence solution with 3-D location
estimation module to form a real-time 3-D measurement system: This work was
expected to make available target image location data flow from multiple
intelligent cameras to a CPC and the establishment of correspondences. The 3-D
location estimation and graphical user interface were expected to be provided as a

result of another project.
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Chapter 2

Principles of close-range photogrammetry

Photogrammetry is a technique for obtaining information about the position, size, and
shape of object(s) by measuring images instead of measuring objects directly. The
term close-range photogrammetry describes the technique when the extent of the
object to be measured is less than about /00 meters and the cameras are close to the
object (Atkinson, 1996). In close-range applications, where high precision
measurements are required, cameras are usually positioned in a convergent
configuration to obtain the optimum measurement accuracy in all three dimensions
(Mason, 1994; Atkinson, 1996). Redundant measurements of the object space points
are made using multiple cameras to enable better results and greater statistical
feedback. This chapter discusses the fundamentals of the close-range measurement

process and the various algorithms that are used.

2.1 Errors in close-range measurements and least squares

When a measurement contains an error, it differs from its true value. A number of
types of errors can be produced by a close-range photogrammetric measurement
system. These can be categorised as blunders, constant, systematic, or random errors
(Slama, 1980). Blunders are errors caused due to mistakes made during the
measurement process and are unpredictable. Wrong multiple view image point
correspondences is an example of a blunder and carefully planned procedures may be
required to remove them. The constant errors, may be due to errors that has the same
magnitude and sign. Constant errors can be detected and corrected by proper
calibration of the measurement system. Systematic errors follow a rule hence, they can
be estimated and measurements can be corrected. The errors due to the camera lens
distortion is an example of a systematic error. Random errors do not follow any rule

hence, they are dealt with according to the laws of probability.

In close-range applications, redundant measurements of object points are obtained
indirectly using images acquired from multiple views. The measurements are corrected

for systematic errors. The least squares technique is then used to obtain the most
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probable values for the indirectly measured unknown quantities. It is assumed that
image measurements contain only random errors which follow a normal distribution. It

is also assumed that the measurements are mutually independent.

Finding the most probable values for the unknowns based on a set of image
measurements is the same as finding the most probable set of random errors. If
(vhv2.....1s a set of random errors of a set of image measurements where each

error has a normal distribution, the density function of error v, can be stated as (Slama,

1980),

[(v.)= @

where a, is the standard deviation of error v,. Since image measurements are mutually

independent of each other, their combined or joint density function is the product of

individual density functions which can be stated as,

(212 r/or((i) ri2)' 2.2)

Hence, the joint probability density function can be stated as,

/v, -Av, <v, <v, tAv19) (v2-Av2<v2<v2+Av2) ........... v,y -AV,, <v,, <v,, + Av,,)

(1]n7nfn 1

dvxmlv2. .av,
sp\) a2/

2.3)
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The joint probability will be maximum for the most probable set of errors

(Vi,v3....... ,vj. According to the Equation (2.3), the joint probability is maximum
when the term is minimum. Hence,
n

1 nanimum 24)
= Z Va :.

In order to find the most probable value for the unknown quantity, the sum of the
squares of errors or residuals should be minimised and this is termed least squares

estimation.

If a 0is a constant, the following solution will still satisfy the least squares criteria,

I = MIninum
i=l
r
By substituting W = ,the least squares condition can be stated as,
LIEVT >mininum (2.5)
i=l

W, is termed as the weight of the measurement and a0 is termed the variance of a

measurement of unit weight (Slama, 1980). Hence, the least squares criteria can be

stated as,

i

Yy IWV(v,y =fVijfyj))2 FW2(Viy + ceoorrreiiiiiieeeeenne + Wn(vny -> minimum

In matrix form, this condition can be stated as,

- (v{Wv)-> minimum (2.6)

where v is a column matrix containing random errors and v is its transpose.
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In close-range applications, measurements of the same object space quantity is
obtained using multiple views. For each measurement, collinearity equations
(Equations 2.14) can be written that represent the relationship between the unknowns
and the measured quantities. A set of n equations thus obtained is termed the

functional model and can be stated in general form as,
F =f(x)-b =0 (2.7
where,

X =(X,, X2, X3, e ,xm) are m unknowns and,

b= (02,3 cceeeeaeraanne ,bn) are n measurements.

The functional model based on collinearity equations is non-linear. Hence, the first
step is the linearization of the functional model using Taylor’s theorem. In general, a

linearized functional model to the first order accuracy can be stated as,
/(x0)-60+ Adx+Ddb =0 (2.8)

where,
f(xo) represents a matrix consisting evaluations off(x) at initial values,
bo represents matrix consisting measured values,

A represents a matrix consisting partial differentials ofthe functional model

with respect to unknowns evaluated at their initial values,
dx represents a matrix consisting corrections to the unknowns,
D represents an identity matrix and,

db represents a matrix consisting corrections to the measured values which are

residuals.

In matrix form the functional model can be stated as,

2-4
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AAX=b+v (2.9)

where, b=b0- f(x () and v =- db.

Substituting for v in Equation 2.6, the least squares condition can be stated as,

(= (AAx - )y W (AAx - b) -> minimum.

= [{AAx)] - b W (AAx - b)

()= [(AAx) I(AAx)W - (AAX"bW - bl W(AAx)+ b<Wb)

¢ is a function of Ax. Hence, a minimum of{j) occurs when,

= {(AAx){ WA - bfWAj =0

[(AAx)IWA - bl WA™ =0

Hence, a matrix Ax containing corrections to unknowns can be estimated as,

AX=|[a *WA) AIWD (2.10)

The initial values of the unknowns (x¢4) adjusted with the calculated corrections (Ax)

can be stated as,

X = X0+ Ax (2.11)

AIWaJ is the cofactor matrix. Given an a priori value for the variance of a

measurement of unit weight, the cofactor matrix can be used to obtain variances of the

estimated unknowns.

2-5
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2.2 Camera model

The camera model defines the relationship between 3-D object points and
corresponding image points. This relationship involves two right handed Cartesian co-
ordinate systems termed object space (XYZ) and image space (xyz) co-ordinate
systems. Figure 2.1 illustrates both co-ordinate systems and the formation of an image
pointp(x,y) of an object space point P(X, ¥,Z) on the image plane I The point 0(X, Y,Z)
is termed the perspective or optical centre of the camera. The ray which is
perpendicular to image plane / and that passes through optical centre 0(X,Y,Z) is

termed the optical axis or the principal ray.

Figure 2.1 Camera model

The exterior orientation of a camera is defined by six parameters with respect to an
object space co-ordinate system (X,Y,Z). Three parameters denoted by Xo, Yo, and Zo
describe the position and the other three denoted by @@ @ and & describe the

orientation.

The angular relationship between image and object space co-ordinate systems can be
described by a (5x5) orthogonal rotational matrix (M). Three sequential and
independent angular rotations a3 @ and k around X, Y, and Z axes respectively can be

represented by the following three matrices,
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1 (0] (0}
0 cos© sin©
0 -sin© cos©

cos(j) 0 —sintj)

Ry o 1 0
sin> 0 coscj)
X sinK o
R, -sinKk  AOBK o
0 o 1

By multiplying these three matrices, the rotational matrix M can be formed as,

mn  mu  mi3
M =RXRIRZ 32 m2 m3 (2.12)
my mn m3
where, mn = - coscp cosk

mn = cosco sinK + SINCo Sincp c o sk

ml3 = sinco sinK - c0osco Sincp c o sk

mZ = - coscp sinK

m2 = COSCO cosk - sinco sincp sinK

m2B = sin© cosk + cos© sincp sinK

m3 = sincp

mn = - sin© coscp

/n3 = cos© coscp (2.13)

2.2.1 Collinearity condition

Referring to Figure 2.1, the object point, the optical centre of camera, and the image

point are collinear in the ideal case. The mathematical equations expressing this
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collinear condition are termed the collinearity equations (Wolf, 1983) which can be

stated as,

mn (X - Xo) +mI2(Y-Yo) +mI3(Z - Zo)
m3J(X - Xo) +mn (Y- Yo)+ m33(Z - Zo)

moi (X ~X°)+ m2X(Y - Yo) + m23(Z - Zo)

= 2.14
V=T wBHX - Xo) +m32Y—Yo) + m3¥(Z - Zo) (2.14)

where (x,y), (X,Y,Z), and (X,, YmZJ are co-ordinates of the image point, object point,
and perspective centre respectively. {m,K.... ,mn) are nine rotational matrix elements

and/is the focal length.

2.2.2 Camera interior parameters

In practice, there is a deviation from the collinear condition discussed in section 2.2.1
due to the distortion introduced by the lens system (Atkinson, 1996). For instance,
because of the misalignments in the assembly of the lens components the intersection
point of the optical axis and the imaging sensor does not normally coincide with the
centre of the imaging sensor. Due to imperfections of the lens surface image points
may shift away or towards the principal point. Furthermore, the effective focal length
at close-range differs from that specified at infinity. Collectively, these systematic
error parameters are termed camera interior parameters and their estimation is termed

camera calibration.
2.2.2.1 Principal distance

The perpendicular distance from the optical centre of the lens system to the image
plane is termed the principal distance. When the camera lens is focused at infinity, the
principal distance is equal to the focal length (/). In close range applications, the
camera lens needs to be refocused. Hence, the principal distance (f+Sf) needs to be

determined where 5fis the correction to the focal length.

2.2.22 Principal point shift

The location of an image point that is formed by a ray passing through the optical axis
is termed the principal point. In an ideal camera, the centre of the image plane, termed

the fiducial centre, coincides with the principal point. In practice, there is an offset
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from fiducial centre to the principal point. Hence, this offset needs to be determined

and the image co-ordinates based on the fiducial centre should be corrected.
2.2.2.3 Radial distortion

When an image point is displaced radially either closer to or away from the principal
point, the distortion is termed radial. The radial distortion Sr can be expressed as an

odd termed polynomial function ofthe radial distance 7,

Or =K, r3+K2»5+Kirl+..... (2.15)

where K,, K2 K3are the coefficients of radial distortion and

r2 :(*-*,,)* +(y~yBD2 (2.16)

where (x,y) are the co-ordinates of an image point with respect to the fiducial centre

and the (xpyp are co-ordinates ofthe true principal point.

The radial distortion at point (x,)) can be expressed in two components as,

5, (2.17)

2.2.2.4 Decentering distortion

Decentering distortion occurs due to misalignment of the components of the camera

lens system. Decentering distortion at point (x,y) can be expressed as,

Sxd= P\(" +2(x-xpjy 2 p 2(x-xpyy-yp)

p2~2+2(y-yB y 2P\(?-xp)<y-yp) (2.18)

where Sxdand Syd are the x and y components of the decentering distortion, 7 is the

radial distance (equation 2.16), and P, and P2are decentering distortion coefficients.

The collinearity equations with camera interior parameters included can be stated as,

mu (X - Xo)+mn (Y- Yo)+ml3(Z - Zo)

-xp +8xr+8xd=-(/ +6
x-xp+8xr+8x ( m3l (X - Xo) +mP(Y- Yo) + mB(Z - Zo)
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m (X - Xo)+m2(Y- Yo)+m2(Z - Zo)

_ i N 2.19
y-yP+ayr+ayd (/ +§ m3 (X - Xo) +mi2(Y- Yo) + mi3(Z - Zo) ( )

2.3 Camera exterior parameter estimation

The process of the estimation of location (Xs¥oZg and orientation (co,(pK) of a
camera with respect to a world co-ordinate system is known as the resection. There are
number of techniques available (Wolf, 1983; Chen, 1995). Certain methods estimate
these parameters directly (Zheng and Wang, 1992) which are termed the closed form
solutions. Other methods estimate the parameters iteratively and require initial
estimates of the parameters. The choice of the method used depends on the speed of
the estimation process or the required statistical rigorousness of the estimated

parameters.

The exterior orientation of one camera can also be estimated with respect to that of

another camera. Thus estimated parameters represent the relative orientation.
2.3.1 Resection - direct solution

The Direct Linear Transformation (DLT) establishes a linear relationship between
image co-ordinates and the object point co-ordinates (Abdel-Aziz and Karara, 1971).

The DLT equations can be stated as,

LxX +L2Y+ L37Z + La
LOX +LwY+LuZ +\

LSX +L6Y+L7Z+ L&
L9X +LJOY +LUZ +1

where (x,y) are image point co-ordinates of an object point (X,Y,Z), and LA ....,Ln are
DZT parameters. A minimum of six non-coplanar control points are required to solve
for the /7 unknown DLT parameters. An alternative to this is the 2-D DLT equations
which only has eight unknowns (Shih, 1990; Wang, 1997). In this model control
points are required to be coplanar (Z=0) hence, Z terms can be removed from

Equations 2.20. The 2-D DLT equations can be stated as,
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_ LIX +L2Y+L3
L7X +1zY+\
+L5Y+
L4X +L5Y+L6 2.21)
y 1A+t
where,
i Don i XL +m 2L +m 1371
m,j mli2 rn, i )
a " b ’
" m2]’ Z5 mgg’ ZzsN (m2JX L 22YL 23ZL)
L - L
17 mj’]’ Z;S’ "2 , - ¢m31XL+m32YL+m3szL) (2.22)
L L

The nine rotation parameters hold the following conditions since the rotation matrix is

orthogonal,

« +K +<)=U

«+<+<)= 1»

(mi +ma +ml)=\ (2.23)

Hence, Z can be evaluated as,

L= . 7 or Z=+ 1 (2.24)
L2 +13+1j [2+13+12

The camera rotation parameters can be obtained as,

() = - sin”1(LLi)

LL
:= - sin “ (2.25)

AAON)).

The camera location parameters can be obtained as,
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| mu mn m\3
y = mn m2 3 116 (2.26)
Zl (ap) m.Q Tl\% -L

The estimated parameters using this method are only approximate. Assuming image
co-ordinates are corrected for lens distortions the closeness of the estimations to their
correct values depend on the accuracy of the measurement of control point locations.
These estimations can be used as starting values in an iterative method to obtain more

accurate values. Use of more than four control points provide better approximations.
2.3.2 Resection - iterative solution

The linearized collinearity equations can be used to iteratively estimate the camera
exterior parameters. The approximate values of the unknown parameters and a
minimum of three known control points are required. Use of more than three control
points results in more accurate estimates of the parameters. Linearizing a pair of
collinearity equations by partial differentiating with respect to exterior parameters X,

Yl, ZI, @ @ and k and image measurements,

fd F N dF, rdF.)
iXxo0)-Ko + dx, . dYt + . dz,
fiXxo)-Ko + 5 , dYj , d Zjr
\ X
F N
do + dj) + S dK+fd * db,. =0
Kdco 1 3> V3k ) dF
rery dXL + aF, ai+ 4 4z
fy(Xo)-bgO+UXj 0 vdz, :
! » 3Fn
Iy deo + dH + dK + dby =0
(2.27)

where, (1 =1,2, ....m) and m > 3.

In matrix form, Equation 2.27 can be stated as,
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AAx =b+v

The corrections to the initial estimates of camera exterior parameters can be estimated

using least squares as,

A'Wb (2.28)

where, W is the weight matrix of the 2-D measurements and (4'WA)'l is the cofactor

matrix ofthe estimated exterior parameters and,

"dFu "dFu rdFu
J)X1J0 faoJo " JO kak 1o
"BFiy] "ariy  (aFly] 'BFly’

~3X JO laoJovas)o v J0

'BF" faFna] far (aFm®
la® ), Lap>
(BF,A (aFmy] (aFm" ' BFmy'
k BXI In 1a© Jy | <t laK]O
bdXi /u (x0)+ *uo ‘H; & 7
dvi /l>-(Xo)+ ~dbX
dzZi y— vV -
dco
d() -f mXXo)+bmoO ~dbm><l
dyi _-fmx(Xo)+b,m0_ '_Hég i

After each iteration, updated values of the unknown exterior parameters can be

computed as,

~X1

X lo
Yi Yio
© e (2.29)
+ $0
K -Ko.
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The iterations need to be continued until the corrections are smaller than some preset

threshold. The partial differentials in Equation 2.27 are given in the Appendix.
2.3.3 Relative orientation

Figure 2.2 illustrates an image pair 7/ and /2 whose local axes systems are (xj.)j.zj) and
(x2.y2.z2)- The images of the object space point 4,(XhY,,Z) on images 7/ and I2 are at
points pn(xn,yi) and p 2i(x2,y2)m The coplanarity created by points A4 Oj, 02 pn, and
p2i can be used to estimate the relative orientation of two images 7/ and /2 (Atkinson,

1996; Ghosh, 1972).

Figure 2.2 Geometry of coplanarity

Vectors 7y rj, and b are coplanar. Considering (x,,yhz,) as the primary axis system,

three vectors can be stated as (assuming the same scale),

n=[uT“/if, ri=RI[xZy2-f2) ,and b= byb2] I (2.30)

where R is the (3x3) rotational matrix.

Due to the coplanarity, the triple scalar product of the three vectors should be zero.

That is,

b.(rlxr2)=0 (2.31)
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The condition in matrix form,

K by be
xn yu i -0
(m, x2i+m2,y2i - m3If2) (ml2x i+ - A2/ 2) ("M% +m23y 2 - ¥22[2).
Substituting ¢4 t2 and ¢3for +mPI-m¥2, (mx2+mBIA-mi2 and (mnx1 +
mAy - m3 ),
be by b,

xn yji ~fi -0

Hence, the coplanarity equation can be written as,

bx(yah +hfi)+ byixut} +tjfj)+ be(xljt2 - i;y/,)= 0 (2.32)

Assuming bx is not zero, the condition can be stated as,

b b
(vah +hfi)+ ~~ent3 +hfi) +J~(xnt2 - tiyn)="° (2.33)

Equation 2.33 is non-linear and hence should be linearized using the Taylor

expansion. The five relative orientation parameters 5
vix, ~ U]

estimated if five pairs of corresponding image points are known. When more than five
points are available, a least squares solution can be obtained. Initial estimates of

unknown relative orientation parameters are required.
2.4 3-D location estimation - Intersection

The process of the estimation of co-ordinates of an unknown 3-D location using
known camera exterior parameters and image measurements is termed intersection.
Direct or iterative methods can be used, the choice of the method depends on the

speed or statistical rigorousness required (Atkinson, 1986).
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2.4.1 Intersection - non-rigorous solution

In non-rigourous direct intersection, camera exterior parameters and image
measurements are considered as constants. By rearranging the collinearity equations
(Equation 2.14), 3-D co-ordinates of a point can be estimated. A minimum of two
image points in each image are required which results in four equations to solve for
three unknowns. Hence, least squares can be used to obtain a solution. Estimations
using this method are less reliable as the random errors are not taken into
consideration. Assuming m 3-D points and n cameras, there will be 3m unknowns and
2mn equations provided each camera views the same set of 3-D points. A set of re-

arranged equations can be stated as,

1+ fjmjuyci +(ximj2 +fjin ~ + (x jimJB+ //m/13)Zi
—XIT (WBLX 1. + mp2XjL + " TBX JL)+ f i ((WWX L+ m/UYL +mJUZL"

+fim2AX + VR4 M2X + + K (2 34)
=y ("™MmXjL +m,32XJ +mm X iL)+./; (mj2]X jL +mj22YL + mJ23ZJL)

where (1 =1,2,......... m) and (i =1,2,.......... n).

In the matrix form, set of equations can be represented as,

Using least squares unknowns can be estimated as,

Y (2.35)
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2.4.2 Intersection - iterative solution

A more refined estimation of the 3-D object point co-ordinates can be obtained by
iterative intersection. In this method, linearized collinearity equations are used. Initial
estimates ofthe 3-D co-ordinates (X0 Y, Z,) are required which may be obtained using
the non-rigorous intersection method. Considering images of a 3-D point in m

cameras, a set linearized collinearity equations can be stated as,

rdR A rdF.,"j fdF "
- dx + dy + j dz+ dbir = 0
Ja(xo)=Ko +yj vay dz Kabixy "
j dFi dR. \
koo Y ax Car+ Y az+ dbiv=0  (2.36)
dX dYj dZ \ db,yJ
where, (/=1,2,....m)and m > 3.
In matrix form,
AAx =b+v
Using least squares, corrections to unknowns can be obtained as,
AX = (a 'WAJ'A'Wb (2.37)

where, W is the weight matrix of the 2-D measurements. (4'WA)'l is the cofactor

matrix where,

(d Fix')
dz ) {
dFiy"
dZ ,

'd Fmx' "3 Fnn "dFF™
CdeO Ccdv, o <dZj,
"d Fmy' "8 Fmy "a Fmy"
{dX jo vdY Jo VAZ,,
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-fuM +buo =% .
— ~fW(il8)+bho —3
Ax = b= V =
dz
- fmx(xo)+bmD) ~dbnx
_ f nx(Xo)+ bmo r dK
After each iteration, the updated X, ¥, and Z values can be computed as,
~x'  'Xo ~X~
Y = Yo + dY (2.38)

VA Zo dz

Iterations should be continued until corrections are smaller than a pre-determined
threshold. The resulting 3-D estimations are more accurate than those produced by
non-rigorous solution due to the minimisation of residuals (Atkinson, 1996). The

partial differentials in Equation 2.36 are given in Appendix.
2.5 Bundle Adjustment

The separate estimation of camera exterior parameters (resection) and 3-D object point
co-ordinates (intersection) were discussed in the previous sections. These quantities
can also be estimated simultaneously. This estimation process is known as the bundle
adjustment which uses the functional model based on linearized collinearity equations
(Atkinson, 1996). Initial estimates of the unknowns are required and are updated after

each iteration until the adjustment to each quantity is negligibly small.

Considering co-ordinates of the ith 3-D point (XhY,Zp and exterior parameters X1, YIt

ZIL, @ @ k off camera, linearized collinearity equations can be written as,

r8 Fipc" (d FacA '8 Fax'
i i dx, + dy, + dz,
S ("0 bpo+ CdT/ 87

> J

) c o
8 F ijx dXij + dFiX le,’_i_rdFl]x dzjj
\d X1i) v3Yu 8 Zij.
' ' SFp. "
o SR G S gy SO PO =
da 507) \$k o \d bjxJ
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[ oo AR gy g
PR ax,j , dY, j ydZ,
r
r ijy' dE f5 ,
T gy Y v DY gz
VIOX 1)) vd Yu: Vd Zu
; A r"'"l'__v\ l‘~F’,‘”\ dF. "
+ldF deo + dF], (/(i)-f:d’w) Jk+f w dbyy:()
0 v,y db.g;
(2.39)
In matrix form the system of equations can be written as,
AAx =b+v (2.40)

where, 4 is the design matrix , Ax is the matrix of corrections to unknowns, b is the

matrix of image measurements, and v is the matrix of image residuals.

The corrections to the unknown 3-D object points and camera exterior parameters (A4x)

can be estimated as,

Ac=(A'"WAjIA'Wb (2.41)

C =(a 'WA) is the cofactor matrix.

After each iteration, the updated value of unknowns can be calculated. The resulting 3-
D point co-ordinates and camera exterior parameters are known as adjusted values
which are the most probable estimates. When camera interior parameters are also
estimated along with 3-D point co-ordinates and camera exterior parameters, the

adjustment process is known as the self-calibration bundle adjustment.

The image residuals may be computed as,
v=AAx- b (2.42)
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Hence, standard deviation of the residuals or precision of image measurements can be

computed as,

(2.43)

where 7 is the number of degrees of freedom.

The solution to the system of equations is possible only if the matrix (4 ‘WA) (in
Equation 2.41) is non-singular. But this matrix is always singular hence, it is required

to include constraints to make it non-singular (Atkinson, 1996).
2.6 Image residuals

When 3-D object points and camera exterior parameters are considered as unknowns
(bundle adjustment), the least squares estimation gives the most probable values for
the unknowns. Hence, Equation 2.42 gives the most probable values for the image
residuals and the standard deviation of residuals can be obtained using Equation 2.43.

The results of this statistical analysis of image residuals can be used in image point
correspondence algorithms where the epipolar constraint is used (chapter 3).
Considering an image point in one image of a stereo pair, the corresponding point in
the other image can be found by searching within a band which symmetrically covers
either side of the corresponding epipolar line. The statistical knowledge of the image
residuals can be used to estimate the optimum width of this epipolar search band

(Ariyawansa and Clarke, 1999).
2.7 Summary of the chapter

In high precision close range photogrammetric measurements the random errors are
taken into account by the least squares technique. Assuming individual measurements
are independent and random errors follow a normal distribution, the least squares
technique estimates unknowns by minimising the sum of the squares of the residuals.

In addition, the statistics ofthe estimations are given by the covariance matrix.

The ideal collinear condition between the object point, the camera perspective centre,
and the image point is an important relationship used in photogrammetry which results

in collinearity equations. However, in reality a ray that passes through the perspective
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centre is deviated due to the imperfections of the lens system. Hence, for high
precision applications the errors caused by the lens system should be taken into

consideration.

The estimation of camera exterior parameters is normally the first step of a
measurement process. Often a closed-form solution is used to obtain approximate
parameters and then an iterative method is used to obtain more accurate parameters.
The 2-D DLT method is a closed-form solution that requires a minimum of four
coplanar control point. The precision of the estimations depend on the accuracy with
which the control points are measured. The iterative method which uses linearized
collinearity equations produces more refined parameters and requires a minimum of
three control points. Relative orientation expresses exterior parameters of one camera

with respect that of another.

When camera exterior parameters are known and image measurements are given the
estimates of 3-D locations may be obtained using intersection. Image point locations
can be corrected for lens distortions using pre-estimated camera interior parameters.
The rearranged non-linear collinearity equations can be used to obtain approximate
values for 3-D locations. Normally these approximate values are used by an iterative
method as initial values to obtain more accurate estimations. The iterative method uses

least squares and provides statistical quality of estimations.

The bundle adjustment iteratively estimates both the camera exterior parameters and
the 3-D locations. The approximations of the unknowns are required. The estimations
provide the most probable values for the unknowns and the statistical quality of the
estimations are provided by the covariance matrix. The self calibrating bundle
adjustment estimates camera interior parameters in addition to the exterior parameters

and the 3-D locations.
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Chapter 3

Multiple view correspondence methods

Automatically finding corresponding features in images has been a research topic for
many years. Feature correspondences are required for tracking, 3-D location
estimation, object identification, and camera lens system calibration to name a few.
Correspondences may be required from a sequence of images acquired from a single
camera or a set of images acquired from multiple cameras located at different view
points. The camera(s) and/or object(s) may be moving or stationary (Koch, 1994;

Wang and Duncan, 1996; Kang et al. 1997).

Extracting 3-D information of a scene using two or more images is an important
passive method in high precision close-range photogrammetry and computer vision.
Applications may range from obtaining the structure of a stationary object to guiding a
robot to perform an assembly task. The extraction of the image features of interest is
the first step. In high precision applications, accurate location of image features is
important for the subsequent establishment of correspondences and 3-D localisation.
Images of the natural features of objects cannot be located as accurately due to the
radiometric and geometric distortions which are dependant upon the view point.
Hence, in high precision applications object points of interest are signalised using
artificial circular retro-reflective features which are usually termed targets. Due to the

special reflective characteristics these targets can be located accurately in image space.

In computer vision literature, the word ‘matching’ is widely used instead of the word
‘correspondences’. The reason is that most algorithms use intensity based matching of
small areas of images (windows) in order to establish correspondences. These
algorithms use both radiometric and geometric information. In this thesis, both words
are used as and when appropriate. However, the material in this thesis mainly involve
the discussion and development of algorithms which use only the geometric

techniques. Hence, the word ‘correspondence’ is used widely.

In this chapter, feature extraction techniques are discussed, matching or

correspondence algorithms are categorised. Feature extraction and correspondence
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methods that are used in high-precision close-range photogrammetric applications are
discussed in detail. The traditional geometric techniques and the new geometric

techniques developed by the computer vision researchers are discussed.

3.1 Classification of image matching methods

There has been a vast number of image matching methods developed over the years. In
general these methods exploit the geometry between images and intensity information
for the establishment of correspondences. Image matching methods can be categorised
in a number of ways which may be depending on the imaging geometry such as
parallel or non-parallel optical axes, the number of cameras used such as binocular,
trinocular and multiocular, and the image intensity matching technique used which
may be correlation or least squares. In this chapter image matching is broadly

categorised as area based matching (4BM) and feature based matching (FBM).

There has been a significant amount of research on 4 BM techniques by the computer
vision researchers (Rosenfeld, 1998). The ABM techniques are based on the fact that
the projections ofa 3-D point in different images are likely to have similar gray values
(Fua, 1997). Most of the past ABM algorithms used correlation between intensity
patterns of the local neighbourhood (window) of points in images (Ruther, 1996;
Kanade et al, 1999). Initially, a point of interest is chosen in one image then a cross-
correlation measure is used to search for a point with a matching neighbourhood in the
other images. If the relative or absolute orientation of an image pair is known the
search can be constrained using epipolar geometry (Okutomi and Kanade, 1993). A
recent development in ABM is the use of Least Squares (LS) technique for image
matching (Atkinson, 1996; Baltsavias, 1991). LS matching algorithms are considered
to be more robust and accurate compared to correlation based methods. The
drawbacks of ABM algorithms are that they are sensitive to the angular separation of

stereo pairs, contrast, and illumination characteristics (Dhond and Aggarwal, 1989).

FBM algorithms use natural features that are extracted from images rather than using
image intensity values directly (Ayache and Hansen, 1988). Features commonly used
are corners, edge points, and edge segments. FFBM algorithms, depending on the
features used, are sensitive to noise and do not perform well in highly textured images

(Dhond and Aggarwal, 1989). In high-precision applications, FBM techniques are
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preferred to ABM techniques due to the use of signalising points whose images can be
distinguished from the background and can be located accurately. In certain
applications signalising points (targets) with some unique structures are used. An
example would be the coded targets that are widely used in measurement applications.
When such targets are used simple projective geometric constraints can be used to
establish correspondences. The use of features alone without using the neighbouring
intensity information may increase the likelihood of establishing false correspondences
in complex object space situations but these methods are simpler and faster than ABM

methods.

3.2 Feature extraction techniques

The image features of interest depend on the application. For low accuracy
applications, natural features such as corners, edge points, or edge segments can be
extracted using an interest operator. There are numerous such operators available.
Baltsavias, 1991 pointed out that for feature detection Hadem, Moravec, Forestner,
and Hannah operators and Canny edge detector have been used. These operators
perform intensity based operations to extract features. In most cases, some quantitative
attributes such as high grey level variance, steep correlation, distance to other local
features are also calculated for each feature to aid the subsequent correspondence

process (Baltsavias, 1991).

In high-accuracy applications, the precision of image feature location is important as it
affects the accuracy of 3-D localisation. Natural features such as those mentioned
previously cannot be located accurately. Hence, artificial targets are placed on the
object points of interest at which measurements are to be made. Normally, these
targets are small (radius of 2-70 mm) and of circular shape to enable accurate location
estimation (Baltsavias, 1991). The use of targets that are made of retro-reflective
material and the use of special illumination ensures that these targets are
distinguishable from the background (Clarke and Wang, 1996; Shortis et al, 1994). In
most applications, background clutter can be considerably reduced or completely
removed by setting a small aperture since the background intensity information is of
little or no importance. In many cases, a pre-determined global threshold is used to
distinguish targets from image background. Attributes such as peak intensity and area

are determined for each target.
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Coded targets, which can be easily distinguishable due to their specific patterns and
retro-reflective characteristics, are used in many applications. Currently, there are two
types in use. In the first type, a central dot is surrounded by broken concentric rings.
The number of broken segments in each concentric ring are used to label targets. The
second type comprises a central dot surrounded by a number of dots. The number of

secondary dots and their differing sizes are used to label the target (Fraser, 1997).

3.2.1 Target detection techniques

Contour tracing with chain codes is a technique used for the detection of image
features (West, 1982; Chen, 1995; Pavlidis, 1982). In the first step, the image is
binarized using a suitable threshold. A suitable chain coding operator is then used to
trace boundaries of the features. Figure 3.1(a) illustrates part of an image with a
binarized feature. The grid points marked with circles represent binarized feature
pixels. Figure 3.1(b) illustrates two types of chain-code operators: 4-way and 5-way.
The tracing algorithm scans each line of the binarized image from top to bottom.
When a binarized feature pixel is encountered, chain-code operator begins tracing the
feature boundary and the direction vectors are noted. The tracing a feature ends when
next pixel to be traced is the one that was considered first. Once completely detected,
the feature can be removed from the binarized image to enable the detection of the

new features.

@ (b)
Figure 3.1(a). Binarized feature in a section of an image, (b). 4 and 8 way
operators

Using an 8-way operator in the clockwise direction beginning at point 4 (Figure

3.1(a)), the chain code for the feature is detected as '3,4,5,4,6,6,7,8,1,8,2Using this
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information, the perimeter length can be obtained directly and the co-ordinates of the

periphery and the area can also be obtained.

Another way of implementing this algorithm is to use the true intensity image without
binarizing. Once a feature is completely detected and co-ordinates of the periphery are
obtained, its internal intensity information may be used for more accurate localisation

of'the feature.

3.2.2 Target recognition techniques

Once a feature is detected in the image, a number of'tests can be performed to identify
if the detected feature is a legitimate target. Attributes such as area, perimeter, shape
factor, maximum width and length, and peak intensity are commonly used. The
perimeter length can be computed using the traced contour co-ordinates. Area can be
computed as the number of pixels in the target image. The circular and non-circular
features can be distinguished by the shape factor (Chen ef al, 1992) which can be

computed as,

0= 3.1

where A is the computed area of the feature and L is the longest distance across the
feature. If the shape of the feature is closer to a circle, the value of shape factor Q is
closer to 1. Since targets used in high-accuracy applications are circular, the shape
factor is a useful measure. The peak intensity of the target image is another recognition
factor which is normally used to complement the information given by the shape factor

and the area of a feature.

3.2.3 Target location techniques

Once features are recognised as legitimate targets, the location is computed to sub-
pixel accuracy. There are number of methods which are outlined and their

characteristics are discussed.

Shape centre (average of perimeter): The average of co-ordinates of the

perimeter of a target image can be computed as,
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x = y= (3.2)

where (x,,y) is the i pixel co-ordinate and » is the total number of pixels in the

perimeter.

Binary centroid: In this method, binarized target images are used to compute the

binary centroid (x, y which can be stated as,

Z x 7
(3.3)

where (x,,)) is the i pixel co-ordinate at which the binarized intensity /, which is

either one or zero.

Grey scale centroid:The grey scale centroid can be represented by the same equations

as (3.3), but /, represent the actual unthresholded intensity value at pixel location

(Xiy).

Squared grey scale centroid: The computation of squared grey scale centroid is the

same as gray scale centroid but the squared value of'the intensity is used.

Shortis et al, 1994 carried out simulation tests to investigate relative merits of each
location method for the Gaussian shaped targets. The effects on target location
accuracy due to the number of quantization levels of 4/D conversion, threshold, target
size, intensity saturation, DC offset of the video signal to the A/D converter input was
analysed. Intensity methods (gray scale centroid and squared grey scale centroid) have
better accuracy performances when number of quantization levels are higher due to the
better intensity resolution of pixels around the edge of the target. The threshold
methods (shape centre and binary centroid) do not show clear improvement. As the
threshold intensity increases, the location accuracy of the intensity methods decreases
again due to the removal of pixels on the edge of the target. With the threshold

methods, location accuracy increases as target size increases where as it remains stable
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for intensity methods when diameter is greater than 6-7 pixels. In general, intensity

methods have better location accuracy performance than threshold methods.

3.3 Geometric techniques for establishing correspondences

Using a suitable technique image points of interest are located in each image. Taking a
point in one image it is unknown which point in each other image corresponds to the

same 3-D world point.

The geometric techniques provide vital information for establishing correspondences.
In ABM algorithms, geometric techniques are used to constrain the search space. In
FBM algorithms, geometric techniques are used for establishing feature

correspondences between images.

3.3.1 Epipolar geometry

Epipolar geometry is a fundamental projective geometric relationship that exists
between a pair of images (Haralick and Shapiro, 1993; Faugeras, 1995; Kanatani,
1993). Considering a stereo pair where the relative or the absolute orientation of
images are known the epipolar geometry can be used to establish correspondences.
Figure 3.2 illustrates a convergent optical axes image pair /, and /2 whose optical

centres are 0 ; and 0 2respectively.

Figure 3.2 Epipolar geometry

Images of a 3-D world point 4,(X,, YbZ) on images I, and [2are at points p,, (x,,,y,) and
P2i(x3y2). The line joining the optical centres O, and 0 2is termed the baseline. Points

ei(xd,ye) and eJx&)ye) are termed epipoles and are the images of optical centers () 2and
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O, on images I, and /2respectively. The plane formed by points Oh 0 2 and A4 is termed
the epipolar plane which intersects image planes /, and /2 along the epipolar lines /,
and 2. Hence, for point p,,(x,,,y,,) which lie on epipolar line /,, the corresponding point
p 2(x3)y7) can be found by searching along the conjugate epipolar line /2 This condition

is termed the epipolar constraint.

3.3.1.1 Determination of conjugate epipolar line

In order to find a corresponding point in the image /2for a given point in image /,, the
first step is to determine the equation of epipolar line /2 (Figure 3.3). Given the
exterior orientation of cameras and co-ordinates of point p 4, equation of /J can be

determined.

Figure 3.3 Conjugate epipolar line

By projecting a ray from p,, through O, to XT-plane of the world co-ordinate system, a
3-D point 4j(Xj,Yj,Zj= 0) can be determined. Reprojecting a ray from this point to
image [2through 0 2a pointp J(x2yJ in image /2can be determined. Point p J will also
fall on the same epipolar line /i~ If co-ordinates of epipole eJxelye2) are known, the

epipolar line /2can be determined as follows,

(y-yy) =(yv-y*)

(x~X2.) (X2j-Xe2)

By rearranging in y =mx + ¢ form,
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vijeyei T (yu- !
- X+ yuy- ' (3.4)

y_\XZj-XeZ \X2j- Xc2. J

3.3.1.2 Determination of search band

With real imaging systems, the epipolar constraint discussed in the previous section
will not be satisfied exactly and corresponding points will lie a small distance away
from the epipolar line. This is true even after correcting for lens distortion. The reason
for this deviation is because of the unknown random errors of the imaging system.
Hence, a band that symmetrically covers either side of the ideal epipolar line is
considered when searching for corresponding points. This search window is termed
the search band b2 and its border lines /,/i and /2 are termed search band border lines
(Figure 3.4). Gradients of border lines /j4 and /2 are the same as that of the epipolar
line 2. The perpendicular distance between the parallel border lines is termed the
search band width (d). A detailed discussion on determining search band width is

given in chapter 5.

Figure 3.4 Illustration of search band

As illustrated in Figure 3.3, once a point on epipolar line /2 (p7) is determined, the
next step is to determine a point that lie on each border line. Figure 3.5 illustrates
epipolar lines with positive and negative gradients and the determination of points that

fall on each border line.
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q(x/l.yh)

Figure 3.5 Possible epipolar line gradients and points on each border line

Given the co-ordinates of point p J(x2/y2 and width of the search band (gr = d), the

points g(xhy,) and r(x2y2 that lie on border lines can be determined.

When the gradient is positive,

SnG 57 +( ) G

T (f)sinG »y (3.5)

When the gradient is negative,

(f
= >+ — .G e
0= 50 g @)

4 inG (3.6)
y — i 2i S\ .
w2 )

where 9 = tan I(Jn] , and m is the gradient of the epipolar line. Special situations

occur when m = Oand m -> oo.

Ifthe intercepts of border lines are ¢/ and c2, the equations can be written as
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y=mx+tci y=mx+QC (3-7)
If an image point (x,,),) falls within the band then

(y,-mx,-c,)>0 and (y,-mx,-Q)<0 (3.8)
or

(y,-mx,-c,)<0 and (y,-mx,-G)>0 (3.9)
Hence, potentially corresponding points can be identified.

3.3.1.3 Epipolar geometry in parallel optical axis images

A special situation of the epipolar geometry occurs when the local axes systems are
parallel and both images lie on a plane which is parallel to the baseline 0, 0 2 (Figure
3.6). The x-axes of the local co-ordinate systems are parallel to the baseline. In each
image the epipoles are at infinity. The epipolar plane created by points A4 Oh and 02
intersects image planes /# and /72 along conjugate epipolar lines //fi and /12 that are
collinear. In ideal geometric situation, the y-co-ordinates of corresponding image
points are equal (ie. yr = yf2). If image point co-ordinates are sorted in ascending
order of y-co-ordinates, potential correspondences can be established without an

extensive searching through the image point co-ordinates.

Figure 3.6 Parallel optical axis images
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3.3.1.4 Consideration of ambiguities

Ambiguities occur when multiple image points are present on the epipolar lines
(Figure 3.7). These occur when multiple 3-D object points 4, to As fall on a single
epipolar plane. In practice, the errors in the imaging system cause these points to fall
near the ideal epipolar lines U and s- Due to the consideration of a search band it is

likely that these points fall within the band and cause ambiguities.

Figure 3.7 Ambiguities due to multiple co-planar 3-D points

If the object space information is available some ambiguities may be solved intuitively
using analytical constraints such as a left-to-right rule. This rule uses the fact that the
left most point in one image should be the left most point in the other image. The
epipole in each image can be taken as a local reference. The distance from the epipole
to each point along the epipolar line can be used as a measure to identify the left to
right order of image point location. For this technique to be applied successfully, all 3-

D points should appear on both images.

3.3.1.5 Epipolar geometry between more than two views

The epipolar geometry that exists between a pair of images can be extended to three
convergent axis images. Three images can be considered as a combination of three

stereo pairs /,/121213 and 1JI, (Figure 3.8). It is assumed that the absolute or relative
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orientation of each stereo pair is known. In this configuration, there are six epipoles
e,2 €2, e e £3, and eiswThe plane formed by three optical centres o j,02, and O3 is
termed the trifocal plane (Faugeras and Robert, 1996) which is an epipolar plane

simultaneously for all three cameras.

Figure 3.8 Application of epipolar constraint to three convergent axis images

Images of 3-D point A4,(X,, YiZ) in images [hl2 and I3 are pn(xlhy,), p A(x4y3), and
P3i(x3y3). Considering the 3-D point 4,(X,,Y,,Z) and image points p lhp 2 and p 3, the
epipolar geometry between image pairs 1J12 1213 and 131i forms three epipolar planes
whose intersections with image planes create three pairs of conjugate epipolar lines
(bl 12313 UJh3 respectively. Under ideal geometric conditions, pairs of epipolar
lines (21, 13 on image /,; In, [ on image /2 and /I3 /3 on image /3 should intersect on
image points pn,p Jrand p 3 hence forming a closed loop of points. A further geometric
relationship is that each image point is a common point for the image plane and the

two epipolar planes.

The epipolar geometry can be extended to four convergent axes images. Figure 3.9
illustrates epipolar geometry between four images. As in the case ofthree images, four
images can be considered as a combination of six stereo pairs. Considering a 3-D point
A,(X,, YhZi) and image points p i p 2, p 31 and p 4 the epipolar geometry between image
pairs 1JI2 1213 1314 and IJI, forms four epipolar planes whose intersections with
image planes creates four pairs of conjugate epipolar lines /idl2h 3132 1J143 and [4/],4
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respectively. These epipolar lines intersect on points p,,, p2ip 3 and p4 forming a

closed loop.

Figure 3.9 The application of epipolar constraint to four convergent axis images

The epipolar geometry can be extended to an arbitrary number of views. The epipolar
constraint complemented with other geometric techniques have been used to establish
correspondences. Number of algorithms which use these techniques were developed
over the years due to both computer vision and photogrammetric research. Some of

these algorithms are discussed in sections 3.4 and 3.5.

3.4 Correspondence algorithms in close-range photogrammetry

In all high precision close-range photogrammetric applications (because of the use of
special illumination techniques, aperture settings, and the use of targets with retro-
reflective characteristics) the images acquired often only consist of the intensity
information of the targets. The subpixel locations of these targets are then computed.
In order to compute 3-D locations, the corresponding targets, now their subpixel
locations (image points), should be identified. The camera interior parameters are
estimated as an off-line process and the exterior parameters are determined to the
highest possible accuracy. This section describes number of techniques that have been

used in close-range applications.
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3.4.1 Epipolar line algorithm

The epipolar line intersection method is commonly used technique used to establish
multiple view image point correspondences. Mass, 1992 developed a three and four
view correspondence method for use in 3-D particle tracking velocimetry.
Probabilistic models for image space ambiguities, with the knowledge of the density
of object space particles, were developed for various three view configurations. The
principle of epipolar line intersection was used for the establishment of
correspondences. Figure 3.10 illustrates a three view configuration. Consider point p n
(i=I....n) and epipolar line ~n in image 7. Its conjugate epipolar line in image /2 (Im)
has potentially corresponding points p 2hp 2 and p 23 Similarly, consider point p u and
epipolar line Uu in image //. The conjugate epipolar line in image /3 (I3) has
potentially corresponding points p3,p 2 p 3 The conjugate epipolar lines belonging to
points p 2 p 2 p Bintersect the epipolar line /,3on image /3near points p 3hp 32 and p 33
Mass, 1992 suggests that there is a high probability that only one of the intersecting

points is closer to the corresponding image point (pJ).

Figure 3.10 Intersection of epipolar lines on third view

A version of the epipolar line method was implemented for the purpose of this thesis.
In this implementation multiple view configuration was considered as a combination
of stereo pairs. The stereo pair correspondences are established as discussed in section

3.3.1. Image point identity based search is then carried out to distribute
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correspondences. In this thesis this technique is referred as epipolar line (EL)

algorithm from this point onwards.

3.4.2 3-D space intersection algorithm

This algorithm uses the epipolar constraint in the 3-D object space rather than in the 2-
D image space (Chen, 1995). It uses the fact that rays projected from corresponding 2-
D image points should intersect at a single point which is the corresponding 3-D world
point. However, due to the errors of the imaging system these rays do not normally
intersect at a point. Instead they intersect with a small perpendicular distance between
them (Figure 3.11). The distances between intersecting rays that originate from
corresponding points are smaller compared to those between non-corresponding
points provided camera exteriors are accurate and image point co-ordinates are
corrected for lens distortions. Hence, corresponding points can be distinguished by

comparing computed distance with a pre-determined threshold.

Figure 3.11 Minimum distance between a pair of rays

Points p,, (x,/v,) and p 2(x2y3d) in images I, and /2 are two arbitrary points. O,(Xh Yn)
and OXX(hYn) are optical centres of images /, and /2 Rays r,, and r2 projected into 3-D
space from each point intersect with a perpendicular distance d between them which
can be calculated. By rearranging collinearity equations (Equation 2.14), the equation
of'the 3-D lines representing rays r;, and 72 can be written as,

(X-X01l) (Y-YOl) (Z-ZO0l)
pi ql rl

’
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(X-XQ2) (Y-YQ2) (Z-ZQ2)

3 2 . (3.10)

where,

p\ =mnX+miny - mhtfi, q\ =minX +mluy —mbif\, rl =mlnX+milny —minf\,

p2 =m2uX +m2ily —m2nf i, q2 =n2nX+m2ny —m2nf i, and r2 = m\iX+mlrsy—mZnf 2
Hence, the minimum distance between rays 7, and r2 is given by,

(X02-X0V) (Y02-YOV) (Z02-Z01) , 2
d= Di g 1 pi gl gl rl rl  pi

3.11
2 2 2 p2 q2 q r2 r2 p2 .11

A threshold for the minimum distance value that distinguishes corresponding and non-
corresponding points can be established using prior knowledge of 3-D location

accuracy.

Chen, 1995 considers all images simultaneously. An image that views all object space
points is selected as the master image. A ray is projected into 3-D space from a point
in this image. The perpendicular distances to all the other rays projected from each
image are computed and are compared against a threshold value. Rays that generate
distances which are smaller than the threshold are selected as those belonging to

corresponding image points.

Implementation of this algorithm by Chen, 1995 considered the use of approximate
camera exterior parameters. Using a few control points, approximate exterior
parameters are obtained by resection. This enables the establishment of
correspondences between fewer image points. The least squares adjustment was then
carried out which resulted in more accurate camera exterior parameters.
Correspondences were established for the previously uncorresponded image points
resulting more corresponded points. Hence, next adjustment produces even more
accurate exteriors. This iterative process was carried out until all possible image points

were corresponded.
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A version of this technique was implemented. Multiple view configurations were
considered as discussed in section 3.4.1 for the EL algorithm. In this thesis this
technique is referred as 3-D space intersection (3DSI) algorithm from this point

onwards.

3.4.3 Back projection or drive-back algorithm

This is a commonly used technique in multiple view close-range applications and has
two implementations based on whether 3-D object space points are unknown or

known (Fraser, 1997).

When 3-D object space points are unknown, two images that view all 3-D points of
interest are taken as master images and the point correspondences are established. A 3-
D reconstruction is made using these correspondences. Rays are projected into other
views from each computed 3-D point. Image points that fall within a pre-determined
tolerance from the projected points are taken as correspondences. The efficiency of
this method depends on the correct establishment of the correspondences between
master image pair. It has been implemented successfully by at least one manufacturer

of photogrammetric systems (Fraser, 1997).

When 3-D object space point locations are known, rays can be reprojected into each
view from each known 3-D point and correspondences can be established in the same

way.

3.4.4 Epipolar line slope algorithm

The Epipolar line slope algorithm introduced by Sabel et al, 1993 uses the line slope
to establish image point correspondences in real-time. In the initialisation step of the
algorithm, a relationship between the slopes of conjugate epipolar lines is established.
Hence, for a selected point in one image, the slope of the conjugate epipolar line in the
other image can be computed with lower computational cost compared to the usual

epipolar line determination method (Section 3.3.1.1).

During the initialisation step, a set of epipolar lines is generated in one image with
regular angular spacing between them and their slopes with respect to the local co-
ordinate system are computed. The slopes of the conjugate epipolar lines in the other

image can be obtained as discussed in section 3.3.1.1. Sabel, 1993 pointed out that the
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relationship between the slopes can be represented by a 2nd order polynomial. The next
step is to use the least squares polynomial fitting to obtain an optimum polynomial
that represent a relationship between conjugate slopes. The method of using a 2nd

order polynomial is discussed here.
Suppose that the following is a set of pairs of conjugate epipolar line slopes,
(SIS D), (535 1 ($3S I covvvrerrerssrenn [ > (SmS 1)
The m!horder polynomial relationship that expresses 5’ in terms of's can be written as,

p(s™)=b0+b].s +b2.s2+............ +bmsm (3.12)

where bObh........ bmare unknowns which can be evaluated by minimising the residuals

between actual and calculated (using polynomial) slopes in a second image.

The sum of'the squares of the residuals (R) can be stated as,

*=Z(sW fo"))2 3-13)

The least squares principle states that sum of the squares of residuals should be
minimised in order to find optimum coefficients. Hence, R should be minimised. Ifthe
polynomial required is of 2md order as considered by Sabel, 1993, the coefficients that

minimises the residuals occur when,

0

0

A = A —
dbg ' db, db2
Using above conditions, following equations can be obtained,

n n n
"0 +bIY ) Si v b2Y ) S2- Y Si
H H T H

n n n n

bOY i ¥ + bl . si2 + 52X _Si3= X 5'5"
H H H H

boX h2+5i X 5,3 +52X sia = X Si2#! (3.14)
/= 1=1 /=] i=1
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In matrix form,

Ax =B
where,
n
« +S, +s,2
L v ~
ifLf X= bl b=

AN .

] 3 )’ v Pi.
LA %f' H H

Hence, the unknown coefficients (x) of'a 2ndorder polynomial can be obtained as,

x=A~'B (3.15)

Following example illustrates the establishment of a 2nd order polynomial relationship
between the conjugate epipolar line slopes. Table 3.1 gives exterior parameters of a

stereo pair. Figure 3.12 illustrates the relationship between conjugate epipolar line

slopes in graphical form.

camera X0 YO Z0 omega phi kappa focal
(mm) (mm) (mm) (degrees) (degrees) (degrees) length (mm)
1000 - 1121.3477 -1128.1358 1974.5010 30.5977 -25.4267 104.7095 16
1001 975.8044 -1091.4825 1939.4547 27.9820 23.7131 35.7754 16

Table 3.1 Exterior orientation parameters and focal length

Figure 3.12 Illustration of the relationship between conjugate slopes

Using the least squares technique, the fitting 2ndorder polynomial was obtained as,
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p(s) = (-0.2839 - 0.1639s + 0.0094s) (3.16)

Hence, for any slope (5) in first image the conjugate slope (s ) in the second image can

be obtained.

Further work was carried out to investigate this algorithm. For certain instances of the
relative orientations between two images, it is not possible to obtain a polynomial
relationship. One of these instances is when the value of 5° reaches infinity for a
particular value of s. It is possible that a mathematical relationship between s and s ’
can be obtained for these kinds of curves but it is a more complicated process. Hence,
the pre-calibration process could become more complicated. However, by careful
placement of cameras and determination of the polynomial, the computational
advantages of this algorithm can still be exploited. The slope relationship between

stereo pairs was also implemented for three view point correspondence establishment.

3.5 Correspondence algorithms in computer vision

In high precision close-range applications, it is customary to estimate camera interior
parameters (principal point offset, principal distance, and lens distortion parameters)
off-line. Regardless of the number of cameras, accurate exterior parameters (location
and rotation) are also estimated. But in most low-precision computer vision
applications, it is not always possible to have the camera exterior parameters estimated
accurately using a calibration object. Hence, it may be necessary to estimate these
parameters on-line using the information available in the scene. Some of the recently

developed algorithms are discussed in this section.

3.5.1 Essential matrix

Relative orientation has been a technique widely used in photogrammetry which
estimates exterior orientation of one camera with respect to the local co-ordinate
system of another (section 2.3.3). Interior parameters are assumed to be estimated off-
line. Using a minimum of five corresponding sets of points in a stereo pair, relative
orientation can be estimated. Once relative orientation is known the epipolar constraint
can be used to establish image point correspondences. Along the lines of this
technique, Longuet-Higgins, 1981 developed the essential matrix which can be used to

map camera co-ordinates of the image points in one image to corresponding epipolar
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lines in another image. The camera interior parameters are required to convert pixel
co-ordinates to camera co-ordinates. Using a minimum of eight pairs of corresponding
points in a stereo image pair, a (3x3) essential matrix can be estimated and can be used

to recover complete epipolar geometry between two views.

Figure 3.13 illustrates the image pair 7/ and ;> whose optical centres are )/ and 0.
Images of 3-D point P, on images 7/ and /2 are at points pn and P2, which can be
represented by vectors r/ and rj with respect to each local co-ordinate system.
Similarly, the co-ordinates of point Pt with respect to local co-ordinate systems are
(Xi,Y],Zi) and (X3 Y2,Z2 which can be represented by vectors 77 and Rj. The base

vector is b.

PP
Figure 3.13 Illustration of the coplanarity condition

The vectors Rf , R2 , and b are coplanar. Hence, the triple scalar product is equal to

zero. That is,

(3.17)

It can be stated that

(3.18)
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where, R is the orthogonal rotation matrix and R "/=R r.

Hence,

RIRI=(Ri-b) (3.19)

The vector product b xR L can be written as a product of skew symmetric matrix S

and R/. Hence,

bxRi =SR/

where,

Rearranging Equation (3.17) in matrix form and substituting for b x Rb

(RI-bf SRt =0 (3.20)

Substituting (3.19) into (3.20),

(R'R1j SRi =o

Hence,

[h'ER\

0 (3.21)

where, E=RS.

Dividing both sides of Equation 3.21 by Z/Z2,

I2tEn =0 (3.22)

The matrix E is termed the essential matrix. The nine unknowns of'the essential matrix
can be evaluated given eight pairs of corresponding points which is usually called 8-

point algorithm. Once the essential matrix has been estimated, for a given point in one
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image the corresponding epipolar line in the other image can be computed. The

rotation matrix and the translational vector can be derived using this matrix.

3.5.2 Fundamental matrix

A further development by Luong and Faugeras,1996 is the fundamental matrix which
can be used to map pixel co-ordinates in one image to the corresponding epipolar lines
of another image. Both camera exterior and interior parameters are included in the
fundamental matrix. The complete epipolar geometry can be recovered using this

matrix.

If 7i and r2 are the points in pixel co-ordinates corresponding to »i and rj camera co-

ordinates, their relationship can be stated as,

A=m n (3.23)

where um, and m:2 are intrinsic parameter matrices of cameras for mapping pixel co-

ordinates to the camera co-ordinates.

Substituting Equations 3.23 into Equation 3.22,

(3.24)

where FF=M2 Em } istermed the fundamental matrix.

The fundamental matrix can be estimated in the same way as the essential matrix by
using pixel co-ordinates of eight pairs of corresponding image points. When the
exterior or interior parameters are unknown, the fundamental matrix is the key concept

for recovering epipolar geometry.

The fundamental matrix theory has been extensively studied by computer vision
researchers (Luong and Faugeras, 1996; Faugeras and Robert, 1996). Various methods
of determining the matrix have been studied and stability analysis carried out. The
theory of the fundamental matrix is complete for two views (Faugeras and Robert,
1996) and is being extended to more views. The fundamental matrix based techniques

have been developed to predict points, lines, and curves in a third view given
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correspondences in another two views (Faugeras and Robert, 1996). For the three view
case, fundamental matrices can be estimated for each stereo pair separately but any

relationship between these matrices is not known.

3.5.3 Multiple baseline stereo

The multiple baseline stereo algorithm (Okutomi and Kanade, 1993) uses multiple
stereo pairs with various base lines to obtain precise distance measurements and to
avoid ambiguity problems. When the baseline length (B) is smaller, stereo depth
estimation will be less accurate due to the narrower triangulation angle.
Correspondences can be established more accurately if radiometric or geometric
distortion is minimal. For more accurate distance estimates, a longer baseline length is
necessary. However, the chances of making incorrect correspondences are higher due
to the less overlapping images of the object space and due to the higher radiometric
and geometric distortions. The multiple baseline algorithm provides an optimum
solution with respect to accuracy of depth estimates and correctness of

COITCSpOl’ldCl’lCGS.

Figure 3.14 illustrates an stereo pair whose optical centres are O/ and O and the
baseline length is B. The local co-ordinate systems of each image are parallel and the

focal length of each image isf.

al(xLyl)

AXY.Z)

a2(x2,y2)

Figure 3.14 Parallel axes stereo pair
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The images of 3-D point A(X,Y,Z) on images /; and h are at points aj(xi,yi) and
a?(x2,y2). The disparity d = (x; - xj), the focal length (/), baseline length (B), and the
depth (Z) are related by,

z f
B (x,-x2)

g— /Z (3.25)
The Equation 3.25 shows that the ratio between the disparity and baseline length is a
constant for a particular 3-D point since depth is a constant. This idea was exploited in
the multiple baseline configuration. A number of cameras are placed along a line to
create several stereo pairs (Figure 3.15). The placement of cameras may be along the x
or y directions of the base camera (Jo,0) whose axis system is parallel to that of each
secondary camera. The base camera is paired with each camera (in x or y direction) to
make multiple baseline stereo pairs. For each stereo pair the depth is the same hence,

the ratio between disparity and baseline length is the same.

C C C C C
(0,0) (1,0) (2,0) (3,0) (4,0)
o 0 0 0 | J—
X
C(0,1) 8
04 ©
y

Figure 3.15 Multiple baseline stereo pairs

The intensity information is used in this algorithm. A point is selected in the base
image and a small window is created around it. This window is slid along the other
parallel and collinear epipolar lines in the other image and the sum of squared

differences (SSD) of intensities are computed for each disparity value. SSDs are
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computed for each image (SSDj, SSD2, SSD3, SSD4. When each SSD is plotted against
inverse of'the depth there is a minimum but it is not very distinct. When the baseline is
longer, more minima exist due to the ambiguities. Hence, SSDs of each image are
added to produce a sum of SSDs (SSSD). Okutomi and Kanade, 1993 showed that
when the SSSD is plotted against inverse depth, it clearly illustrates a minimum at the
correct disparity. Hence, corresponding points in secondary images can be identified

and the accurate depth estimate can be obtained using the redundant observations.
3.6 Summary of the chapter

In this chapter a survey of correspondence techniques developed by computer vision
and close range photogrammetric research has been presented and discussed. The
feature extraction techniques used for high precision applications were discussed in

detail.

The images of natural features on objects cannot be located accurately. Hence,
artificial retro-reflective targets are used to signalise object points of interest. With the
use of special illumination and appropriate camera apeture set up these target images
are distinguishable from the background clutter. Target images can be located

accurately.

The epipolar geometry is the widely used projective geometric relationship. Provided
relative or absolute orientation of a stereo pair are given epipolar constraint can be
used to establish correspondences. This relationship can also be extended to more than
two views by considering multiple views as a combination of stereo pairs. A number
of techniques that use the epipolar geometry as the basis were discussed. The new
developments in computer vision research, the essential and the fundamental matrices
were also discussed. In close-range measurement applications approximate or accurate
camera exterior parameters are always known prior to establishing correspondences.
Hence, fundamental and essential matrices may be estimated using the known epipolar
geometry. These matrices may then be used for determining the conjugate epipolar

lines instead of the method described in section 3.3.1.1.
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Chapter 4

Multiple view point correspondences using rectification

- PEL algorithm

In this chapter, the development of an algorithm based on image rectification
principles for fast multiple view point correspondence establishment is discussed. The
algorithm uses parallel epipolar lines for the establishment of correspondences, hence
it is termed the PEL algorithm. The algorithm considers images acquired from
multiple views as a set of stereo pair combinations. Potential correspondences are
established in each stereo pair combination following which an efficient search based
on image point identities is performed to establish sets of corresponding points. The
use of collinear epipolar lines and a technique for determining search band in rectified
image space results in reduced searching and computations hence, faster establishment

of correspondences.
Convergent Vs parallel optical axis stereo point correspondences

Figure 4.1 illustrates a pair of convergent axis images /, and /2 where O, and 02 are
optical centres. The epipoles of images /, and /2 are points e, (x,,),) and e2(x2y2. The
points p,, (xi,,,i) and p2i(x2jy2) are images of the 3-D world point 4,(X,Y,,Z;j on images
1, and 12 Considering point p,i(xn,yiu that lies on epipolar line /, in image /,, according
to the epipolar constraint the corresponding point p2i(x2;y3 in image /2 can be found

within the band b2,

Figure 4.1 Application of epipolar constraint in image space
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In order to find a corresponding point in image /2 for a selected point in image 1), the
first step is the determination of an appropriate search band. Secondly, each point in
image /2 should be checked to find if it falls within this search band. Suppose there are
n points in each image. For n points in image /,, n search band determinations and n2
checks should be performed which amounts to a significant number of computations
to be carried out in real-time. Also, for an increasing number of points, the time for the

correspondence establishment increases non-linearly.

An alternative method of applying the epipolar constraint was discussed in section
(3.4.2) where the epipolar constraint is applied in 3-D object space rather than 2-D
image space. In this method, the fact that a pair ofrays projected into 3-D space from a
pair of corresponding points should intersect with a small perpendicular distance
between them is used (Figure 4.2). Hence, corresponding points can be distinguished
as their perpendicular distance of intersection is smaller than non-corresponding

candidates.

Figure 4.2 Application of epipolar constraint in 3-D object space

If n points are present in each image, n2 minimum distance computations should be
performed which requires a larger number of computations compared to the case of
the application of the constraint in 2-D image space. Hence, this method exhibits a
much steeper non-linear rise in time required to establish correspondences for an

increasing number of image points.
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The advantage of the PEL algorithm is that the searching required to find
correspondences in stereo pairs is reduced. Assuming a stereo pair with n points in
each image, the PEL algorithm require searching which is approximately proportional
to n. Hence, the time requirement increases approximately linearly for increasing
number of points. Figure 4.3 illustrates a pair of convergent images /JI> and the
corresponding rectified images LiUn- The optical centres O, and (2 are common to
convergent and rectified images. Points p #and p 2 are the images of 3-D world point 4,
on images /, and /2 Due to their position and orientation, the epipolar plane formed by
points 4,, Oh and 0 2 intersect rectified image planes along collinear epipolar lines /7,
and /72 Images of the same 3-D point 4, on images /7 and Li (i e. points p#, and pr2)
should ideally lie on these epipolar lines. Hence, for a selected point in image /7]
corresponding point can be found by searching along the conjugate collinear epipolar

line.

Figure 4.3 Convergent and corresponding rectified image pairs

The PEL correspondence process begins with the transformation of points from a pair
of convergent optical axes images to a pair of parallel axes rectified images. Image
point location errors that exist in convergent images are automatically transferred into
rectified images. Hence, a search is required to be performed along a band that is on
either side of the epipolar line. The rest of this chapter describes each stage of the
development of algorithm. First, the theoretical foundation is developed at stereo pair

level. Secondly, the implementation in multiple view configuration is described.
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4.1 Determination of the parameters of algorithm

During the initialisation process, the unknown parameters of the algorithm are
determined. Considering a stereo pair, the rectified image plane, the rotational
parameters of rectified images, and the convergent to rectified image point
transformation parameters (/.e. rectification parameters) are determined. Once the
rectification parameters are known, image points in convergent images can be
transformed into rectified images. The next step is the establishment of
correspondences. As in convergent image space, a search band is required to constrain
the search for corresponding points. Using the geometric relationship that exist
between convergent and corresponding rectified image planes, search band parameters

are also determined during the initialisation.

4.1.1 Rectified image plane, focal length, and rotational parameters

Rectified image plane:

This algorithm was developed with the rectified image plane positioned perpendicular
to the reference plane formed by points Oh 0 2 and reference point Rr(Figure 4.4). The
rectified image plane is parallel to the baseline 0,02 The perpendicular distance to
this plane from baseline 0,02 is the focal length of the rectified images. The
orientation of the reference plane is used to determine rotational parameters of the

rectified images of each stereo pair combination of the camera network.

The principal rays pr, and pr2 of images /, and /2 intersect the XT-plane of the world
co-ordinate system at points R, (XA YhZ,) and R2(X2 Y2 Z)- Reference point RiXnYnZy

is the mid-point ofthe line joining points R, and R2
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Point Rp is on the base line 0,02 The co-ordinates of any point on line 0,02 can be

written in parametric form as,

X=X0j +t(X0j -X02)
Y=Y0,+ t(Y0j - Y02)
Z =70, +1(Z0, -X02) (4.1)

where f'is a variable.

Vectors (,02and RpRrare perpendicular hence, the scalar product between them is

equal to zero. Thatis, RpRr.o0J02=0.

¢ can be evaluated as, (: ((V - 201X y°2 - yo )+ (- YO\XY02 - yo1)+ (22 - Z°1X 202

[(x02- xotf Hyo2- Yoff Hzw- ZOjf)

4.2)
Knowing #, the co-ordinates of point P(Xp YPZP can be calculated.

A unit vector u which is perpendicular to plane 0,Rr()2can be determined by taking

vector product between vectors 0,Rr and 02Rr as,

o
O,R. in R
OiR OQRr| sin<

where angle 0,R#)2 is obtained by taking scalar product between vectors O, Rr and

(4.3)

02Rr as,

ORy.
angle(0\Rr 02) = cos ] 4 Ry (44)

VI°LRr\\°2RrU

Focal length of rectified images:
Figure 4.5 illustrates a pair of convergent images 7/ and /2 whose focal lengths are//

andf 2 The base line is Oi02 and rectified image planes are /rl and /72 The focal length
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of the rectified images f7, is the perpendicular distance between the base line and the

rectified image plane.

Figure 4.5 Focal length of rectified images

Rotational parameters:

With respect to plane 0,R70) 2 the local co-ordinate systems of rectified images have
orientations as illustrated in Figure 4.6. In general, it can be defined that the: x-axis is
along the line created by intersection of rectified image plane and reference plane
0/R10 2 y-axis is perpendicular to plane 0,R702and has the direction of unit vector

«(Equation 4.3); z-axis: lies on the plane 0,R#02 and has the direction of vector

Figure 4.6 Co-ordinate systems on rectified images with respect to reference
plane
Once the orientation of the reference plane 0,R#02 is known, the world co-ordinate

system XYZ can be rotationally transformed to obtain the same orientation as the
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rectified image co-ordinate system xyz (Figure 4.7). Three rotational parameters co, 4;

and k are determined by sequential rotations around X Y, and Z axis.

From AABRr, the magnitudes of 4B and BRr can be obtained as lub };3- }sz and
\BRy Z,-Z . Hence, the magnitude of ARr is 4R 1= %, yrj\ J Fp_zr.' 2

can be obtained as AR X -X . Hence, coand
p p r

can be obtained as,

0 =angleAR-B=tan (4.5)

FagedR Ry =t “KP (4.6)

KARr/

Let a unit vector perpendicular to plane ARpR, (Figure 4.7) be v. Taking the vector

A FIT A i\y /1

product between vectors RtA and Rra, v= ————1—4]'— ————————————————— ¢ where angle R/IRr
RoAR-AlsiriangleRp AR-]
= 90°. Hence,
A X RrA
v=j1—gli- i 4.7)

« is the angle between unit vectors v and u . Each unit vector should be in a direction
so that each makes an angle greater than 90° with vector BRr. If this angle is smaller
than 90 ° the direction of the particular unit vector needs to be reversed by multiplying

it with -/. Taking the scalar product between unit vectors u and v,

K - cos 4.8)

By considering the direction cosines of the unit vector u (i.e. orientation of plane

O/RrOs), the signs of ty, ¢) and « can be determined for any pair of rectified images.
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Figure 4.7 Transformation of XYZ to xyz

4.1.2 Rectification parameters

A point (x,y) in one image plane can be projectively transformed into a point (1,v) in
another non-parallel image plane using the following projective transformation

equations (Wolf, 1983),

L. EreT) (4.9)

where a,b,c,d,e/,g, and h are projective transformation or rectification parameters.

For a given stereo pair, a set of rectification parameters is required for each image. To
determine each set of parameters, a minimum of four points is required, these being
well distributed in each rectified image space whose corresponding points in the
convergent images are known. In this algorithm, four comer points of each convergent
image are projected onto the XT-plane of the world co-ordinate system and are then
projected back onto each corresponding rectified image plane to obtain four
corresponding points. If comer points are (xi,yi), fa.yi), (x3y3), and (x4y4 and the
transformed points are (W/,v;), («2X2), (u3vj), and (u4v4) a set of equations can be

written as,
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ax, +byl +c-_gxid -hylux =M

ax2 +by2 +c--gxau2 -hy2u2 = u2
ax3 +by3 +c--gx3u3 - hysus = u3

ax4 +byq +c--gxaus ~hy4us = 14
dxx +ey, +/m-gXXux-hyxx=y]
dx2 +eyy + f--gx2u2 - hy2uz =\)
dx3 +eyz + f--gx 33 ~hy3u3 = V3

dxi +ey4 +c mgxqugq ~hy<us =

In matrix form,

AX=b (4.11)

where,

T, I 0 0 o xw. -yxU

x2 ,, 1 0 0 o -xau2 -y2u a u2
x3 y2 1 0 0 o -x3u3 -y3u3 b w3
c
X1 44 1 0 0 o -x44 Lyt K o U
0 0 x~. 7m 1 -x,v, -JHEV] e Vi
0 0 0 X2 y2 1 -X2\72 -y X 2 f \Q
0 0 0 x3 ,2 1 -x3 _k3\3 < 3
0 0 0 X4 y4 1 -X4v4 X 4 v
Unknowns can be determined as follows,
X =A'lb. (4.12)

Example of rectification using this method:

For the illustration of the rectification method described above, a stereo pair was
selected. The exterior parameters of convergent and rectified images are given in

Table 4.1.
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convergent/ XO YO Z0 omega phi kappa focal
rectified (mm) (mm) (mm) (deg) (deg) (deg) length (mm)
convergent-1 2530.7640  -4.3070  3063.0021 9.2558 48.4996 11.2267 16
rectified-1 2530.7640 -4.3070 3063.0021 -22.7178 20.9302 -40.7602 32
convergent-2  18.9203  2504.8536 3054.0878 -32.9053 12.5809 -4.4002 16
rectified-2 18.9203  2504.8536 3054.0878 -22.7178 20.9302 -40.7602 32

Table 4.1 Exterior parameters of convergent and rectified images

The focal length of the rectified images was chosen to be 32mm. Two sets of
rectification parameters (a,b,c,d,e,fg,h) were determined using the previously

described method for convergent-.//rectified-./ and convergent-2/rectified-2 as follows,

(1.2170, -1.5871, -16.3436, 1.7819, 1.3668, -0.0132, 0.0195, -0.0253),
(1.5849, -1.2199, 16.1477, 1.3660, 1.7755, 0.0132, -0.0250, 0.0192)

Nine points which are randomly distributed in 3-D space were imaged onto a pair of
convergent images. These points were then projectively transformed into rectified
images. Table 4.2 illustrates image point co-ordinates on convergent and rectified
images. It can be seen that the y-co-ordinates of the corresponding points in the

rectified images are equal.

convergent-1 rectified-1 convergent-2 rectified-2
x(mm) y(mm) x(mm) y(mm) x(mm) y(mm) x(mm)  y(mm)
1.0083 1.2916 -17.3942 3.5960 1.2005 1.0753 16.8969 3.5960
1.0334 -1.2525 -12.4531 0.1105 1.0868 -0.7840 19.6570 0.1105
-0.8735 1.1733 -20.2125 0.0355 -1.3635 1.0627 12.0342 0.0355
-0.8238 -1.1361 -15.3475 -2.9957 -1.2322 -0.7736 14.9006 -2.9957
1.0234 0.0183 -14.8388 1.8003 1.1406 0.1020 18.3177 1.8003
2.0568 2.7114 -18.6788 7.5748 2.6244 2.1346 18.1502 7.5748
-1.6391 -2.9233 -13.1500 -6.6496 -2.2205 -2.1010 14.9643 -6.6496
3.3193 4.1481 -19.6841 12.0590 4.1656 3.3029 19.5154 12.0590
1.7286 -2.1761 -9.9074 0.0851 1.8063 -1.3526 22.2433 0.0851

Table 4.2 Co-ordinates of convergent and rectified image points
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A graphical illustration of the convergent and rectified image co-ordinates are given in
Figure 4.8. It can be seen that y-co-ordinates of the corresponding points in rectified

images are equal as expected with this ideal data set.

Convergent image -1 Convergent image - 2

X - co-ordinate (mm) X - co-ordinate(mm)
(a) Convergent images

Rectified image - 1 Rectified image 2

X - co-ordinate(mm) X - co-ordinate(mm)

(b) Rectified images

Figure 4.8 Illustration of convergent and rectified image points
4.2 Correspondences in rectified image space

Once the image point co-ordinates are transformed into the rectified image space, the
next task is the establishment of correspondences. As in the case of convergent
images, a search band is required to constrain the search for corresponding points.
This section discusses how this search band is determined using the knowledge of the

search bands in the convergent images. In the first step, the geometric relationship
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between the search bands in the convergent and the rectified images is established.
This relationship allows determination of the search band for any epipolar line in the
rectified image. Preliminary correspondence speed performance tests were carried out
and comparisons were made with the EL and the 3DSI methods. In the second step, the
relationship established in the first step and the boundaries of the rectified images are
used along with efficient sorting and searching methods to further speed up

correspondences.
4.2.1 Search band in rectified images

The area covered by a search band is defined by its two border lines. If the parameters
of the border lines (i.e. slopes and intercepts) with respect to the image co-ordinate
systems are known, image points that lie within search band can be found. In order to
establish correspondences reliably, the search band must be determined correctly. For
a given stereo pair, the search bands in convergent images can be projectively
transformed into rectified images for the purpose of this analysis. Figure 4.9 shows a
convergent image pair, a corresponding rectified image pair, and the transformed
search bands of # on /72 In image /2 a search band covering the epipolar line /2 has
border lines //h and /i The corresponding epipolar line, and the transformed border

lines in rectified image Ir2 are 1% [rh and lrjh.

Irl |2

Figure 4.9 Transformation of search band from convergent to rectified image
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The characteristics of the transformed search band border lines on rectified images are
dependent on the relative orientation between the local axis systems of the convergent
and rectified image planes. When a stereo pair has a narrow angular separation, the
angle between /2 and /r2 is smaller and vice versa. Simulation tests were carried out to
analyse the behaviour of the transformed search bands. A number of stereo pairs with
different angular separations and base line orientations were selected for the tests.
Table 4.3 shows the absolute locations, orientations, angular separations
(approximate) of convergent axis stereo pairs, and the angles between the convergent

and the rectified image planes (approximate).

image X0 YO Z0 omega phi kappa angular angle
pair (mm) (mm) (mm) (deg) (deg) (deg) sep: (deg) between

planes (deg)

i 1474.8944 -4.3070 3003.7424  9.2558 24.5394 11.2267 50° 27°
-1472.9510 22.5409 2982.7308 5.2247 -24.8201 11.2995 25°
2 2474.8944 -4.3070 3003.7424  9.2558 37.7799 11.2267 80° 43°
-2507.3751 0.3366 3024.5680 6.7528 -33.0921 -12.8005 48°
3 5030.7640 -4.3070 3063.0021  9.2558 67.7303 11.2267 113° 60°
-4962.3294 1.2190 3025.2061 5.6585 267.2032 -44.3246 56°
4 4974.8944 -4.3070 2503.7424  9.2558 60.0106 11.2267 43° 46°
3519.1430 3540.3876 3018.5142 -42.7842 22.2320 -12.0521 60°
5 -3526.9405 -3536.7584 2500.9539 55.2386 -36.6681 1 -4.4233 85° 41°
3497.8085 -3511.7127 2988.0790 41.2868 36.8887 0.0353 55°

Table 4.3 Stereo pairs for simulation tests

Referring to Figure 4.9, for each stereo pair a set of epipolar lines /2 (i = I....,n) was

created on image /> with regular angular spacing between them. Corresponding

epipolar lines in the rectified image r2are 112 (i = The search band border lines
in image 12\ Lk, 124 (i = were transformed into the rectified image Ir2 resulting in
corresponding border lines /M Im 0 = A characteristic of any pair of border

lines is that they intersect at a point c2(xa,y@ which lies on the epipolar line 12 (i =

Each y-co-ordinate in rectified image space represent an epipolar line. The
slopes and the crossing points of transformed border lines were noted for each stereo
pair. Figure 4.10 illustrates slopes and x-co-ordinates of crossing points for varying y-
co-ordinates for each stereo pair. The search band width in image /2was 0.01/6mm and

focal lengths ofrectified images were 32mm for this test.
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Figure 4.10 Variation of border line slopes and x-co-ordinate at crossing points in

rectified image

It can be seen (Figure 4.10) that the variation of the border line slopes over the entire
rectified image depends on the stereo pair. As the angular separation increases the
value of slopes increases. If the base line slope is smaller, the variation of the slopes
follows a symmetric curve ((a), (b), and (c)). When the base line slope is larger and
angular separation is smaller, the variation of slopes is relatively smaller ((d), (e)).
These slope variations were analysed for a range of band widths covering 0.0016 -
0.16mm. The Pulnix cameras that were used for experiments have pixels of
dimensions 8.2x8.4um hence, the range 0.0016-0.16mm was selected to cover possible
band widths. It was noted that as the width of the convergent image search band
increases the slopes of the transformed border lines on the rectified images increases.
There is a linear relationship between the search band width in convergent image and
the slopes of the transformed search band border lines. A ten fold increase in band

width causes a tenfold increase in slopes.

For any stereo pair, the x-co-ordinate at the border line intersecting point varies
linearly as the y-co-ordinate is varied. For a given stereo pair, when the rectified image
focal length is increased the crossing point moves away from centre of image. The
centre of the rectified image is referred as the point which is the base of the
perpendicular from optical centre of image. For a given stereo pair the crossing point

is dependent only on the focal length of the rectified image.
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Due to the predictable nature of the slope variation, it can be mathematically
represented by a 2md order polynomial. Similarly, the linear variation of the x-co-
ordinate at the crossing point can be represented by a straight line. Each of these
relationships is a function ofthe y-co-ordinate in the rectified image space. For a given
stereo pair, these relationships can be determined during the initialisation process.
Hence, for a given point in a rectified image, the search band slopes and the x-co-
ordinate at crossing point can be computed. This technique leads to minimised
computations to find the search band and to the author’s knowledge has not been

reported in any ofthe literature.
Polynomial representation of the variation of the search band border line slope:

A second order polynomial representing the slope s of a border line as a function of y-

co-ordinate (y,) can be stated as,

(4.13)

where bo, b\, and b" are the coefficients of the polynomial which can be estimated by
minimising the residuals using the least squares technique. The residual is defined as

the difference between the estimated and true values which can be represented as,

R =si-5(yi) (4.14)

The least squares criteria states that sum of the squares of the residuals (SSR) should

be minimised to find the estimates for the unknowns. Hence,

(4.15)

should be minimised. Substituting for s(y/,
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SSR is a function of bo,bi,b2- Hence, suitable values for these variables which
minimise SSR can be obtained by partially differentiating with respect to each variable.

That is,

S(SSR) Q
dbo

d(SSR)
db)

d(SSR)

4.16
db> ( )

which results in three linear equations,

n) +b\/}2!'y, +bz§]j/f=Y/:1JSi
(Zy, 462y 10lZ) = Zw

2 Db ZN 2" =2 @7

In matrix form,

AX =B
Hence, unknowns bo, bj, and ;2 can be estimated as,
X =A4'IB (4.18)

Straight line representation of the variation of x-co-ordinate at crossing point of

border lines:

The x-co-ordinate variation can be represented by a straight line as a function ofy, as,

x(v,)=h.y, +bx (4.19)
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where bo and b\ are the gradient and intercept. As in the previous case, the sum of the

squares ofresiduals is,

SSR = j;j(xi ~(bo.yi+b])) (4.20)

To obtain optimum values for bo and b\ ,

d(SSR) _  d(SSR)

an ) (4.21)
d bo o b,
which results in two linear equations,
K(T,2 —E*T,
=i i=i (=1
» n
C 7% (4.22)
K éy> +nbi %1 1
In matrix form,
AX =B
Hence, unknowns bo and b\ can be estimated as,
X =A~B (4.23)

However, it can be seen that in each case the x-co-ordinate variation follows a straight
line. Hence, the equation of the line can be determined by simply noting two points

that lie on the line.

Approximated polynomials and straight lines for slope and x-co-ordinate variations

given in Figure 4.10 are as follows,
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pair-1:
Irlbl: s(y)= -0.00000001 M yf +0.0000001689", -0.00021143
Ir2hi: j(y)=0.0000000184",2-0.0000001689"+0.000211424
x(y)= 0.0677-68.5106

pair-2:
hlbl: s(y) =-0.0000000547y2+ 0.0000001224;/,. - 0.0003047109
I2hi: s(y) =0.0000000547;/,2 - 0.0000001224;;,. +0.0003047059
je(y)=0.0269;/-41.6158

pair-3:
rm : s(y)= -0.0000001226;/,2- 0.0000001387;/,. - 0.0004836085
Ir2hi: s(y)= 0.0000001226y 1"+ 0.0000001387;;, +0.0004836029
x(y)= 0.0129;/- 12.9546

pair-4:
IM: j(y)= 0.0000000090;/,2 - 0.0000003952",. +0.0001665325
Ira i s(y)= -0.0000000090;/,2 + 0.0000003951;/,. +0.0001665192
x(y)=-0.2408;/ + 89.9376

pair-5:
“m 1 s(y)= 0.0000000915;/,2- 0.0000008759;/,. + 0.0003715174
I'ME. s(y)= -0.00000000915;/,2+ 0.0000008758;/,. -0.0003714762
x(y) =-0.1497;/ +28.0985

It can be concluded that for any stereo pair, a polynomial representation for the
variation of search band border line slopes and straight line representation for
variation of the x-co-ordinate at the intersecting points can be obtained. Further tests

indicated that a 2md order approximation is sufficient for slope variations of any stereo
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pair. These tests include the variation of the sensor size which causes the epipolar

lines to be spread in a wide area ofthe convergent image space.
4.2.2 Preliminary speed performance tests

Tests were carried out with the PEL algorithm at this stage of development to assess
its speed performance. A Pentium processor based PC operating at 200MHz was used
and the correspondence speed performances ofthe PEL algorithm were compared with
the EL and 3DSI algorithms. For a varying number of densely distributed image points
n (n = 10 - 400) in each image, the time taken by each algorithm to establish
correspondences in a stereo pair was noted (Figure 4.11 (a)). No occlusions were
present as the images were of a simulated planar target field. It can be seen that the
3DSI algorithm has poor speed performance compared to others. This is due to the
costly minimum distance computations that are required to be performed n2 times
assuming » points in each image. The EL algorithm has better speed performance than
the 3DSI algorithm due to fewer computations being required to be performed n2
times. The PEL algorithm at this stage has better speed performance than the EL and
the 3DSI algorithms when the number of image points # is greater than about /30 and
30 respectively (Figure 4.11 (b) and (c)). The PEL algorithm requires an n2 search, but
has reduced computations due to the availability of pre-computed search band border
line parameters. The application of epipolar constraint involves fewer computations
hence, it has better speed performance. For fewer than /30 and 30 points in each case,
the PEL algorithm has lower performance due to the overhead of parameter

computation in the initialisation stage which took /ms for a stereo pair.

0 50 100 150 200 250
No of points

@ () ©

Figure 4.11 Speed performance of algorithms at stereo pair level
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4.2.3 Use of parallel search band border lines in rectified image space

With the aforementioned knowledge of the behaviour of the search band border lines
over the whole rectified image, the n2 search can be avoided. This is achieved by
replacing the sloped border lines with those that are parallel to the epipolar line in the
rectified image space. Figure 4.12 illustrates a pair of rectified images /rh Ir2 and a pair
of corresponding points p#i and pr2 Lines /i and /72 are conjugate epipolar lines. /rh
and I are search band border lines which are parallel to the epipolar line //Z d, and d>
are the y - distances to each border line from the epipolar line. Provided the rectified
image co-ordinates of both images are sorted in ascending order of the y-co-ordinate,

an efficient search can be performed to find corresponding points.

'r2bi

i Ir2i
Pr/Ax//-»/]) ° Pr2,<xr2i-yr2i)
Irlbi

Figure 4.12 Parallel search band border lines in rectified images

The algorithm uses the knowledge about the co-ordinates of the transformed four
corners of the convergent image on rectified image plane to determine distances d, and
d2 Tt was established that for a given stereo pair, the search band border line slopes
and x-co-ordinate at the crossing point of border lines can be computed for any y-co-
ordinate using the relationships developed. Figure 4.13 illustrates transformation of
the four comer points cprh and cpr7 (i=1,..,4) on the rectified images Iz, and /2 The
straight line DE represent the variation of the x-co-ordinates at the border line crossing
points. At point C the border lines are AC and BC which intersect the line joining
comer points cpr2 and cprz at points A and B. Hence, di and d2 are y-distances to the
points of intersection from epipolar line which are simply the differences between y-

co-ordinates at points 4, C and B, C.
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Irl r2

CPuy3 0@92,

Figure 4.13 Transformed four corners and parallel border lined search band in
rectified image
A possible concern is that area covered by the parallel border lined search band is
larger than that covered by sloped border lined search band. The result will be that
unwanted image points can also fall within the band. In order to avoid this problem, a
simple check can be performed. In the first step, points that fall within the parallel
search band area ABED can be identified efficiently. In the second step, the selected
points that fall within the area ACB can be identified as potential candidates thus

removing the additional ambiguities.

Having determined separations d, and d2 stereo correspondences can be established
searching through sorted image co-ordinates. Assuming # transformed points in each
image, application of epipolar constraint only involves comparison of y-co-ordinates
to check if a point falls within the band. With respect to reliability the EL and PEL
algorithms should ideally have similar performance. The reason is that the search band
in the rectified image is the projective transformation of the parallel band in the

convergent image.

The reduced computations and searching due to the use of parallel border lines makes
the correspondence process faster. The PEL algorithm is expected to be more efficient
than 3DSI and EL methods. Previous speed performance tests were repeated. The time

taken by a stereo pair for a varying number of points was noted (Figure 4.14(a)).
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(a) (b) ©
Figure 4.14 Speed performance of algorithms at stereo pair level with

performance improved PEL algorithm

The PEL algorithm now out performs EL and 3DSI algorithms when the number of
points is greater than about 75 and 25 respectively ((b) and (c)). The algorithm now
took /Oms as opposed to 43ms for correspondence of 400 points. The time taken now

varies approximately linearly with the increasing number of image points.
4.3 PEL algorithm in multiple view point correspondences

The establishment of correspondences between a pair of views using the PEL
algorithm was discussed. The implementation of the PEL algorithm for multiple view
image point correspondences is discussed in this section. There are two steps. In the
first step, a set of images acquired from multiple view points is considered as a
combination of stereo pairs. The potential corresponding candidates are identified at
stereo pair level as discussed previously. In the second step, sets of corresponding
points in multiple views are identified by performing a search based on image point

identities.

The epipolar geometric relationship between a pair of convergent axes images and the
rectified images were discussed in section 4.1. Establishment of correspondences in
the rectified image space was discussed in section 4.2. The purpose of the
establishment of correspondences in the rectified image space is to avoid the searching
that has to be performed in convergent image space. Once correspondences are
established, the subsequent 3-D location estimations are performed using the original
convergent axis image co-ordinates. The geometry and the issues such as ambiguities

can be conveniently discussed for a stereo pair in rectified image space but it is
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inconvenient in multiple view situations. Hence, in the application of the PEL
algorithm to multiple views, the discussions will be carried out in the convergent axes

image space.
4.3.1 PEL algorithm in a 3-view configuration

Three convergent axis images /,, /,, an /3 can be considered as three stereo pairs //12
1yj3 and I/1,. Each stereo pair is rectified and the potential correspondences can be
identified in the rectified image space. For the purpose of the investigation,
correspondences are illustrated in equivalent convergent axes image space (Figure

4.15).

Figure 4.15 Three views geometry

Points p,h p23 and p3x in images [,,/2 and I3 are projections of a 3-D object point.
Consider pointp n in image /, and stereo pair //12 It can be seen that points p 2hp 2 p 3
fall within the band bn in image /2and hence are potentially corresponding to pointp u.
Now considering point p 23 in image /2 and stereo pair //13 it can be seen that points p 3/,
p 3 p B Pu, and p Sfall within band b3 in image /3hence are potentially corresponding
to pointp 23 Finally considering pointp 3 in image /3 and stereo pair /,/1, it can be seen
that points p,,, p,s p,6 fall within band b3 in image I, hence are potentially
corresponding to point p33 The resulting correspondence information can be

represented in the form of a tree (Figure 4.16) for the purpose of illustration. Points
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that form a closed-loop in which a search path that begins and ends with the same
point identity number can be taken as potentially corresponding points. It can be seen
from step-3 that one of the potentially corresponding candidates for p 35in image 7/ is
the same point that was initially considered (prn). Hence, points pn,p 23 and p 35 form a
closed loop and are taken as corresponding. If no ambiguities are present, all

corresponding sets of points can be reliably identified.

Step?

\ oY

Figure 4.16 A tree of potentially corresponding image points
Consideration of ambiguities:

Ambiguities can be divided into two categories as 2-D image space and 3-D object
space. The 2-D category relates to image point location errors such as radiometric and
geometric distortions. These are mostly due to systematic errors. In high precision
applications, image data are corrected for systematic errors. The random errors such as
are due to electronic noise are generally small. However, there are other factors of
electronic errors due to camera “warm up” effects (Chen, 1995) which can be avoided
by allowing for camera stabilisation prior to use. In the high precision environment,
various 3-D situations are more likely cause ambiguities. The reasons for the 3-D
category are due to the relative location of 3-D points in object space with respect to
imaging geometry causing occlusions and points being out of the field of view. In
general, 3-D ambiguities are unavoidable and may lead to incorrect correspondences.
In order to understand these sources of potential errors, they are now analysed in

detail.
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It was discussed in section 3.3.1.4 how 3-D ambiguities occur at stereo pair level. But
most of these ambiguities can be solved if a third view is available. Some ambiguities
are unsolvable without further constraints even when a third view is available. These

can be categorised as follows.

*  When image points are too close together:

This situation can occur due to 3-D object space points that are close together. The
resulting image points may lie close enough to fall within the intersecting area of
epipolar search bands (Figure 4.17). It is not possible for the epipolar constraint to
solve this ambiguity. Another reason for having multiple points within intersecting
areas is when the selected search band width is larger than appropriate. The only
solution for this type of ambiguity is to discard image points that are closer than the

width of'the search band.

Figure 4.17 Ambiguities due to image points that are too close to each other

*  Due to multiple 3-D points creating collinear image points in a view.

When two 3-D object points along with the optical centre of a view are collinear
(Figure 4.18) two paths that begin and end with same identity number may be created.
This situation can be further complicated if each view has many such collinear points.
Collinear points are coincident in image /, but create two points in images /2 and /3

which results in two different paths that begin and end with the same point in image 7.

4-26



Chapter 4: Multiple view point correspondences using rectification - PEL algorithm

Although both paths are correct, the detection of such two paths creates ambiguity if
the two 3-D points are occluded by an object in between them. This can occur when
points are on two surfaces of an object. However, this situation is unlikely to create

any significant error in the computed 3-D points. There is no solution for this type of

ambiguity.

Figure 4.18 Ambiguities due to coinciding image points

e 3-D points that are out of the field of view of two images but appears on the
third:
Images of 3-D point 4 on images /4 12 and /, are shown at intersections of search
bands (Figure 4.19). The 3-D points B and C appear only on images /2 and /3
respectively. But rays 40,, C02 and BO, intersect at point D hence, an unsolvable
ambiguity due to two paths that begin and end with the same identity number in image
I,. This creates a 3-D point that does not exist. Similar instances can occur when 3-D
point C is on the epipolar plane 4 O, 02 but within the area covered by points 4, Oh and
02 Even if more views are available this ambiguity remains unsolvable using the
epipolar constraint. However, if object space information such as structure is

available, this type of non-existing 3-D points may be detected.
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Figure 4.19 Ambiguities due to 3-D points which are out of the field of view
4.3.2 PEL algorithm in 4-view configuration

Four views /h 1213 and I4can be considered, in the simplest way, as four stereo pair
combinations //12 ///?, I/L, and ///,. Each stereo pair is rectified and potential
correspondences are identified in each rectified image space. For the purpose of this
investigation, these correspondences are illustrated in equivalent convergent axes

image space (Figure 4.20).

Figure 4.20 Four view geometry
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As in the case of three views, the condition that four corresponding points in four
views form a closed-loop can be used to establish point correspondences. A closed-
loop is created by a path that begins and ends with the same point identity number.
Images of a 3-D point on images LJ2/3 and [4arep,hp 23 p 3, and p Srespectively. A
search beginning with point pn in image [, will enable the identification of

corresponding point in each image.

Four views provide more geometric information than three views. The ambiguities
discussed under three views can occur with four views as well. The availability of a
further two combinations ///3and //I4provides information to cross check the validity

of correspondences.
4.3.3 Speed performance comparisons with four views

As discussed previously, images acquired from multiple view points were considered
as a combination of stereo pairs. Correspondences were established at stereo pair level
and the geometric relationship discussed for the EL algorithm was used for the
distribution of correspondences. Timing tests were carried out with the same set of
simulated co-planar 3-D points. For a varying number of image points, the time taken

by each algorithm was noted (Figure 4.21(a)).

(a) (b) ©
Figure 4.21 Speed performance of algorithms with four views

With this implementation, the PEL algorithm is faster than each algorithm when the
number of points is more than about 75 and 25. The time taken varies approximately
linearly with increasing number of points. For 400 points, the PEL algorithm takes

60ms where as the EL and 3DSI algorithms takes 350ms and [.78s respectively.
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Hence, the PEL algorithm has the best correspondence speed performance.
Approximately linear variation ofthe time consumption makes it possible to predict an
approximate time the algorithm takes to establish correspondences for a given number

of points.

4.4 Use of further geometric constraints

The epipolar constraint can be used to establish correspondences. However, it is
possible that wrong correspondences are established which may lead to the creation of
3-D points that do not exist. In such instances prior knowledge of the 3-D object
model may be used to discard incorrectly corresponded 3-D points. Another method is
to use the knowledge of image residuals. When corresponding points are identified,
the 3-D location can be estimated. If rays are reprojected into image space from this
point, image residuals can be computed. For correctly corresponded points, the

residuals should be within a small tolerance.

4.5 Summary of the chapter

The development of a technique for the establishment of multiple view point
correspondences was discussed. The advantages of this algorithm over the others is its
speed performance and the predictability of computational time. Assuming a stereo
pair which has »n points in each image the EL and 3DSI techniques require
approximately an n2 search for identifying the corresponding points which is
computationally expensive. The searching required by PEL algorithm is approximately
proportional to n. This computational advantage is due to two factors. The first is due
to the collinear epipolar lines in rectified image space. Hence, there is no
computational work involved in determining the conjugate epipolar lines. The second
is due to the new technique used to determine search band for each epipolar line in
rectified image space. This new technique establishes a polynomial relationship
between the slopes of search band border lines and the y-co-ordinate. The new
technique also determines a straight line relationship between the x and y co-ordinates
of the intersection point of search band border lines. Both of these relationships are

functions of'y-co-ordinate in the rectified image.
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The PEL method was implemented in multiple view configurations. The multiple
views are considered as a combination of stereo pairs. The stereo pair correspondences
are established based upon which an efficient search is performed to distribute

correspondences between multiple views.

Due to the computational effort required for the polynomial coefficient and
rectification parameter estimation, the PEL algorithm more efficient than EL and 3DSI
methods when the number of points are larger than a certain value which is dependant
on the implementation and the speed of the computer. For this implementation, PEL
method is faster than EL and 3DSI techniques for more than 75 and 25 points

respectively.
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Chapter 5

Simulation tests to evaluate the performance of

PEL algorithm

In this chapter, results of the simulation tests are illustrated. First part of the tests
analysed the effects of random errors of on the establishment of correspondences. For
this purpose, random errors of varying magnitudes were introduced to image points
and camera exterior parameters. Second part of the tests investigated the performance
of the PEL algorithm under various operating conditions. Finally comparisons were

made with the EL algorithm.
5.1 Description of the simulation system

The simulation system can be used to simulate camera, 3-D objects and acquired
images. Number of cameras can be generated in a circle configuration (Figure 5.1).
The radius of the circle (A4C) and the height (4B) can be specified. The initial
orientation of cameras is such that all cameras point towards the origin (B) of the
object space co-ordinate system. The exterior parameters of any camera can be altered
to obtain new location and rotation parameters. Any number of randomly distributed
3-D object space points can be generated which can be imaged onto the cameras. The
sensor size and focal length of cameras can be specified. Image point correspondences
using the PEL, EL, or 3DSI algorithms can be established. 3-D reconstruction can be
performed using the non-rigorous direct intersection technique. Furthermore, random

errors in 2-D image point locations and camera exterior parameters can be generated.

Figure 5.1 Simulation system configuration
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A series of simulation tests were carried out. The initial tests analysed the effects of
random errors in camera exterior parameters and 2-D image point locations on the
projective imaging geometric relationships. The performance of the PEL algorithm
with image point location and camera exterior parameter errors were investigated.

Finally, the PEL algorithm was tested with complex 3-D object space situations.

5.2 Analysis of the effect of random errors in camera exterior parameters and 2-

D image point locations on the establishment of correspondences

In the high-precision close-range arena, the camera interior and exterior parameters are
estimated with a high degree of accuracy. Image points of interest are located to sub-
pixel accuracy and are corrected for systematic errors. However, there may still be
errors in these quantities. The target image locations may have errors due to geometric
and radiometric distortions and other random effects. Unknown lens distortion errors
may exist due to modelling deficiencies. These 2-D errors will be reflected in the
adjusted camera exterior parameters. In certain continuous measurement applications,
3-D location estimations may be required using non-rigorous direct intersection. In
such a situation it is usual to obtain accurate exterior parameters using a set of
accurately measured control points. Using these known exterior parameters, 3-D
measurements may be produced continuously. However, the exterior parameters may
not be as rigorous as those produced by a continuous adjustment process. Another
more coarse situation with respect to camera exterior parameters occur when resection
is performed with poorly measured control points. The errors in control points will be
reflected in exterior location and orientation parameters. However, a correspondence
algorithm should be capable of performing correctly with these errors present up to a

reasonable level.

In this chapter the effects of these errors on the establishment of correspondences are
investigated in two stages. In the first stage, the errors due to coarse situations are
investigated which encompasses the situations such as the use of exterior parameters
obtained using coarsely measured control points. These errors are relatively large. In
the second stage, the effect of smaller errors that occur during a continuous adjustment

process are investigated.
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5.2.1 Analysis of the effect of large errors on the establishment correspondences

In coarse situations with large exterior orientation errors the magnitudes of these errors
are not known hence, it is not possible to determine the effect on the epipolar
constraint. But in this section a series of simulations are carried out where magnitude
of errors involved were known. Based upon this knowledge the effect on the epipolar
constraint was investigated. Figure 5.2 illustrates a situation with large errors and their
effect on the epipolar constraint. Points 0/ and O2 are the correct optical centres of
images 7; and /2. The projections of 3-D point 4, on images 7/ and /> are at points pn
and p2i The epipoles are at points ej and e2 and image points pu and p2| lie on
conjugate epipolar lines // and L. If camera exterior parameters have errors, the optical
centres may be considered to be at points O7 and O’ and the image planes may be
slightly shifted (not shown). Hence, the epipoles may be computed as being at points
e’r and e 2. The new conjugate epipolar lines are I and | 2. When random 2-7) errors
are present, rays Aipn and A4,p2i will not be straight lines. Hence, there will not be an
epipolar plane consisting points 4-, Oi, Oz, pn, and p2i With these errors present, in
order to correctly detect all potentially corresponding candidates on epipolar line ;2 for
point pn in image 7/, a search band with parallel border lines /n, and /4bi in image 1>

needs to be considered. The width of the band depends on the level ofthe errors.

Figure 5.2 Errors in camera exterior parameters and epipolar constraint

A four camera network (Table 5.1) with random exterior parameters was used for a
series of simulation tests. Over /000 3-D object space points were created and imaged

onto the cameras. Varying amounts of normally distributed random errors were
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introduced to camera exterior parameters and to 2-D image points separately and then
simultaneously. The object space points were reconstructed and the image residuals
were computed. In this analysis, image residuals means the difference between the
original image point locations and those that are computed by the back-projections
from the reconstructed 3-D points. The effect of the errors on the epipolar constraint in

convergent and rectified image spaces were analysed.

Camera X (mm) Y (mm) Z (mm) to (deg) +(deg) k (deg)
1000 5030.7640 -4.3070 3063.0021 3.2558 60.7303 11.2267
1001 4774.2028 1549.9386 2987.0878 -25.3495 51.2202 -4.4002
1002 -1407.6632 4775.0368 3012.9010 -59.2601 -11.3313 -16.2021
1003 -4685.4662 -1528.9630 2645.0879 30.2271 -55.2077 0.1600

Table 5.1 Camera exterior parameters without errors
5.2.1.1 Effect of random errors in camera location parameters

Increasing amounts of random errors were added to camera location parameters only.
A 3-D reconstruction was made using direct intersection and the image residuals were

computed. Figure 5.3 illustrates the effect of random errors on residuals.
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Figure 5.3 Effect of camera location parameter errors on image residuals

It can be seen that there is a linear relationship between camera location errors and
image residuals. As the location errors increase, the image residuals increase linearly.
The camera location error of /.0mm could produce image residual of approximately

0.002mm.
5.2.1.2 Effect of random errors in camera orientation parameters

The same test was carried out with random errors added to the camera rotation

parameters. It can be seen in Figure 5.4 that the effect on image residuals due to errors
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in rotation parameters is larger than that due to the errors in location parameters. There
is a linear relationship between image residuals and errors in rotation parameters.
Standard error of 2.5 degrees in rotation parameters can produce image residuals of

about /.0 mm.

std error in camera rotation parameters (degrees)

Figure 5.4 Effect of camera rotation parameter errors on residuals
5.2.1.3 Effect of random errors in both camera location and rotation parameters

In this test random errors were added to both location and rotation parameters. For a
fixed value of rotation parameter error, the location parameter errors were increased
and the residuals were noted (Figure 5.5). The test was repeated for a number of
values of rotation parameter error values. An approximately linear variation of
residuals is shown in all cases. For higher values of errors in rotation parameters, there
is only a slight variation of residuals as the error in the location parameters increases.
With standard errors of /.0mm and 0.1 degrees in camera location and rotation

parameters, there can be a standard deviation of 0.04mm in image residuals.

Figure 5.5 Effect of errors in camera exterior parameter on image residuals
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5.2.1.4 Effect of random errors in camera exterior parameters on epipole

locations

The errors in camera exterior parameters cause errors in computed epipole locations.
Tests were carried out where increasing amounts of random errors were added (in the
range 0-1.0 mm) to location parameters of stereo pairs /000-1001, 1001-1002, 1002-
1003, and 1003-1000 with a fixed error level in the rotation parameters and the errors
in epipole locations were noted for each image of the stereo pairs. Tests were carried
out for rotation errors of 0.001, 0.0, and (.ldegrees (Figure 5.6). The stereo pairs
1000-1001 and 1001-1002 have the smallest and the largest angular separations.

standard error in camera exterior location (mm) standard error in camera exterior location (mm)

() 1000-1001
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std error in rotation parameters (deg).
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standard error in camera exterior location (mm) standard error in camera exterior location (mm)

(b) 1001-1002
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(©) 1002-1003

(d) 1003-1000

Figure 5.6 Effect of errors in camera exterior parameters on epipole locations

It can be noted that when the angular separation is smaller, the epipole location errors
are larger. In stereo pair /000-1001, for a location parameter error of /.0mm and a
rotation parameter error of (./degrees, the epipole location error can be about 0.4mm
in 1000 and [.5mm in 1001. The stereo pair 1003-1000 with the largest angular
separation has the smallest epipole location errors. For the same level of errors in
exterior parameters, epipole location errors can be about 0.032mm in 1003 and

0.028mm in 1000.

When the standard error in camera location errors are in the region of 0 - 0./mm, a

tenfold increase in the standard error of rotation parameters causes approximately a
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tenfold increase in the standard deviation of epipole location errors. This true for each

stereo pair considered.

In certain stereo pairs, the standard errors in epipole locations are approximately equal
but not in the others. For instance, the stereo pair /007-1002 has approximately equal
standard errors and in stereo pair /000-1001 standard errors are significantly different.
The reason is the angles that each image plane of a stereo pair makes with the base
line. When these angles are approximately equal, the standard errors of epipole

locations are approximately equal.

5.2,1,5 Effect of random errors in camera exterior parameters and 2-D image

point locations

The presence of relatively large random errors in camera location and rotation
parameters and 2-D image point locations is a realistic situation in practice during the
initialisation process. Simulation tests were carried out with random errors added to
these parameters and image point locations. Increasing amount of errors were added to
camera location parameters with the fixed level of random errors in rotation
parameters and 2-D image point locations. The image residuals were noted. The tests
were carried out for a number of values of random errors in rotation parameters (0.01,
0.1, and 0.5 degrees). The 2-D image location errors were kept fixed at 0.000/mm for
all three tests. Figure 5.7 illustrates the variation of the standard deviation of image

residuals for standard errors in the camera location parameters in the range 0-1.0 mm.

(a), std error in rotation parameters and 2-D image points = 0.0/ degrees,

0.0001mm
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(b). std error in rotation parameters and 2-D image points = 0./ degrees,

0.0001mm

(c). std error in rotation parameters and 2-D image points = (.5 degrees,
0.000Imm

Figure 5.7 Effect of camera exterior parameter and 2-D errors on residuals

5.2.1.6 Estimation of search band width based on exterior parameter errors and

image residuals

Using the above analysis of the standard errors in epipole locations and the image
residuals, the search band widths for stereo pairs 71000-1001, 1001-1002, 1002-1003,
and 7003-1000 can be determined. An example on the computation of approximate
band width based on these errors is illustrated here for the stereo pair 7000-1001.
When the standard error in camera location parameters are (. /mm, the standard errors
in epipole locations of cameras /000 and 1001 are approximately 0.04mm and 0.14mm

(Figure 5.6 (a)). In this instance, the standard errors in rotation parameters were
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0.01degrees (Figure 5.6 (a)). For these levels of error the standard deviation of image
residuals was approximately 0.0/mm (Figure 5.7 (a)). The maximum possible epipole
location errors and image residuals can be taken as three times their standard
deviations. Therefore, the maximum errors of epipoles in images /000 and 1001 are
approximately 0./2mm and 0.42mm. The maximum possible image residual is
approximately 0.03mm. It can be seen that the possible error in epipole locations in
each image is larger than the image residuals. Hence, the search band width in each
image can be taken as twice the value of epipole location errors, i.e. 0.24mm for image

1000 and 0.84mm for image 1001.

Table 5.2 illustrates the search band width required for each image in stereo pairs
1000-1001, 1001-1002, 1002-1003, and 1003-1000 for the same levels of errors in

exterior parameters.

Camera Camera Std error Std error Std dev of Std error Required
pair in camera in camera image in epipole search
location orientation residuals location band
(mm) (degrees) (mm) (mm) width
i 1000 0.1 0.01 0.01 0.0401 0.2406
1001 0.1 0.01 0.01 0.1403 0.8418
2 1001 0.1 0.01 0.01 0.0066 0.0396
1002 0.1 0.01 0.01 0.0069 0.0414
3 1002 0.1 0.01 0.01 0.0052 0.0312
1003 0.1 0.01 0.01 0.0050 0.0300
4 1003 0.1 0.01 0.01 0.0030 0.0180
1000 0.1 0.01 0.01 0.0028 0.0168

Table 5.2 Estimated search band width when standard exterior location and
rotation parameter errors are (./mm and 0.0] degrees and standard deviation of

image residuals are 0.0/mm

The preceding simulation test results provide useful information regarding the effect
of camera exterior parameters and 2-D location errors on search band in the
convergent image space. It can be noted that as exterior parameter errors increase the

epipole errors increases as well as the required band width. In general, for the same
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level of errors in camera exterior parameters and 2-D locations, the required search

band width increases as angular separation decreases.

The other factor noted was that for stereo pairs with wide angular separations and
smaller errors in exterior parameters, the image residuals become dominant error for
determining the search band width. For instance, in stereo pair /00/-1002 when the
standard errors in exterior location and rotation errors are 0.00/mm and 0.01degrees
the standard errors in epipole location are about 0.0064mm and 0.0069mm (Figure
5.6(b)). The standard deviation of image residuals are 0.0094mm (Figure 5.7(a)) and is

the dominant of the errors. Hence, the search band width would be 0.056mm.
5.2.1.7 Effect of exterior parameter errors on epipolar lines in rectified images

In the ideal case, the conjugate epipolar lines in a pair of rectified stereo images are
collinear. When there are errors in exterior parameters of each camera which are
different from camera to camera, these ideal collinear epipolar lines do not exist. In
Figure 5.2 where correct locations of an stereo pair are O/ and Oz, the locations that
are considered as correct are O j and O 2- Hence, the rectified image plane will be
determined as parallel to the base line 0 70 2 The rectification parameters will be
determined with errors in them. As a result the points that are on conjugate epipolar
lines in convergent images will be mapped into locations which do not meet the

collinear epipolar line criteria.

Simulation tests were carried out with a number of stereo pairs (Table 5.7/) to
investigate this effect. A sample of over /000 points was generated in the 3-D space
and imaged onto the stereo pair of interest. The points were transformed to rectified
image planes and the ideal locations were noted. The random errors were introduced to
image points. The image points were transformed to rectified image planes with
random errors introduced to camera exterior parameters each time. The error in
rectified image points were noted and standard error was computed for each image of
stereo pairs. This test was repeated for standard errors of camera orientation

parameters of 0.0/ and (.1 degrees. Figure 5.8 illustrates the results.
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std error in camera location parameters (mm) std error in camera location parameters (mm)
(d). Pair 71003 - 1000
Figure 5.8 Effect of errors in camera exterior parameters on transformed

co-ordinates

It can be seen that in each image of stereo pairs, for a given value of the standard error
of orientation parameters, the variation of the standard error in rectified co-ordinates is
different as the errors in the camera location are increased. There is an approximately
linear variation in standard errors of rectified co-ordinates when errors in the
orientation parameters are smaller and is non-linear when errors in the orientation
parameters are higher. For a given value of standard error in location parameters in a
the range 0-0./mm (approximately), a tenfold increase in rotation parameters causes a

tenfold increase in the rectified image point location errors.

The most important is that for a given stereo pair and for a given standard error in
camera location and rotation parameters, the standard errors in rectified image points
are different. This causes conjugate epipolar lines to be non-collinear. In the case of
stereo pair /003-1000, for standard errors in camera location and rotation parameters
of Imm and 0.ldegrees the standard errors in rectified image point locations are

approximately 0.2mm and 0.3mm.

In practice, there exist errors in image point locations too. But these tests illustrate the
effect on the transformation of fixed points with the presence of errors in exterior
parameters. In order to determine the search band in rectified image space fixed points

are transformed from convergent to the rectified images. Two points that fall on each
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border line of the search band are transformed into the rectified image space to obtain
the equivalent search band. Hence, it is likely that there will be an error in the slopes

of search band border lines.

5.2.1.8 Effect of errors in exterior parameters and 2-D locations on transformed

co-ordinates

This is a realistic situation in practice. The test carried out in section 5.2.1.7 was
repeated with random errors , in the range 0.0001-0.0009mm, added to the 2-D image
point locations. Results are illustrated in Figure 5.9 for the stereo pair /000 - 1001

with different levels ofrotation parameter errors.

(a). Standard error in camera rotation parameters = 0.0/ degrees

std error in camera location parameters (/mm)

(b). Standard error in camera rotation parameters = 0./ degrees
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std error in camera location parameters (mm)

(c). Standard error in camera rotation parameters = 0.5 degrees

Figure 5.9 Effect of camera exterior parameter and 2-D errors on transformed

co-ordinates

It can be noted that for smaller values of errors in rotation parameters the errors in
transformed co-ordinates are approximately equal in each image (Figure 5.9(a)) and

the variation is also approximately linear.

Although the search band in convergent images may be determined according to the
errors in convergent image space, the transformation errors may cause errors in the
transformed search band as discussed in section 5.2.1.7. Hence, potentially
corresponding points might fall out of the search band which is most likely to occur

when the errors are significant.

5.2.2 Analysis of the effect of small errors on the establishment of

correspondences

In this section, the effect of small errors on the epipolar constraint is analysed. Small
errors in these quantities occur during a continuous adjustment process and their
magnitudes are known. It is assumed that the errors in camera exterior parameters are
negligibly small. Figure 5.10 illustrates a stereo pair out of a multiple camera network.
It is assumed that the network has been adjusted hence, exterior parameters are the
most probable values. A(XY,Z) is a most probable 3-D point produced by the

adjustment for a set of image measurements, p 7 and p  are the corresponding
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measured points in images 7/ and A. If a ray into each image of the stereo pair is
projected, image points pn and P2, in images 7/ and 4 can be found which are the most
probable image points. Ideally, the most probable image points (pi, ,p 2,) and 3-D point
(Ai) and the most probable perspective centres (Oj, Oi) are in a single plane. The
computed epipoles (ei, ei) are also on the same plane. In a continuous adjustment

process, these seven points will jitter around but maintain the coplanarity.

2 Xe * ye2>

A}LXZ'Y l'Z ?}

Figure 5.10 Coplanarity of adjusted points

The differences between the measured and computed image points are the residuals.
99.7% of the computed most probable image points should fall within a circle of
radius of three times the standard deviation (3d) of image residuals, cr denotes the
standard deviation of the image residuals. Figure 5.11 illustrates the effect of residuals
on the application of the epipolar constraint. Assume that the imaged 3-D point is on
the AT-plane of the 3-D world co-ordinate system. The most probable image points
ipn ,P2i), 3-D point (4/), perspective centres (O/, Oi) and computed epipoles (ej, ei)
are on a single plane. In order to determine the conjugate epipolar line a ray from
measured pointp is projected onto the XY-plane of the world co-ordinate system.
From this point a ray is then projected into image /? and a point p ‘ii can be
determined. The line (/id joining epipole e2 and point p ’ii is taken as the conjugate
epipolar line which does not coincide with the epipolar line (/id created by point p

and epipole =~ The most probable image pointpi, and p 2i will fall within the circles ¢j

and G whose radius is 3a and the centres arep andp i,.
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Figure 5.11 Effect of 2-D residual on epipolar constraint

This information and some statistical analysis can be used to determine the search
band width in image /2. Figure 5.12 illustrates the worst case situation. A most
probable point with the largest residual could fall on the perimeter of the circle ¢
whose radius is Jer The projected points onto AT-plane from points that fall on the
perimeter circle ¢/ may generate an ellipsoidal shape esj. The points now projected

onto image /2 from ellipsoid esj may generate an ellipsoid shape esa.

Figure 5.12 Illustration of possible most probable points around a measured
point and their projections on AT-plane and image /2
Although the radius of the circle in image 7/ for any measured point is 3a, the

ellipsoidal shapes on the AT-plane and on image /> may vary depending on the
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location of measured points in the image //. Also ellipsoidal shapes may vary for each

stereo pair and are dependent upon the orientation of image planes and the XY-plane.

A simulation test can be performed to find the width of the search band for the
conjugate epipolar line /2. A sample of points can be generated within the circle a
whose radius is 3a. The corresponding points on image /2 can be found and standard
deviation (07) for the spread around point p "2i can be found. Hence, maximum
distance that a most probable point could fall away from p "2, is 507 and the search

bandwidth can be taken as 2x3 07 (607).

An example on the determination of 07 is illustrated here using stereo pair /002-1003
(Table 5.1). A random point pi on image /002 was taken and its projected point P2 on
the image /003 was determined. A sample of points were generated around pi within a
standard deviation of a = 0.000Imm. The projected points on image /003 were
determined and the standard deviation of the spread around point P> was computed.
For various values of a, the corresponding 07 in image /003 are illustrated in Figure
5.13.
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Figure 5.13 Variation of cy for various values of a for a single point

A further test was carried out with the same stereo pair in which a point is moved
along an epipolar line in image /002 with random errors of standard deviation
0.000Imm added to the point at each location. The standard deviation of their
projections on image /003 were determined. Table 5.3 illustrates the results. As the

point in image /002 is moved towards its epipole, the projected point in image /003
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moves away from the its epipole. It was noted that the standard deviation of the spread
around projection increases as point is moved away from the epipole in image /003.

Hence, required search band width increases.

Point in image 1002 Projected point in image /003 Standard error of

(mm) (mm) projected point (mm)
(3.50, 3.50) (0.48, 2.39) 0.0001613
(2.50, 2.35) (0.58, 1.55) 0.0001763
(1.50, 1.20) (0.71, 0.48) 0.0001979
(0.50, 0.05) (0.88, -0.95) 0.0002306
(-0.50, -1.10) (1.11,-2.93) 0.0002830
(-1.00,-1.68) (1.27, -4.24) 0.0003225
(-1.50,-2.25) (l.46, -5.87) 0.0003767

Table 5.3 Variation of the standard error of the projected point as it is moved
away from epipole
Tests carried out for other epipolar lines on the same stereo pair shows similar results.
As the image point is moved towards the epipole in image /002, the projected point
moves away from the epipole in image /003 and the standard error increases hence the
required search band width must be larger. These results shows that the closest point
to the epipole in image /002 will produce the largest standard error and hence the
largest band width. A global search band for this stereo pair can be determined by
considering the corner that is nearest to the epipole in image /002. Considering a
sensor of dimensions 9x9mm, simulation results show that the maximum standard

error in image /003 was I.1jum. Hence, required global search band with is 6.6,umn

A simulation test was carried out to test the above results. One thousand 3-D points
were created and imaged onto images /002 and /003. Random noise with standard
deviation 0.000Imm was added to the points in each image. Using the EL method, the
stereo correspondences were established. In some cases ambiguities were present but
the correct point always fell within the search band. Hence, this method of estimating

the search band width proved to be correct.

5-19



Chapter 5: Simulation tests

5.3 Performance of PEL algorithm in multiple view configurations under ideal

conditions

The algorithm was tested in various four view configurations. The purpose of the tests
was to ensure that the algorithm performed correctly under each situation. The results
from two of these tests are illustrated for which the four camera configuration given in

Table 5.1 was used. The focal lengths of convergent axis images were /6mm.

Test-1:
Over 1000 targets were randomly generated on a plane which is in the field of view of all
cameras. Due to the planar target field ambiguities due to occlusions were not present.

Targets were imaged from all four cameras. Figure 5.14 illustrates four images.

1 v/
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(a), view - 1000 (b). view -1001
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(©). view - 1002 (d). view - 1003

Figure 5.14 Four views of a planar target field
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These image data were analysed. The smallest distance between image points in each
image were computed (Table 5.4). When there are errors in neither camera exteriors nor
image point locations, a search band width which is less than the smallest distance
between two points can be used. This ensures that there will not be ambiguities due to
multiple points within an intersection of search bands. Hence, a band width of 0.2/um was

selected.

Image No Smallest distance (mm)
1000 0.00021
1001 0.00025
1002 0.00038
1003 0.00024

Table 5.4 Smallest distances between two points in each image

Using this value of search and width, polynomials representing border line slope and the
straight lines representing variation of the x-co-ordinate at crossing points of border lines

were determined as follows,

pair-1:
s(y) =-0.000000001 /y +0.0000012035
s(y) =0.0000000017* - 0.0000012035
x(y) =-0.2405>' + 162.7051

pair-2:
s(y) = 0.0000000005y 2 +0.0000000043y + 0.0000035275
s(y) =-0.0000000005/ - 0.0000000043" - 0.0000035275
x(y) - 0.085"+46.7339

pair-3:

s(y) =0.0000000009/ -0.0000000010y-0.0000042634

s(y) =-0.0000000009/ +0.0000000010y - 0.0000042634
x(y) =-0.016" +34.2886
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pair-4:
sO) =0.0000000016y2+ 0.0000000012y + 0.0000052193

s(y) = -0.0000000016y2- 0.0000000012y - 0.0000052193
x(y) = 0.0194y +21.1705

The stereo pairs (1,2), (2,3), (3,4), and (4,1) were rectified. The rectified image focal

length was 32mm. Figure 5.15 illustrates four pairs ofrectified images.

10 -8 -6 -4 -2 0 2 0 2 4 6 8
x co-ordinate (mm) x co-ordinate (mm)

(a). Rectified image pair (1000,1001)

e
f—
16 18 20 22 24 26 28 30 3
X co-ordinate (mm)

(b). Rectified image pair (1001,1002)
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[y p— F— F— F— FIS— F— F— F—

16 18 20 22 24 26 28 30 3
x co-ordinate (mm)

(). Rectified image pair (1002,1003)

5 -60 -55 -50 -45 -4 40 45 50 55 60
x co-ordinate (mm) x co-ordinate (mm)

(d). Rectified image pair (1003,1000)
Figure 5.15 Rectified stereo pairs

Correspondences were established using the PEL algorithm. As expected there were no
ambiguities and correspondences were established between all image points. The 3-D
locations of points were computed using direct intersection. For each computed 3-D
point, image residuals were also computed. The correct correspondences were confirmed
by zero image residuals in this case. Figure 5.16 illustrates the reconstruction of the

planar target field.
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Figure 5.16 3-D reconstruction of planar target field

Test-2:

In this test, the performance of PEL algorithm was evaluated with the presence of a
complex 3-D object space situation. Ambiguities that occur due to occlusions or points
being out of the field of view of some images and appearing in others were present. The
camera network given in Table 5.1 was used here. A set of /500 points that are randomly
located within an area of (1.5x/.5x1.5) m3 in the field of view of cameras was created

(Figure 5.17).

Figure 5.17 Randomly distributed 3-D targets
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Images of these points were obtained from four views (Figure 5.18). Table 5.5 conlaims
number of points i each image and the distance between the closest two points in each
image. The number of points in each image was different. One of the reasons was due to
the some points appearing in certam images but not in others because of 3-10 points being
out of the field of view. The other reason was due to occlusions, The distances between
the closest points was considered o determine the search band width which was set to be

(o0 mm.
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Camera 1000 1001 1002 1003
Number of points 1484 1476 1482 1488

Distance between closest pair of points (mm) 0.002214 0.001205 0.002144  0.001164

Table 5.5 Number of image points and distance between closest pair of points

Correspondences were established using the both PEL and EL algorithms for the purpose
of comparison. The results of correspondences were analysed. Table 5.6 illustrates details
of established correspondences for each algorithm in which correspondences between all
four views, any combination of three views, any combination of two views, and finally
any non-corresponding points or single views are given. The results show that both PEL
and EL algorithms have the same performance in this ideal situation where there are no

errors in exterior parameters and image point locations.

Algorithm 4-views 3-views 2-views single views or non-
correspondences correspondences correspondences corresponding
PEL 1444 44 10 2
EL 1444 44 10 2

Table 5.6 Details of correspondences

5.4 Performance of PEL algorithm with errors in camera exterior parameters and

image point locations

Test-1:

In this test the same camera network given in Table 5.1 and a lower density target field
with /00 targets was used. With errors in rotation parameters and image point locations
set to fixed values the errors in exterior location parameters were increased. The test was
repeated for standard errors in rotation parameters of 0.001, 0.005, and 0.0I degrees. The
standard error in image point locations was set to 0.000/mm in all tests. Figure 5.19 (a)

and (b) illustrate percentage of correspondences established in four and three views.
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(a) Four views (b) Three views
Figure 5.19 Percentage of correspondences with a given search band width and

varying errors in camera exterior parameters

When the target field was imaged the shortest distances between two image points was
0.019mm. Hence, the maximum possible search band width should be less than 0.079mm
and it was set to 0.0/8mm. It was noted that as errors are increased beyond a certain
value, the number of correspondences in four views decreases and those in three views
increases. This test illustrated the establishment of correspondences with a search band of

given width under number of levels of errors.

Test-2:

A randomly distributed set of 50 points were created in the field of view of the cameras
(Table 5.1). As discussed in section 5.2.2, global search band widths for the second
image of the stereo pairs 7000-1001, 1001-1002, 1002-1003, and 1003-1000 were
determined assuming 2-D random error of 0.000Imm. For this purpose, it was considered
that the dimensions of the sensors were §x8mm. In the first image of each pair, one of the
comer points produced the largest search band width requirement for the second image.
The results are illustrated in (Table 5.7). Images were acquired and random noise of

standard deviation of 0.000/mm was added to image points.
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Image pair Epipoles Global search band width for

second image (mm)

1000, 1001 (16.76, 79.70), (67.60, -127.48) 0.0002076x6 = 0.0013
1001, 1002 (-21.02, 10.21), (23.31,-0.09) 0.0003424x6 = 0.0021
1002, 1003 (-10.98,-13.17), (-1.70, 20.86) 0.0007340 x 6 = 0.0044
1003, 1000 (10.16,2.95), (-8.47,-1.99) 0.0070900x6 = 0.0425

Table 5.7 Global search band widths for each image pair

In order to establish the correspondences, a global search band width common for any
stereo pair which is the largest of the global band widths for stereo pairs was taken as
0.0425mm. Correspondences were established between four views for all 50 points.
Further tests were carried out with increasing random errors added to image points. It was
noted that as the image point errors were increased, the number of correspondences

established between all four views decreased.

5.5 Summary of the chapter

This chapter described the simulation tests that were carried out. The tests included the
analysis of the effect of errors in camera exterior parameters and image point locations on
the application of epipolar constraint. Errors were of two categories. Large errors that
could occur due to obtaining camera exterior parameters with poorly measured control
points. Small errors occur in a continuous adjustment process. The performance of PEL
algorithm under a number of situations were investigated and comparisons were made

with EL algorithm.

For the purpose of analysis, known large errors were introduced to camera exterior
parameters. Based on the knowledge of these errors possible search band widths in
convergent images were determined for the purpose of illustration. However, these errors
are not known in practice hence band widths cannot be determined. The discussion is
common to any camera network, the quantities that were noted belong to the network that

was used for these tests. For other networks the errors are different.
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It was noted that when exterior parameters have large errors, the conjugate epipolar lines
in rectified image space were no longer collinear. Hence, it possible that corresponding

points may fall out ofthe search band depending on the magnitude of errors.

The effect of small errors on the application of epipolar constraint was investigated. It
was assumed that in a continuous adjustment process, the camera exterior parameter
errors were negligible. A method of establishing search band width was developed and
tested. It was proved that the method of determining search band widths in a continuous

adjustment process as correct using simulation tests.

The performance of the PEL algorithm was tested under error free conditions with two
object space point distributions. It demonstrated similar performance to that of the EL
method. This illustrated the accuracy and the stability of the search band estimations

using the polynomials.
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Chapter 6

Development of a real-time close range

photogrammetric system

Many new industrial measurement tasks demand a real-time response. For instance,
the robotic assembly of industrial components to the correct geometry is a such task.
Each camera viewing the parts of interest provide video frames every 40ms (CCIR
standard). A frame consists of approximately 438k pixels. A 10-bit A/D converted
video frame is equivalent to 548kbytes. If a system consists of four cameras the total
amount of data is 2.2Mbytes or 25x2.2Mbytes of data to be processed in every second.
This still represents a requirement for specialist equipment. The system described in
this thesis acquires each word of intensity data and the 2-D processing system extracts
and processes information of target images but discards unnecessary background data.
Finally correspondences are established and 3-D location estimations are computed.
The speed requirements of the measurement task determine the rate of the supply of
processed data which could be less than the video frame rate for most measurement
tasks. However, in many new applications such as high precision assembly the frame

rate functionality may be essential.

Conventional close-range systems use frame-grabber hardware which is normally a
plug-in card to the back-plane bus system of a PC. Usually, a frame grabber consists
of electronics for acquisition and storage of video data from single or multiple
cameras. Multiple cameras may be driven by a single clock source for synchronous
acquisition of video data. The currently available frame grabbers are now capable of
acquiring video data at the frame rate. Even if it is possible to acquire at frame rate, it
may not be possible for a PC to process the data at that rate. Another feature of a
frame grabber based systems is that video data from number of cameras is often only
available sequentially. Due to these reasons, it may not be possible to provide
processed data at frame rate by a frame grabber based system with conventional

hardware.
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In order to overcome the speed of processing problems of frame grabber systems, an
intelligent camera based system was developed to enable processing of video data in
real-time (Clarke et al, 1998; Clarke et al, 1997; Gooch et al, 1996; Pushpakumara et
al, 1996). An intelligent camera consists of video processing and data communication
hardware and a CCD camera. A multiple intelligent camera system exploits the idea of
distributed processing. Locally processed video data at each camera are transferred via
Ethernet to a central processing computer (CPC) for further processing. The
distinction between the frame grabber and this system is the method of processing of
individual images and the method of data transfer from cameras to CPC. The method
of establishing target image correspondences between multiple images and the method
of 3-D location estimation are the same for both systems which are performed in the
CPC. The advantages of this system are multitude. Video data are processed
simultaneously at each intelligent camera hence, avoiding the need for sequential
processing of images in CPC. Assuming an image consists of /00 target images the
amount of data transferred to the CPC by an intelligent camera is approximately 600
bytes. This is significantly lower amount of data than transferring an image as in the
case of frame grabber based systems. As a result, a significant amount of time is saved
in processing individual images and data transfers. A further advantage of the systems
is the convenient interface to the CPC via Ethernet which is a commonly available

facility in most PCs.
6.1 Intelligent camera system

Each intelligent camera is a modular system with video data acquisition, target
recognition, location, and data communication functionalities. Hardware consists of
five stackable modules which are connected physically and electrically via stack-
through headers. The data bus and control signals run through one 32-pin header and
the power supply runs through another 72-pin header. The five main modules of an

intelligent camera are,

1) Video processing module

2) Input/Output module

3) DSP module

4) Ethernet communications module

5) Power supply module
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Figure 6.1 illustrates an intelligent camera hardware, an external Ethernet transceiver,

and a CCD camera.

Figure 6.1 Intelligent camera

The history of the development of intelligent camera dates back to November, 1994
when the author started his MSc project. A wire-wrap prototype of the DSP module
was developed and successfully tested (Pushpakumara, 1995) with a PC interface. In
this prototype the Input/Output hardware, which is currently a separate module, and
DSP hardware were developed as a single module. The object recognition and location
algorithm was developed, implemented, and successfully tested with real and
simulated image data. A PC version of the algorithm was also implemented for use
with the frame grabber. Concurrently, Mr. Stuart Cowhig developed the first wire-
wrap prototype of the Video Processing Module.

In late 1995, development of the current modular intelligent camera system
commenced. The DSP and Video Processing hardware were further developed (Gooch
et al, 1996). The author did further work on the prototype version of DSP hardware
and the object processing algorithm implementation was further developed. The author
was given the responsibility for the development of Ethernet communication module.
A PC version of the packet driver software was developed and successfully tested for
data transfers between PCs. The Ethernet hardware was developed and the DSP
version of the packet driver was implemented. Ethernet communication between a PC
and a DSP module was fully tested by September, 1996 (Pushpakumara et al, 1996).

Gooch et al, 1996 developed the video initialisation software routine. The author
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produced the first version of the complete software for the intelligent camera which
performed video data acquisition, object image processing, and Ethernet
communication tasks. In January 1997, real-time operation of a complete intelligent
camera system was demonstrated with real video data output to a PC where target

location data was displayed graphically.

Clarke et al, 1998 modified and further refined software of the intelligent camera
system. The packet driver and communication software on the PC side were replaced
by a version of Windows Sockets based software. The DSP version of the packet
driver was modified accordingly to arrive at the currently available four-camera
system where a PC acquires target location data from each intelligent camera system
and performs correspondence establishment and 3-D location estimation tasks. The

rest of this chapter describes the hardware and software development.
6.2 Object image reconstruction, recognition, and location algorithm

The intelligent camera system performs the detection, recognition, and sub-pixel
location of object images. Conventional methods require a complete image prior to
beginning the recognition and the location of the target images which is not desirable
in a real-time system. At any given time, the object processing algorithm developed
for this system requires object edge pixel locations and the internal intensity data
belonging to two consecutive lines of an image to begin processing (Ellis, 1987
Pushpakumara et al, 1996; Pushpakumara, 1995). Hence, object image reconstruction
can be performed as each line of edge and intensity data becomes available. As
reconstruction proceeds in a progressive manner, the algorithm accumulates the sum
of the product of intensities and pixel locations and the sum of intensities for centroid
location computation and determines other necessary parameters such as area and peak

intensity for recognition for each object image.

Although the target images are approximately of circular or ellipsoidal shape, the
algorithm considers object images of all possible shapes to ensure reliable operation
and the isolation of good target candidates. Figure 6.2 illustrates part of an image
which has object images of various shapes, the edge pixel locations, and internal
intensities for each object segment in each line. The algorithm uses a number of

logical tests to ascertain the connectivity of object segments found in a pair of

6-4



Chapter 6: Development of a real-time close range photogrammetric system

consecutive lines. For this purpose, an object segment encountered in the current line
can be categorised with respect to a segment in the previous line as new, finish,
continue, split, and merge. Most of the shapes that are found in practice can be

separated into these categories and can be reconstructed.
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iiihi ! I 1| 1 | R i
23

X+ 2 10 38 49 55 65

x+ 3 25 41 56

Joiliru
59
Pixel Locations
Figure 6.2 Section of an image (top), detected edge locations and A/D converted

intensities (bottom)

If the pixel locations of starting and finishing edges of a segment are defined as the
startingedgelocation & the finishingedgelocation, five logical tests used for

connectivity establishment can be stated as follows,

1) .New object test
If previous starting edge location >= the current finishing edge location,

object segment under consideration in the current line belongs to a new object.
2) .Finishing object test

If previous finishing edge location <= the current starting edge location,

the object segment under consideration belongs to a finishing object.
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3) . Continuing object test
Iftests (1) & (2) are not true and the object segments overlap, they belong to

the same object, hence are part of a continuing object.

4) . Splitting object test
If the current startingedgelocation is < previous finishingedgelocation
the object segment under consideration in the current line belongs to a splitting

object image. Every continuing object image is tested for splitting.

5) . Merging object test
Every continuing object which does not satisfy test (4) is tested for merging. If
the currentfinishingedgelocation 1is > the previous starting edge location
then the object segment under consideration in the current line belongs to a

merging object.

Every object image is reconstructed and is subjected to tests for identifying whether it
is an image of a valid target or a spurious object in the background clutter. This test
uses the parameters such as area and peak intensity. The centroid is computed for valid
target images. The algorithm was tested on various shapes and densities of object
images in simulated and real data. Current implementations in the intelligent camera
system and PC are being used successfully in practice for various day-to-day target

recognition and location tasks.
6.3 Hardware development

The intelligent camera system uses a combination of hardware and software to process
video data (Clarke et al, 1998; Clarke et al, 1997; Gooch et al, 1996; Pushpakumara et
al, 1996). The video processing module performs the edge detection of object images
and A/D conversion of intensity values which are transferred to DSP module via the
Input/Output module. Using the edge data, the periphery of each object is
reconstructed and the gray scale centroid is computed within the DSP module. The
Ethernet module transfers centroid and other details such as peak intensity and the area

of target images to the CPC.
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Figure 6.3 Image of the Video Processing Module

The video processing module (Figure 6.3) performs the extraction of object edge pixel
locations and the 4/D conversion of intensity values (Gooch et al, 1996). The
extracted data are transferred to the FIFO buffers in the Input/Output module. Figure

6.4 illustrates a block diagram of this module.

Figure 6.4 Block diagram of the video processing module

Video signal:
The intelligent camera system is based on cameras which comply with the CCIR

television standard. Table 6.1 illustrates the specification of a Pulnix 7M-6 CN camera.
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The CCD sensor of the camera converts the light energy received by the sensing
elements (pixels) into electrical energy in the form of electrical charge. On board
electronics output the collected charge belonging to each array of pixels at a time in
the form of an electrical signal. In addition to the intensity information, signal
synchronisation information are also encoded in the signal which is termed the

Composite Video Signal (Figure 6.5).

Parameter Specification
Imager and transfer mode 1/2 inch interline transfer ccp
Pixels 752(H) x 582(V)
Cell size 8.6(H) x 8.3(V) jim
Sensing area 6.41(H) x4.89(V)
Dynamic range 61dB
Scanning 625 lines, 2:1 interlace (CCIR)
Clock 28.375MH:
Pixel clock 14.1875M//Z.
Horizontal frequency \5.125KH:z
Vertical frequency 50z
Video output 1.0V pk-pk composite video, 75Q o/p impedance
S/N ratio 504B
Minimum illumination 10.0 7ux
Shutter speed 40m s
Power requirements 2V, 2.5wW

Table 6.1 Specification of Pulnix TM-6CN camera

A video frame consisting of 625 lines is output every 40ms. Hence, the line period is
64pis or line frequency is 15.625kHz. Each line of video is separated by a line blanking
period which is /2;us. Line blanking period consists of a front porch (1.5jus), a back
porch, and a horizontal or line synchronisation pulse (4.7/us) which is used to identify
anew line. The falling edge of a horizontal synchronisation pulse indicates the start of

anew line. The OVand 0.7V voltages indicate black and peak white levels.
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Figure 6.5 Composite video signal (CCIR)

A video frame is divided into two fields, namely odd field and even field each of
which consists of 3/2.5 lines of active video and each takes 20ms. Figure 6.6
illustrates field synchronisation timing for both fields. The odd field begins with a
complete line and ends with a half line and it is opposite for the even field. Each field
is separated by a field blanking period which is 25 lines of video in length. Field
synchronisation pulse sequence is 7.5 lines of video which consists of five pre-
equalising pulses (2.3/;s each), five broad synchronisation pulses or serration pulses

(27jus each), and five post equalising pulses (2.3/;s each).

Field blanking (20 - 25 lines)
Field sync sequence (7.5 lines)

5 pre-equalising 5 broad sync 5 post-equalising
pulses pulses pulses

I

Line count

Visibleline

Line count

Visibleline
Figure 6.6 Odd and even field synchronisation (CCIR)
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DC restoration:

The first task of the video module is the DC restoration of the video signal. The DC
restoration process should ideally ensure that the back porch is at Of DC level (Figure
6.7) or at another reference level. However, there may be a DC restoration error in

practice which causes back porch to shift. The conditioned signal is input to the 4/D

converter.

Video signal before DC restoration

Sync separation:

The composite raw video signal is input to the video sync separator for separation of
synchronisation pulses which are subsequently used for controlling the operation of
the module. The separated signals include horizontal line synchronisation signal,
odd/even field output, vertical synchronisation pulse signal, and no signal or black

level detection output.

Pixel clock recovery:

The pixel clock is recovered by a genlock chip which is driven by a voltage controlled
oscillator operating at a free-running frequency of 7/4./875MHz. The separated
horizontal line synchronisation signal is used as input to the phase locked loop which

outputs recovered pixel clock and the phase locked/non-locked status signal.
An issue related with pixel clock recovery is line jitter. When the input horizontal
synchronisation signal is not in phase with the that generated by the feedback of the

phase-locked-loop there will be a displacement in sampling which is called the line

6-10



Chapter 6: Development of a real-time close range photogrammetric system

jitter. The typical variation in line-to-line synchronisation is in the order of 2-10mus.

The field-to-field synchronisation is normally larger (Beyer, 1992).

A/D conversion of intensities:

The DC restored video signal is fed into the 70-bit A/D converter via a reference
voltage level setting circuit. The operation of the A/D converter is controlled by the
pixel clock and the each converted intensity value is temporarily stored in a buffer

which gets overwritten by the next converted value.

Pixel counters and intensity buffering:

In addition, the video processing module has a pixel counter which increments count
at rising edge of each pixel clock. It resets at the beginning of each new line and
increments the count until end of a video line is detected. Each counter value is also

temporarily stored in a buffer which gets overwritten by the next counter value.

A threshold is used to distinguish background noise from the useful object intensity
information. When an 4/D converted intensity is greater than the set threshold, the
current pixel counter value and the intensity value followed by a number of
subsequent intensity values are transferred to the appropriate FI/FO buffer in the
Input/Output module. These transfers are continued until the next converted intensity
value is less than the intensity threshold. The bottom part of Figure 6.2 illustrates an
example of pixel location and intensity data that would be produced for the section of
the image shown. At the end of each video line, the maximum pixel count is output to

the FIFO which is used as end of line marker.

Video data are output to the F/FO buffers in a special 76-bit format (Figure 6.8). The
first 12 bits of the word (bo-bn) are allocated for pixel location or intensity data which
can be distinguished by the bit in b]5 where 1 ’represents pixel count and 10
represents intensity data. In the case of intensity data only /0 bits are valid where as
for pixel count all /2 bits are valid. New field is represented by 0 ’in bit 6/2. Value in
b]3 represent status of genlock where 0 ’represent locked state. Value in /4 denotes

whether the video signal is present.
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pixel count or intensity

bl5 bl4  bl3 bl2 bll blO b9 b8 b7 b6 b5 b4 b3 b2 bl bO

intensity or pixel count data: bo - bn|
field status: bn’. ‘O - new field detected;
genlock status: bn'. ‘0’ - locked;

no signal: bis4| °7’ - signal present;

data type: b/f. ‘O - intensity data, ‘7’ - pixel count data.

Figure 6.8 Data format

The separated synchronisation signals and the pixel clock are used by the on-board
programmable logic devices to derive the necessary control signals to drive the data

transfers into the appropriate FI/FO buffer.

6.3.2 Input and Output module

95mm

The Input/Output module (Figure 6.9) function as a data buffer for encoded video
data. It also function as a buffer for control data (Gooch et al, 1996). The module
consists of two pairs of 8x/6kbits FIFO buffers and four 5-bit bi-directional ports.
FIFO buffers are used to store 16-bit words encoded with pixel count or intensities,

and other control information. The first pair is used for buffering the data from odd
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field and the second is used to buffer data from even field. The status of the FIFO
capacity at any instance is indicated byfu/l and empty flags. One of the 8-bit ports is
used for holding the intensity threshold value which is set by the DSP module (section
6.4.3).

6.3.3 Digital Signal Processor module

95mm

95mm

Figure 6.10: Image of DSP module

The DSP module (Figure 6.10) is the central processing and controlling unit of an
intelligent camera system (Gooch et al, 1996). It performs three key functions. First, it
reads encoded id-bit words from the FIFO buffers. Second, it performs the target
image reconstruction, recognition, and computation of'the gray scale centroid. Third, it
controls the Ethernet communication module which transfers computed centroid data

to and receive commands from the CPC.

The Analog Devices ADSP2101 Digital Signal Processor (DSP) which has a modified
Harvard architecture was used. The DSP architecture is optimised for computationally
intensive tasks and has an on-chip arithmetic and logic, multiplier, and barrel shifter
units. The on-chip multiple bus system is multiplexed off-chip. The instruction
execution time is one clock cycle (50nS) except for the division instruction. It has
16x16kbits, 24xl6kbits, and 24xl6kbits of data, program, and boot memory spaces.
The data memory space is occupied by internal registers (/x/6kbits), on-chip SRAM
(IxI6kbits), external SRAM, and the rest is used for memory mapping other
peripherals of the system. Boot memory space is occupied by EPROM memory where
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the program are stored. Upon the power up, DSP loads program memory with the

specified contents of EPROM and begins execution.

The operation of this module is independent from the video processing module. The
synchronisation between the two is achieved using FIFO full and empty flags. Upon
the power up, the DSP initialises FIFO buffers for a new video frame. It then reads
data from FIFO buffers and performs the object processing task. If the FIFO full
status is detected, the DSP performs FIFO initialisation for a new video frame. If the
empty status is detected DSP waits until data arrives in FIFOs. The object processing
(section 6.2) is performed and the target locations and the attributes are stored in a
transmit ring buffer (section 6.4.3) which has sufficient space for storing data
belonging to two video frames assuming a maximum of 500 targets images in a video

frame.

On the Ethernet communication side, when the DSP receives a command requesting
data, the latest data from the ring buffer are transferred to the Ethernet module and is
instructed to transmit. The DSP is interrupted when an Ethernet packet has received by
the Ethernet module upon which DSP services the interrupt and reads received data
into DSP memory. Currently, the DSP receives commands from CPC for setting the
intensity threshold and for requesting target location data. Each receiving command

has a unique encoding.

6.3.4 Ethernet communication module

95mm
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Figure 6.11: Ethernet module
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The Ethernet communication module (Figure 6.11) enables the intelligent camera to
communicate with the CPC (Pushpakumara et al, 1996). It is implemented using a
National Semiconductors DP83901AV Network Interface Controller (NIC) device
which is NE2000 compatible and complies with /EEES02.3 Ethernet standard. An
external transceiver unit is required for the Ethernet module to make a physical

connection with Ethernet co-axial cable.

In this module, 7/O port based architecture was used where data transfers between the
DSP and the Ethernet modules is via a bi-directional /O port. The transfer of control
information between the two modules is via a bi-directional latch. The N/C has 32k
words of address space for the local packet buffer which is occupied by /(5x5kbits of
SRAM. The packet buffer is divided into transmit and receive sections. The size and

the boundaries of which can be specified in the control registers.

Figure 6.12 Block diagram of Ethernet module

The NIC has 3 pages of on-chip 5-bit registers which are mapped into 16x/6bits
memory locations in the DSP memory map. The DSP selects the appropriate register
and the 5-bit bi-directional latch provides a means of reading from and writing to these
registers. These registers must be initialised with appropriate values prior to any

communication operations.

The NIC has a I(5-byte FIFO memory for buffering data transfers between the

communication media and the packet buffer. A programmable threshold facilitates

6-15



Chapter 6: Development of a real-time close range photogrammetric system

filling and emptying the FIFOs at different rates. A dedicated on-chip Direct Memory
Access {DMA) controller provides local DMA and remote DMA facilities. Local DMA
facilitates data transfers between FIFO and packet buffer. Remote DMA facilitates
data transfers between packet buffer and the DSP memory. The former has priority
over the latter. On-chip Manchester encoding/decoding and CRC generation/checking
functions are also provided by the NIC. The multiplexed address/data bus of the NIC

is available externally for interfacing.

6.3.5 Power supply module

95mm

Ll

Figure 6.13 Image of Power Supply Module

The Power Supply Module (Figure 6.13) provides power to the complete intelligent
camera system (Gooch et ai, 1996). This module has three DC-DC converters to

enable a wide band input {9-78Vor 18-36V) to produce the necessary output voltages.
6.4 Software development

The software for the intelligent camera system was developed using structured

methodologies. The software comprises of three parts,

1) Video data acquisition
2) Object processing

3) Ethernet communications.

Each part consists of a number of sub modules. One of which is the initialisation sub

module. The video initialisation part may require a significant amount of work reading
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and discarding F/FO data for the alignment of a new video frame. The initialisation
sub modules in object processing and the Ethernet communication parts require setting
certain registers and variables to specific values. Each part is initialised upon the
power up. Video acquisition may need re-initialisation after the startup depending on

the occurrence of FIFO buffer overflow condition.

Each part of software performs a time critical task. A complete video frame worth of
object edge location, intensity, and control information are continuously output by the
video processing module into the FIFO buffers during each 40ms period. The video
data acquisition and image processing parts work together. The data belonging to a
line are acquired from appropriate FIFOs (i.e. odd or even) and object processing is
performed. This is repeated until a frame is completed and the processed data are
stored in the transmit ring buffer waiting to be transferred to the Ethernet module.
Once a frame is completed, processed data are transferred to the Ethernet
communication part to be transferred to CPC. The amount of useful data in a frame
depends on the number and the size of the objects. Hence, the time required is data

dependent.
6.4.1 Video data acquisition

There are two tasks for this part of the software.

1) Initialisation ofthe FIFO buffers for alignment of a new video frame

2) Reading the pixel count and intensity data from FIFOs

Upon power up, the FIFOs are hardware reset and the encoded data are input by the
video processing module. The incoming data to the F/FOs are most likely to belong to

one of'the four states which can be determined by checkingfu// and empty flags.

1) Odd FIFO:s filling and no data in even FIFOs,
2) Even FIFOs filling and no data in odd FIFOs.
3) Odd FIFOs are filling and some data is already in even FIFOs
4) Even FIFOs are filling and some data is already in odd FIFOs
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Hence, an initialisation of the FIFOs is required for the alignment with a new video
frame. A new frame begins with an odd field. If the F/FOs are in the first state, data
should be read from odd F/FOs until empty and then from even FIFOs until empty. At
this point the data that begin to flow into the odd FI/FOs belong to a new frame. Ifthe
FIFOs are in the second state, data should be read from even FIFOs until empty. At
this point the data that begin to flow into the odd FI/FOs belong to a new frame. If in
either the third or fourth state, which is indicated by both odd and even FIFOs not
being empty, the odd FIFOs are read until empty and then even FIFOs are read until
empty. The new data that appears in odd FIFOs belong to a new frame. Also if the
FIFOs arefull, hardware resetting is required.

Once initialised, the system can operate in either field or frame modes. In the field
mode, data from only one field is used for object processing hence, resolution is
halved in the y direction. The DSP reads and stores data from the selected FI/FOs in
data registerl or data_register? (Figure 6.8). Once data belonging to a complete line
has been read, the object processing is performed. The data reading and processing is

continued until the end of field.

In the frame mode, the data from both fields are used. The DSP reads and stores data
of a complete line from odd FIFOs first and then from even FIFOs. The object
processing is then performed. This process is continued until the end of the frame. In
either mode of operation, a new field is detected by the new field output of sync
separator. The trailing edge of'the new field pulse from sync separator coincides with
the first serration pulse during the vertical drive. Hence, the first end-of-line after the
detection of new field is the end of'third line of the new field (Figure 6.14). From this
point onwards, 22 video lines should be read and discarded prior to the beginning of
the first active line of the field. The end-of-line is indicated by the maximum pixel

count value which is output to FIFOs at the end of each line.

It was determined during the development stage (Gooch et al., 1996) that a complete
video line, that is from a trailing edge of a horizontal sync pulse to a same moment of
the next sync pulse, consists of 907 pixels. A line period is 64/s and the active line

period is 52;us. Hence, there is an offset of /0.5/;s from the beginning of the line until
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the active period begins which is equivalent to about /52 pixels. Therefore, /52 pixels

should be deducted from every counter value to get the correct active pixel count.
6.4.2 Object processing

Object processing software performs reconstruction, recognition, and centroid
location. The details ofthe algorithm was discussed in section 6.2. For the progressive
reconstruction, the object segments belonging to two consecutive lines are required.
The implementation is discussed in this section. It has special data structures which

include a number of buffers and a stack (Figure 6.14).

12 3 4 200
Data_register 1
12 3 4 200
Data_register2
1 2 50
Idregisterl
1 2 50

1d_register2

peak_intensity

area

sum ofproduct ofx and intensities 1
sum ofproduct ofy and intensities

sum of intensities

Id number stack
peakintensity

area,

sum ofproduct ofx and intensities 50
sum ofproduct ofy and intensities

sum of intensities

Parameterbuffer

Figure 6.14 Data structures for object processing

A simple initialisation process is required which sets buffers and the stack with

appropriate values. For each new video frame these buffers and the stack require
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initialisation. The data register] and data register? are one dimensional arrays of
200 1(5-bit words each. An end-of-line marker (i.e. maximum pixel count) is written to
the first location of data registerl/ to enable the identification of object segments
belonging to the first line of a video frame as new objects. The id number stack, an
array of fifty id-bit words, is used for storing object identity numbers. It should be
initialised with a sequence of numbers (i.e. I...50). Hence, fifty objects can be dealt

with at a time.

The buffer pair data registerl and data register? are used to store pixel count and
intensity information of object segments in current and previous lines. When a new
object segment is encountered a unique identity number is popped from the
id_number_stack. A pair of buffers id registerl and id register? are used for storing
the identity numbers of the object segments in current and previous lines. The
parameter buffer is used to store parameters of objects being reconstructed. When a
new object is encountered five consecutive memory locations within the buffer are
assigned. The actual locations within the buffer is dependant upon the object identity
number. The two attributes area and peak intensity, the sum of the product of pixel
locations and intensities, and the sum of intensities are stored in each location. These
parameters are updated until the object is completely reconstructed (finished).
Parameters for objects that cannot possibly be targets (objects that are large or of
irregular shape) are not updated. However, each object encountered is completely
traced to retain the integrity of the recognition process but any parameters pertaining
to these objects are discarded when the object is completely reconstructed. When a
completely reconstructed object passes the criteria for selection as a target the identity
stack is pushed and grey-scale centroid is calculated, the area and peak intensity are
stored in transmit ring buffer (section 6.4.3) waiting to be transferred to Ethernet
module. The locations in the parameter buffer are freed and are made available for a

new object.
6.4.3 Ethernet communications

The initial version of the Ethernet software for the CPC was developed for NE2000
compatible hardware. The CPC has off-the-shelf Ethernet hardware installed and
intelligent camera system has dedicated Ethernet hardware (section 6.3.4) both of

which are NE2000 compatible. Hence, apart from the language of coding, the Ethernet
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software at either end is essentially the same. The DSP and the CPC versions were

coded in ADSP210] assembly and ‘C’ languages. The software comprises,

1) a packet driver

2) a simple protocol
Packet drivers:
The packet driver communicates with the hardware. Each packet driver has a hardware
initialisation routine, a transmit routine, and a receive interrupt service routine. The
hardware initialisation routine configures the NI/C to operate in the current system
which is performed at the system start up. The three pages of on-chip registers are

initialised.

The transmit routine performs the data transmission to the CPC. The location, area,
and peak intensity for target images are stored in a transmit ring buffer as objects are
processed (Figure 6.15). The transmit ring buffer has pointers to start, end, current
write, and current read locations. As data are read from, or written to, the buffer, the
current write and read pointers are updated. The first seven words of the buffer are
used to store destination address (DA0-DAS5), source address (SA0-SA5), and byte
count (BC0-BCI). During the initialisation source address is written to SA0-SAS5.
When it is required to transmit, DAO-DAS5 are filled with appropriate destination
address. The total data byte count (7BC) belonging to each frame are stored in 7BC
which is read and written to BCO and BCI. The DSP transfers the header and data to
the packet buffer by Remote DMA transfer. Then instructions are given to the NIC to
transmit the packet to the destination. If a packet is larger than 7500 bytes, the
destination will know it by the difference ofvalues in 7BC and BC0/BCI and will wait
for the rest of the data to arrive which is looked after by the protocol. Similarly, the

protocol continues transmission until complete frame of data are transmitted.

The receive interrupt service routine performs packet reception. The highest priority
interrupt (IRQ2) of the DSP is used to activate the receive routine. An incoming
packet whose destination address is the same as that of the local Ethernet module is
detected by address recognition logic of the NIC, it Local DMA transfers the complete
packet to the receive section of the local packet buffer. Then NIC informs of the
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packet reception to the DSP by means of an /RQ?2 interrupt. The service routine then
Remote DMA transfers the packet to the receive buffer (Figure 6.15) in DSP memory.
The receive buffer keeps the source address, byte count, and data of incoming packets.
Currently, the data sent to the DSP are intensity threshold and command messages.
The most significant bit of the 7BC field is used to make the distinction between the

data and the commands (0 - data, /- command).

On the CPC side, a packet driver of the CPC version was present and the operation

was the same. The same protocol controls the data and command transfers and the

reception of data.

This Ethernet software was tested for data transfers between PCs. Four PCs installed
with Ethernet software successfully simulated the data transfers between a CPC and

three intelligent camera systems. Finally, the real-time data transfer between a PC and

an intelligent camera system was demonstrated.

Flag, Total byte count

Data

Message
SAS SA4
Flag, Total byte count SA3 SA2
SAl SAO
Data Frame 1 Message
SA5 SA4
Flag, Tota byte count SA3 SA2
BC1 BCO SAl SAO
SAS Sa4 Receive buffer
SA3 SA2
SAl SAO Header information
DAS DA4
DA3 DA2
DAI DAO

Transmit buffer

Figure 6.15 Data structures for Ethernet communications
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The basis of the above mentioned software paved the way for further developments.
Clarke et al, 1998 further developed the video data acquisition and Ethernet software.
The field mode video data acquisition was implemented which facilitated low
accuracy 2-D but better speed performance. The packet driver on the PC side was
replaced by Windows sockets based Internet Protocol (/P) Datagram software. The
DSP packet driver was modified accordingly. A simple message passing scheme was
implemented for data and command transfers. In real-time tests where varying number
of targets were processed, the Ethernet took some 5% of the total processing time. A
four intelligent camera and a PC based system was implemented where each
intelligent camera was able to produce /70 2-D target locations at frame rate (i.e.

every 40ms).
6.5 Summary of the chapter

This chapter described the development of a real-time close-range photogrammetric
system. The system exploits the concept of distributed processing of video data to gain
the speed performance over frame-grabber based systems in which feature extraction,
correspondences, and 3-D computations are performed in a central computing unit. In
this system the feature extraction is performed in parallel by each intelligent camera
system. This saves a considerable amount of processing time. The hardware edge
detection and the object processing algorithm are central to the speed performances of
feature extraction which requires only a pair of consecutive lines of video to
reconstruct the object images in a progressive manner. Also the amount of data
transferred between the cameras and the central computing system are much lower
with this system due to the transfer of only processed data. For each recognised target
its location, area, and peak intensity are output. If there are /00 targets in each image,
only 800bytes will be transferred by each camera. A single Ethernet packet is
sufficient for this purpose. In the case of a frame grabber system, transfer of a
complete image (approximately 440kbytes) will require about 294 Ethernet packets of

1500bytes. Hence, intelligent camera solution saves time in transferring data.
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Chapter 7

Experiments with real image data

The performance of the real-time system comprising intelligent cameras and PEL
correspondence establishing technique was assessed using a series of tests. Initially,
lens systems were calibrated and target image location accuracy performance of the
intelligent cameras were analysed. Tests on the establishment of real-time
correspondences were carried out with moving objects. Further tests on PEL technique
were carried out with frame grabber acquired data which covered situations such as
occlusions and the establishment of correspondences using the locations of
radiometrically distorted target images. Some of these tests and results are illustrated

here, in this chapter.
7.1 Real-time system set-up

A network comprising four intelligent cameras was set up for the purpose of
experiments. Pulnix 7M-6CN monochrome interline transfer CCD cameras with
16mm C-mount lenses were used. Each intelligent camera was connected to a PC
(central processing computer-CPC) via an Ethernet link. The 2-D target location data
were transferred to the CPC where multiple view point correspondences and least

squares adjustment functions were carried out.
7.1.1 Setting up illumination

Appropriate illumination of the object(s) being imaged is an integral part of a vision
system. In high precision measurement applications, it is necessary to use special
lighting and targeted object points. In order to gain maximum light reflection from
retro-reflective targets that are placed on an object, LED-ring illumination was set up
which illuminates the targeted object close to the optical axis ofthe camera. Due to the
characteristics of this configuration, a higher percentage of the reflected light is

imaged by the sensor. Hence, target images can be located accurately.

7.1.2 Lens system calibration

Chapter 2.0 discussed lens distortion and modelling. The calibration process estimated

the following distortion parameters for each lens.
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1) Principal point shift xp, yp

2) Correction to the focal length df

3) Radial distortion parameters ki, k2, k3

4) Decentering distortion parameters pi, p2

5) Geometric distortion parameters 4,B,C
The distortion parameters were estimated using a self-calibrating adjustment program.
Images of eight different views of a calibration target field (Figure 7.1) were obtained
from each camera by moving the target field into eight different positions. The
purpose of having various views by a single camera was to ensure strong network
geometry for the self-calibrating adjustment process and also to have a wider coverage
of the area of the lens. Using independently identifiable coded targets placed on the
target field, the cameras were resected and approximate exterior parameters were
obtained. For each camera, the image point correspondences were established in eight
views without using the camera interior parameters. Only a 40% of the targets were
corresponded with these coarse exterior parameters. The approximate 3-D locations of
the corresponded targets were computed. A self-calibrating least squares adjustment
was carried out which resulted in improved camera exterior parameters, improved 3-D
co-ordinates of target field points, and approximate values for camera interior
parameters. Using these improved parameters correspondences were established again
which resulted in about 95% of'targets corresponded. The self-calibration was carried
out again and further improved values of'the camera interiors were obtained. Table 7.1

illustrates camera interior parameters for each camera system.

Figure 7.1 Image of test field
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Camera 1

Camera 2

Camera 3

Camera 4

xp (mm) -8.8175e-002 1.3359e-001 -1.6191e-001 -1.2940e-001
yp (mm) 2.2715e-001 -2.2270e-001 2.9299e-002 -2.9601e-001
df(mm) -7.2234e-002 -1.8857e-002 1.7841e-002 1.8749e-001
kl 1.8483e-003 -1.3226¢-003 8.1297e-004 -2.995 1e-003
k2 -4.6867¢-004 4.071 le-004 -1.2063e-004 8.3418e-004
k3 3.3478e-005 -2.6166e-005 8.3108e-006 -6.874 1e-005
Pl 5.3565e-005 -4.3899¢-005 3.2586¢e-004 6.1739e-005
p2 -3.5832¢-004 2.4073e-004 -1.9958¢e-004 -1.8659¢-004
A 2.4964¢e-004 1.0217e-002 7.7636e-003 8.4946¢-003
B 1.1460e-005 -2.1801e-004 1.6234e-003 7.3428e-005
C -5.6341e-005 -6.7743e-005 -6.4007e-005 -5.9205e-004

Table 7.1 Camera interior parameters

7.2 Correspondences between four views

Four views of'the 3-D calibration target field were obtained (Figure 7.2). Target image
point locations were corrected for systematic lens distortion errors using camera
interior parameters given in Table 7.1. In each view there are different number of
target locations although all the 3-D targets were in the field of view of each camera

due to the occlusions.

x - co-ordinate (mm) x - co-ordinate (mm)

view -1 view -2
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-2.7 -1.8 -0.9 0.0 0.9 -2.4 -1.8 -1.2 -0.6 0.0 0.6 1.2

x - co-ordinate (mm) x - co-ordinate (mm)

view -3 view -4

Figure 7.2 Four views of 3-D calibration target field

Using four coded targets approximate exterior orientation of the views were obtained
as discussed in section 7.1.2 and refined camera exterior parameters were obtained
iteratively. Table 7.2 illustrates camera exterior parameters and effective focal length

of each camera lens. The standard deviation of image residuals was 1.07jum.

Camera X0 YO Z0 Omega Phi Kappa Effective
no {mm) {mm) {mm) {degree) {degree) {degree) focal
length
{mm)
1000 1013.2937 -1133.2219 1898.9145 28.2076 25.9665 178.7695 15.9278
1001 1080.1937 974.2855 1898.0216 -29.4981 24.7967 -77.5299 159811
1002 -974.8957 1080.0551 1889.8619 -29.0854 -25.7232 -2.7346 16.0178
1003 -1124.6651 -1014.8325 1898.9858 28.9467 -25.4029 102.0058 16.1875

Table 7.2 Camera exterior parameters

Correspondences were established with improved camera exterior parameters for a
total of 42 points. A search band width of 6.42/um was used. Table 7.3 illustrates some
details of the correspondences. Certain targets were corresponded in all four images
and some others were corresponded in three images. The correctness of

correspondences was checked using the image residuals. For this purpose each set of
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corresponded targets, either from three or four views, 3-D location was computed by
intersection. Image residuals were then computed by back-projecting rays into each
view from the computed 3-D location. If the residuals were larger than a pre-

determined threshold it was considered that the corresponded set was incorrect. A

threshold of 1.95/um was used.

Correspondences in 4-views Correspondences in 3-views

42 5

Table 7.3 Details of correspondences

Figure 7.3 illustrates the 3-D reconstruction of the target field. The standard deviation
ofestimated X, ¥, and Z were 0.2492, 0.2424, and 0.3451mm.

Figure 7.3 3-D reconstruction of the calibration target field

7.3 Real-time data flow from a single intelligent camera
This set of tests were carried out to investigate the stability and correctness of the 2-D

co-ordinates from an intelligent camera. Three sets oftests were carried out.

Test 1:

In this test three retro-reflective targets were placed in the field of view of a single

intelligent camera. The camera optical axis was approximately perpendicular to the
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target surface. One thousand images of these three targets were acquired in real-time.
Figure 7.4 illustrates the location variation of a targets over the period of time of this

test. Standard deviation of the location variation for this target in the x and y directions

was 0.025 and 0.0217 pixels.

180.64 -
§|;180.60 -
180.56 -
180.52 -

180.48 J L L H
338.70 338.76 338.82 338.88 338.94

x - co-ordinate (pixels)

Figure 7.4 Variation of a single target location over /000 images

Test - 2:

This test involved collection of images of' a moving target. The movement of the target
was controlled by a stepper motor to ensure smooth motion. One thousand images of
this target was acquired over a period. Figure 7.5 (a) and (b) illustrate the location
profile and residuals from straight line fit. Area of this target was approximately 24
pixels and the peak intensity was about 747. The standard deviation of the location

residuals was 0.022 pixels.

(a) (b)
Figure 7.5: (a). Location profile of a moving target over /000 images (b). image

residuals from straight line fit
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Test - 3:

In this test three targets were placed on a surface of an experimental apparatus which
has three degrees of movement freedom (X, Y, and Z). The targeted surface was moved
in a direction that is approximately parallel to the surface of the image plane and over
1000 images were acquired in real-time. Figure 7.6 illustrates the movement profile

for each target.

7.6 Location profile of three moving targets

7.4 Correspondences with real-time data flow from 4-cameras

In industrial assembly processes, it is required to position assembly components
together to the correct geometry with tight tolerances. This test attempts to illustrate a
simple situation where two objects are involved. The four camera system was resected
and the exterior parameters were obtained. A least squares adjustment was carried out
and refined camera exterior parameters were found. Each object used was
independently identifiable in images by the number and the pattern of the placement of
retro-reflective targets. The first and the second objects have /5 and 5 targets on their
surfaces. A sequence of /00 sets of images were acquired from four views in real-time
while the second object was moved towards the stationary first object. The point
correspondences were established and a sequence of 3-D reconstructions were made.
Figure 7.7 illustrates a set of four views from the sequence and the 3-D reconstruction.
Figure 7.8 illustrates the movement of five target images in the subsequent sets of the

four views and the sequence of 3-D reconstructions.
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Figure 7.7 Four views of the targeted objects and the 3-D reconstruction
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x-co-ordinate (mm) x - co-ordinate (mm)

view -1 view - 2

X - co-ordinate (mm) X - co-ordinate (mm)

view -3 view - 4

Figure 7.8 Sequence of four views and the 3-D reconstructions

For this test search band width of 0.0/mm was used. Since there were fewer targets

which were well spreaded, a wider band width did not have effect on the
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correspondence accuracy or speed. It was noted that in each stereo pair combination,
one-to-one correspondences were established. It took 0.9ms for the intelligent
camera; CPC data transfer and 7.37ms to establish correspondences using the PEL

method.

7.5 Correspondences using PEL algorithm with frame grabber acquired image
data

Two tests were carried out to investigate the performance of the algorithm using a

target field with (a) a dense distribution of'targets, (b) low intensity targets

Test - 1:
A target field which consisted of about 500 densely distributed targets were used for

this test. Figure 7.9 illustrates four views of the target field.

-3 -2 - 1 0 1 2 -3 -2 - 1 0 1 2 3

image x-coordinate (mm) image x-coordinate (mm)
view -1 view - 2
2
2 ) T- T- T- F T-
3 2 - 1 0 1 2 3
image x-coordinate (mm) image x-coordinate (mm)
view -3 view - 4

Figure 7.9 Four views of dense target field
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Target image locations were corrected for lens distortions. Image data were analysed
and it was found that the shortest distance between two points in images was about
68.8/um. The four camera network was adjusted using a calibration target field and
accurate camera exterior parameters were available. The standard deviation of the
image residuals was (.27/im as given by the adjustment. Hence, a search band of 2;dn
was used and correspondences were established for all points between four views. The
correctness of the correspondences were checked using the intersection/back-

projection technique. Figure 7.10 illustrates the 3-D reconstruction.

Figure 7.10 3-D reconstruction of target field

Test - 2:

In this test a perfectly flat target plate was used in which there were about /50 targets
uniformly distributed with equal spacing between them. Images from four views were
acquired from an adjusted network (Figure 7.11). Hence, accurate camera exteriors
were available. Each view had a different number of target images (/43,145,142,136)
as not all the targets on the plate reflected sufficient light to the cameras. Most targets
were bright and occupied a larger area but some targets were very dim (peak intensity
of 5) and occupied an area of one, two or three pixels. As a result these targets were
located very poorly in the image space which could make it difficult to establish the
correspondences. Since the camera exterior parameters were accurate and target image
locations were corrected for lens distortion errors, a wider search band width of

0.05 jum was used. Figure 7.12 illustrates the 3-D reconstruction.

7-11



Chapter 7: Practical experiments

_3_'2_‘10‘ 11 2 -2 - 1 0 1

X - co-ordinate (mm)

X - co-ordinate (mm)

view -1 view - 2
X - co-ordinate (mm) *- co-ordinate (mm)
view -3 view-4

Figure 7.11 Four views of target plate

Figure 7.12 3-D reconstruction of test field
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7.6 Summary of the chapter

In this chapter, the performance ofthe real-time system comprising intelligent cameras
and the PEL correspondence establishment technique was evaluated. The real-time
system setup was described. The lens calibration process and the estimated lens

calibration parameters were illustrated.

The stability and the correctness of the image data acquired from the intelligent
cameras were analysed. Using the repeated localisation of an image of a stationary
target in real-time, the stability of the target image location in the x and y directions
were estimated as standard deviation of 0.025 and 0.0217 pixels. Further tests
illustrated the stability of the location of a moving target as standard deviation of
0.022 pixels. These stability values are comparable to those obtained from a frame

grabber acquired data.

The real-time image data acquisition/processing/transfer and the establishment of
correspondences using four views of a moving and stationary objects was successfully
carried out. It was noted that for the intelligent camera/CPC data transfer and the
establishment of correspondences for a set of four views it took approximately 0.9ms
and 7.3 7ms. The target image processing time taken by each intelligent camera system
is not estimated in this experiment. It can be approximately 2.8ms according to

previous estimations (Clarke et al, 1998).

Further tests were carried out to assess the performance of the PEL algorithm with
frame-grabber acquired data. For these tests accurate camera exterior and interior
parameters were available. In the first test, four views of a dense target field was
acquired and correspondences were established. The minimum distance between the
two closest points was approximately 8 pixels and the standard deviation of the image

point location error was (0.27pm. A search band of 2pm in width was used.

The next test on correspondences was carried out on images acquired from four views
of a target test plate. In this case, the accurate camera exteriors were available.
However, not all the targets in images were located accurately due to the poorly

formed images. Certain target images of few pixels in size and had lower peak
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intensities hence were poorly located. A search band of larger width was used still

poorly located target were not corresponded in all four views.
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Chapter 8

Achievements, suggestions for further work, and

summary

The work carried out for this thesis contributed towards the development of a real-time
3-D measurement system based on close-range photogrammetry and computer vision
principles. The previous chapters described the work carried out. In this chapter the
major achievements of the work, the suggestions for further work, and the summary of

the thesis are given.
8.1 Achievements of the work carried out for the thesis

The achievements of the work comprises the contribution to the development of
intelligent camera system, the development of PEL algorithm, and the 3-D
measurement system integration. The remainder of'this section provides further details

ofthese achievements.

Contribution to the development of intelligent camera system

This part of the work contributed towards the development of an intelligent camera
system for real-time video data processing and data communications. The first version
of the video data acquisition, processing, and Ethernet communication software were

developed. In addition, Ethernet hardware was also developed.

Intelligent camera system has real-time video processing and data communication
capabilities. The real-time performances are due to the unique architecture of the
system and use of efficient video processing and data communication techniques. An
intelligent camera is capable of producing about /70 target image locations and
transferring these location data to a CPC at CCIR video frame rate (25Hz). The 2-D

target image location accuracy is comparable to that of frame grabbers.

Development of PEL algorithm
This part of the work resulted in the development of PEL algorithm for the
establishment of fast multiple view point correspondences. It was shown that the PEL

technique can establish faster multiple view point correspondences than EL and 3DS/
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methods. This is mainly due to the use of parallel epipolar lines, novel technique for
determining the search band in stereo pairs, and target image identity based
distribution of stereo pair correspondences. However, due to the initialisation step
required for the pre-estimation of parameters, this method is faster than EL and 3DSI
techniques when the number of points are greater than a certain value. The timing tests
showed that this technique is faster than EL and 3DSI methods when the number of

points are greater than 75 and 25.

Integration of the real-time system

This part of the work contributed to the integration of multiple intelligent cameras and
the PEL technique to perform real-time target location data acquisition and multiple
view point correspondence establishment. Experiments were successfully conducted
for the establishment of real-time correspondences of target images acquired from

moving objects.
8.2 Suggestions for further work

In practice, establishment of point correspondences between images that are acquired
from arbitrary number of cameras is required. Various multiple view configurations
that may be used in practice can be imagined. The placement of cameras depends on
the application. For instance, in 3-D modelling the cameras may be placed in random
locations to view the object from different view points. In a high precision 3-D
measurement applications, cameras may be positioned to obtain the optimum network
with respect to the measurement accuracy. In a low precision autonomous vehicle
navigation task, cameras may be positioned in a very specific configuration to obtain
speed performance in establishing correspondences which may exploit geometric
relationships between two or three views. Hence, the selection of positions for the
cameras need to be considered with respect to obtaining 3-D information as well as

establishing correspondences.

In this chapter various ways ofusing PEL algorithm with an arbitrary number of views
is discussed. The arbitrary number of views can be divided into two categories where
the number of views may be positioned in two configurations,

1) Systematic configuration
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2) Random configuration
Systematic configuration:

Figure 8.1 (a) and (b) illustrate two examples of systematically positioned » views in a
circular configuration. Many other configurations where cameras are systematically
positioned can be imagined. The positioning cameras on the vertices of a polygon are
seen in many close range modelling applications. In most of these cases, the same

points on object(s) are not viewed by all the cameras.

@

(b)

Figure 8.1 Systematically positioned » cameras
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For the establishment of correspondences, these configurations can be considered as
similar to those discussed in section 4.3. The multiple views can be considered as
combinations of stereo pairs and the stereo pair correspondences can be established.
Then the corresponding points between all views can be picked by searching through
the established stereo pair correspondences. It is expected that not all the targets will
be seen by all views. Hence, it is required to consider subsets of the views. Initially,
targets that can be seen by all n views are corresponded. Subsequently, combinations

of (n-1), (n-2), (n-3), ......... ,and 3 views can be used to establish correspondences.

Random configuration:

Establishment of point correspondences between arbitrarily positioned # views is more
complex. Figure 8.2 illustrates arbitrarily positioned cameras. In this situation it is not
possible to distribute the correspondences simply as in systematic configuration. A
technique is suggested here which uses subsets of three views at a time and the

correspondences are distributed in a progressive manner.

Figure 8.2 Arbitrarily positioned » views

The steps involved could be as follows,
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1. From a given set of n views, a view is selected that is approximately at the centre
among other views. Such a camera can be identified by using the exterior location
parameters.

2. Select a view that is nearest to the one selected in step-/.

3. Select a view which is closest to the baseline formed by stereo pair selected in
step-/ and step-2. The criteria for the selection is that the two base lines of triangle
formed by a third camera should have angles that are less than or equal to 90 °with
the base line of the stereo pair selected in step-/ and step-2. If there is no camera
that satisfies this criteria then there will not be a triangle formation. The other
criteria is that a camera that is selected once will not be selected again as the third
camera of a triangle.

4. Establish correspondences between three views selected in steps / o 3.

5. Repeat step-5 for each stereo pair combination of the three views and establish

COITCSpOl’ldCIlCCS.

An example is illustrated as in Figure 8.3 where each node represents a camera.
Assuming that camera-/ as the seed, the nearest camera to that is camera-2. The first
triangle is formed by adding camera-5 that satisfy the criteria in step-5. The
correspondences are established and a further three triangles are formed by
considering cameras--/, 5, and 6. This process is repeated until all cameras are used

and any number of cameras can be connected.

Figure 8.3 Selection of three views
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8.3 Summary

In close range measurement applications it is required to establish image point
correspondences between multiple views. Due to the accuracy requirements targets
that are made of material with special reflective characteristics are placed on the object
points of interest. Special illumination techniques are used to obtain the maximum
reflected light from targets onto the image planes. Images of the targeted object(s) are
acquired from multiple view points and the accurate target image locations are
obtained. Normally, the background clutter in images are removed by setting the
camera aperture smaller. For the establishment of correspondences image point
locations and accurate or approximate camera exterior parameters are available.
Hence, geometric techniques can only be used for establishing image point

correspondences.

This thesis was devoted to the subject of geometric techniques for multiple view point
correspondences. The conventional and new geometric techniques were surveyed. The
EL, 3DSI, back projection, and epipolar line slope techniques were reported in the
literature. The EL and 3DSI methods were implemented for the purpose of
performance comparisons. A common characteristic of these methods is that they
require a significant amount of time for searching. Considering a stereo pair with »
points in each image, for a given point in one image the corresponding or potentially
corresponding point(s) in the other image may be obtained by searching through all the
points. Hence, requires an n search which is not favourable for real-time applications

involving large number of points.

In this thesis, a technique was introduced which uses the image rectification. This
technique uses parallel epipolar lines in rectified images, hence it is termed the PEL
algorithm. Stereo pair rectification is a technique used for many years. Normally,
stereo images acquired with narrow angular separation are rectified to gain the
advantage of parallel epipolar lines for matching. The narrow angular separation is
used to avoid matching problems which occur with wide angular separation due to
radiometric effects. The PEL algorithm uses the rectification for establishing point
correspondences between multiple views that have wide angular separations. In this

algorithm only the target images that are located in convergent image space are

8-6



Chapter 8: Suggestions for further work and conclusions

transformed into the rectified image space but not the complete image. Hence, there

will not be any radiometric or geometric distortions due to the transformation.

The other distinguishing feature of this PEL algorithm is the establishment of
correspondences in the rectified image space. When image points are transformed,
their location errors in convergent image space are also transformed. If camera exterior
parameters have errors the rectified images will not have collinear conjugate epipolar
lines. Therefore, to find the corresponding point in one image for a selected point in
the other image a search band is required. Normally, a parallel search band that covers
either side of the epipolar line is used. In the PEL algorithm a new technique is

introduced to determine the search band in rectified image space.

In convergent image space, a search band is used to establish correspondences. If this
search band is transformed into rectified image space, the corresponding points should
ideally fall within the transformed band. The search band border lines that are parallel
to the epipolar line in convergent image space are sloped with the epipolar line in the
rectified image space. It was shown that the slope of these transformed border lines
follow curves which can be represented by 2nd order polynomials as a function of the
y-co-ordinate in the rectified image space. For a selected point in one rectified image
the collinear epipolar line in the other rectified image is known automatically.
Knowing the y-co-ordinate, the search band border line slopes can be directly
computed using the polynomials. Another characteristic of the border lines is that they
intersect at a point which lies on the epipolar line. The x-co-ordinate of this
intersection point follows a straight line as the y-co-ordinate varies from top to bottom
of the image hence it can be represented by a straight line. As a result of these two
relationships, for a given y-co-ordinate in the rectified image, the slopes of the relevant
border lines and the co-ordinates of the intersection point can be computed. Hence,
points that fall within the band can be found with less searching provided that the

rectified image points are sorted in the ascending order of the y-co-ordinate.

The PEL algorithm requires an initialisation step to compute rectification parameters,
and polynomial coefficients. With the current implementation this requires /.0ms for a

stereo pair. This type of initialisation step is not required by 3DSI/, EL, or back
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projection methods. Hence, the PEL method is faster than these methods when number

of points are larger than a certain number which is dependant upon the

implementation.
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Appendix

A ppendix

Partial differentials of collinearity equations with respect to camera exterior

parameters and 3-D locations:

Collinearity equations can be written as follows,

where,
Ml = (w,,{X - XO)-+mu (7- 70)+mn (Z - Z0))
M2 =m{X - X<S)+m2(7 - 70)+ m2(Z - Z0)

M3 = m3L(X - X0) +m3(7 - 70)+mB(Z - Z0)

Partial differentials with respect to unknown 3-D locations (X, Y,Z) are,

oJi X

AY = /(KA1 -m,A/3)/M32

(A.])

(A2)

(A.3a)
(A.3b)

(A.3¢)

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)
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Partial differentials with respect to unknown camera exterior parameters (XO YO Z0

@ () k) are,
j;; ¥ =/((m3MI - mu b 3)/M 32 (A. 10)
SF,
o (A1)
51;)0(=/((W32Ml -mnM3)/M32 (A. 12)
SF
e / (WRM | —m2M3')/M32 (A.13)
ar g=/((/m33M1 muM3)/M32 (A 14)
L, I 2M L M 3)/M52 (A. 15)
. A AN
—r'" M3 SMIN =y "3 M3ah ) (A. 16)
30 I v 3co V3® yy
34 NP
= Ml S5m”™ Ju: (A.17)
5co W v 3(0 V3w yy
A A "
3 _fUM38M1 - Ml VB -W! (A.18)
30 YU v3gl 3¢))
A
=f(fM3r8M2 Mi 8 M W' (A. 19)
39 Iy V39 v 3 yj
(e ,
A
3 _r M dMI 1 'SVBA (A.20)
3k W v 3k V 3k yy
A . A
FP Nt M\ /S MET s, (A21)

3A ' M V3ky V 3k yy

A2
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where,

o M1
——— = (cosw sind cosk — sinw sink (Y — ¥
L (osarsing Xr-1) .

+ (sino) sind cosk + cOs® sink XZ -Z,

0 M3

rale (_—(cosu) cos¢ XY — ¥, ) - (sinw cosp XZ — Z,) (A.23)
aa_T = — (sin¢ cosk XX — X, )+ (cos¢ sinw cosk XY - 1; ) o ‘

— (cos¢ cosw cosk XZ — Z,)

O (cost XX~ X0} Ginasine) 1) GusosndNZ-2)  (A25)

%ﬁg = — (cos¢ sink X — X, )+ (~sinw sin¢ sink + cosw cosk XY - 1;) (5.26)
+ (cosw sin¢ sink + sinw cosk XZ - Z,)
oM _, : (A27)
ok
o%e = (— cosm sin¢ sink — sin® cosk XY— YD)
fo40) (A.28)
+ (~sino sin¢ sink + cos® cosk XZ - Zo)
o M2
—— = (sin¢ cosk X — X, )+ (—sinw cos¢ sink kY — ¥,
+(cosw cos sink XZ - Z,)
oM2_ (~cos¢ cosk (X — X, )+ (~sinw sing cosk — cosw sink ¥ - ;)
K (A.30)
+ (cosoo sin¢ cosk — sin® sink XZ - Z(,)
A3




