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ABSTRACT 
/ 

The mapping of rock surfaces in the open cast mining industry is of importance in 
assessing the fragmentation distribution of blasted rock, as well as for the profiling of 
vertical rock faces. This thesis reports on the development of a close range digital 
photogrammetric surface measurement system for the semi-automatic measurement of 
rock faces in open cast mining environments. The system, designed for use by non­
photogrammetrists, allows for a rapid and simple field component of the 
photogrammetric process. This ensures that the system, although relatively costly to 
set up in terms of camera and computer equipment, is relatively inexpensive to run. 

Various· photogrammetric and image processing algorithms were investigated and 
compared. Of particular note is a comparison of a number of techniques for 
determining approximate exterior orientation parameters of the images of the rock 
surface. An orientation method based on the collinearity equations, was found to be 
suitably robust for use in the measurement system. An investigation into the 
suitability of various interest operators, for extracting points of interest on textured 
surfaces, was carried out. The Canny edge operator proved to be the most suitable in 
terms of selecting a large number of well distributed points, that are representative of 
the surface. Image restitution was carried out by means of a fre·e network bundle 
adjustment. Multi-photo geometrically constrained matching with multi-image 
correlation was used to determine the conjugate positions of the extracted interest 
points. Many of the algorithms described in this thesis can generally be applied to the 
measurement of any surface containing sufficient texture. 

Three test surfaces were successfully mapped. The results indicate that the system is 
capable of relatively high accuracies. Using a Kodak DCS 420 still video camera to 
capture the images, the average relative precision in the XY plane was of the order of 
1: 15000, and for the depth 1 :7000. When a low cost, 'off the shelf' ITC CCD video 
camera was used for image acquisition, the relative precision in the XY plane was 
approximately 1 :4500, and 1 :2600 in the depth. The still video camera was found to 
have significant practical advantages over the CCD video camera. 
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1. INTRODUCTION 

In the last decade photogrammetry has made a transition from the use of analogue 
images using analytical photogrammetric techniques to the digital domain. This has 
been made possible by the rapid advancement of digital technology, in particular the 
development of powerful computers, digital algorithms and imaging devices capable 
of producing digital images, such as Charge Coupled Device (CCD) video cameras 
and, more recently, still video CCD cameras. Haralick and Shapiro (1992) define the 
process of digital photogrammetry as 'the computer processing of perspective 
projection digital images with analytical photogrammetry techniques as well as other 
computer techniques for the automatic interpretation of scene or image content'. In 
this definition the two main components of digital photogrammetry are identified, 
namely analytical photogrammetry and image processing. Digital photogrammetry 
has realised the potential for high accuracies within highly automated, and in some 
cases fully automated, near real-time environments. 

This thesis reports on the development of a digital photogrammetric measurement 
system for the mensuration of textured surfaces for industrial applications. The 
specific industrial application for which the system was designed is the measurement 
of rock surfaces in open cast mining environments. Of particular interest to the 
mining industry is the development of a system that can be used for assessing the 
fragmentation distribution of blasted rock as well as for other applications such as 
profiling of vertical rock faces and to a lesser extent, volume determination. Although 
the system developed for this thesis was designed within the constraints of a working 
excavation environment, many of the algorithms used here can generally be applied to 
the measurement of any other surface that contains sufficient surface texture. 

The design of the system was based on a number of objectives and constraints: 

(i) The amount of time taken for the field component of the photogrammetric 
process had to be minimised in order to reduce downtime at the excavation 
site. 

(ii) The system should be suitable for use by non-photogrammetrists. 
(iii)The system should require as little human interaction as possible (i.e. it 

must be highly automated). 
(iv)Software available within the Department of Surveying and Geodetic 

Engineering at UCT was to be used where possible. If software did not 
exist then it was to be developed. All the software to be developed was to 
be user-friendly. 

(v) The system was to be implemented and tested on a number of surfaces. 

In this thesis both a still video camera and a CCD video camera were used for image 
acquisition. (The terms 'still video CCD camera' and 'still video camera' will be used 
interchangeably in this thesis.) The still video camera belonged to the Chamber of 
Mines and was on loan to the Department of Surveying and Geodetic Engineering at 
UCT for a limited time. For the measurements of two of the test surfaces this camera· 
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was used. After this camera had been returned a CCD video camera was used for 
image capture of the third test surface. 

The thesis starts by briefly reviewing the relevant literature. Chapter 3 discusses the 
theory of analytical photogrammetric techniques that relates to the research 
undertaken for this thesis. Chapter 4 describes the theory of the image processing 
techniques that were investigated. In chapter 5 a comparison is made of the methods 
of determining provisional values for exterior orientation parameters of the images of 
the surface to be measured. Chapter 6 compares the performance of various feature 
extractors on a test image. The measurement system that was developed, is described 
in chapter 7. Aspects such as a description of the measuring environment, the 
equipment, network design and the software that was used is discussed. Included in 
this chapter is a section on the method of camera calibration that was used. Chapter 8 
presents the results of the measurements of three test surfaces. Finally, in chapter 9, 
conclusions are drawn. 
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2. LITERATURE REVIEW 

Various close range digital photogramrnetric surface measurement systems have been 
reported in the academic literature over the past few years. Most of these systems 
have industrial or medical applications where the surfaces t9 be measured are smooth 
and featureless. In such cases, it is common for surface definition to be created by 
placing targets directly onto the surface. Fraser ( 1995) reports on the successful 
measurement of deformations on a large coal dredger using 200 circular 
retroreflective targets to define the surface. The area of deformation under 
investigation was IO x 13 m with the centre of this region 25 m above the ground. 
Cameras were placed on an embankment, 20 m high and at an average distance of 50 
m from the dredger. Approximate object space coordinates of the targets were 
determined by inspecting one of the images taken from the central camera station . 

. Three images from each of seven camera stations were acquired with a Kodak DCS 
200 still video camera. A free network bundle adjustment was used for image 
restitution. Relative precisions of the targets of 1 :50000 were obtained. 

Fraser and Shortis (1995) describe the measurement of a final assembly jig for the 
rudder tab of a Boeing 777 aircraft. The jig measured 4.5 x 5 m. 60 circular 
retroreflective targets were placed on the surface. A Kodak DCS 200 still video 
camera was used to acquire eight images from each of six camera stations. Image 
restitution was carried out by means of a free network, self calibrating bundle 
adjustment. An independent check was made using theodolite observations. 
Discrepancies between the object space coordinates calculated using the two methods 
were in the order of 1 :80000. 

Beyer (1992a) describes the successful implementation of a system to measure the 
deformation of car bodies in crash tests. The system was tested under factory floor. 
conditions at a motor manufacturing plant. 73 circular targets made of retroreflective 
material were placed on the surface of a car. Low cost CCD video cameras were used 
to capture the images. The identification of targets was semi-automatic in that four to 
six targets on each image had to be manually identified after which the remaining 
targets were automatically located and measured. The precise determination of the 
image coordinates of the targets • was performed using least squares matching. 
Coordinate accuracies of less than I mm were attained within a measurement volume 
of 5 x 2 x 2 m3

• The positions of the targets were checked with a theodolite. 

An alternative method of defining featureless surfaces is to create surface texture by 
projecting a pattern or grid onto the surface. Van der Vlugt and Ruther (1994) report 
on the development of an automated PC-based surface measurement system that uses 
multi-photo geometrically constrained (MPGC) matching to determine conjugate 
image points and three dimensional coordinates. Image matching requires sufficient 
image detail. The system uses either the natural surface texture or if this is 
insufficient, creates artificial texture by projecting a pattern onto the surface using 
either a slide or overhead projector. The images are captured using an ITC CCD 
video camera. Some operator interaction is required for the exterior orientation of the. 
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images. The relative precisions of the surface points were in the order of I :2000 in 
the plane of the surface and I :700 in the depth. A refinement of the system described 
above is reported in Van der Vlugt (I 995) in which significantly better precisions of 
the surface points were obtained. The relative precisions were approximately I :5000 
in the plane of the surface and I : I 700 in the depth. 

Maas ( 199 I) reports on the use of the intersection of epipolar lines to establish multi­
image correspondences between tracer particles suspended in water for the purpose of 
turbulent flow research. Three CCD video cameras were synchronised to capture the 
images simultaneously with 25 images triples acquired per second. 700 particles were 
successfully tracked by means of this method. Dold and Maas ( I 994) employed the 
same technique of using the intersection of epipolar lines to establish correspondences 
between discrete points on a masonry wall. The points consisted of 380 randomly 
placed circular retroreflective targets. 18 images were taken of the 2 x 4 metre test 
section wjth a large format Rollei LFC camera. The image coordinates were 
measured using a digital automatic monocomparator. All of the targets were correctly 
matched and relative precisions of I :200000 were obtained. 

A highly automated measurement system for the all round mapping of a human body 
is presented in Wong et al. (1992). · Surface texture was created by projecting dot 
patterns onto the body using three slide projectors. Nine CCD cameras arranged in 
three stereo triples were used to capture images covering the entire body. The 
cameras were calibrated and oriented automatically with the aid of circular targets 
each of which was surrounded by a bar code for automatic identification. The targets 
were placed on a portable three dimensional control field. After calibration the pers<;m 
to be measured was photographed in six different poses. For each pose a DEM was 
created using epipolar geometry to establish correspondences between the extracted 
dots. The measurement of retroreflective targets placed on the person was used to 
transform the OEM's into a single coordinate system. Accuracies of better than 5% of 
the measuring volume was achieved. A major limitation of the system, caused by 
hardware constraints, was that the time required to capture the images for each pose 
was one minute. Even small movements of the person during this time period would 
certainly lead to a deterioration of the measurement accuracy. 

No reference could be found to a surface measurement system specifically designed 
for the measurement of rock faces in a working mine environment. 
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3. THEFUNDAMENTALSOFPHOTOGRAMMETRY 

3.1 IMAGE GEOMETRY 

The perspective projection is the mathematical model that projects an object in three­
dimensional space (object space) onto a two-dimensional plane (image space). Figure 3.1 
shows the relationship between point P(X,Y,Z) in object space and its corresponding 
point p(x,y) on a positive image taken by a single camera. 

z 

z 

Pc(Xc,Yc,ZJ 
y 

y P(X,Y,Z) 

Figure 3.1: The projection of an object space point onto an image plane. 

The perspective centre, indicated as P c(Xc, Y c,Zc) and measured in object space, can be 
defined as the centre of the lens through which light from the object passes in order to be 
projected onto the image. The image coordinate system x,y,z has its origin at the 
principal point (xp,Yp), where this point is defined as the intersection of the perpendicular 
from the perspective centre to the image plane. The principal point is the projection of 
the perspective centre onto the image, and is the point relative to which all image 
coordinates are measured. The perpendicular distance between the perspective centre and 
the image plane is referred to as the principal distance, and is denoted by the letter c. 
Often the term 'focal length' is used interchangeably with the principal distance, but this 
refers to a principal distance of infinity which is often not the case in close-range 
photogrammetry. 
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The two fundamental principles of image geometry that need to be satisfied are: 

(i) the image points all lie on one plane (image plane); 
(ii) any object point, the perspective centre and its image point lie on a straight 

line. 

The latter condition is that of collinearity upon which much of photogrammetry is based. 
In theory these conditions hold, but in practice factors such as lens distortion, deviation of 
the image c_arrier from the plane, refraction distortions and others occur. Effects such as 
lens distortion can be reduced by introducing appropriate parameters to model corrections 
to the image coordinates. This will be discussed in more detail in section 3.8. 

The transformation froIJl point (xi,yi,zi) in image space, with zi on the image plane, to its 
projected position (Xi, Yi,Zi) in object space can be modelled by three translations, three 
rotations and a scale factor. Mathematically this can be represented by: 

3.1 

where s is a scale factor that relates the relative distances between the two systems and R 
is an orthogonal rotation matrix that is a function of the rotations of the image plane 
about the three-dimensional coordinate system in object space. The nine elements of the 
rotation matrix are :(unctions of the three rotations about the X, Y and Z axes. These 
rotation angles are necessary to bring the image coordinate system parallel to the object 
space coordinate system. 

For the purpose of this thesis the following rotation angles are used: a rotation .ro 
measured about the X axis, K measured about the Y axis and ~ measured about the Z axis. 
A positive rotation is measured clockwise when seen from the origin of the coordinate 
system. The orthogonal transformation matrices for each positive rotation about fixed 
axes in a right handed coordinate system are: 

(I 0 -s~nm] Rr(m) = 0 cosm 

0 sinm cosm 

3.2 

( COSK 
0 Si~KJ 

R,-(K) = ? . 1 

-smK 0 COSK 

3.3 
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[

cos rp - sin rp OJ 
Rz(rp) = sin</) cos</) 0 

0 0 1 

3.4 

The full rotation matrix R is the product of the three individual rotation matrices Rx, Rv 
and R2 (i.e. ~ro,ic,cfi) = Rz(~)Ry(K)Rx(ro)). The order in which the matrices are multiplied 
affects the resultant rotation matrix. For the rotation sequence ~ro.ic,cfi), the elements of the 
rotation matrix are: 

and 

3.2 

r11 ·= COSKCOSrp 

rl2 = -COSK sin</) 

r13 = SlilK 

r21 = cosmsinrp+sinmsinKcosrp 

r22 = cosmcosrp-sinmsinKsinrp 

r23 = -sinmcosK 

r31 = sinm sin rp- cosm sinK cos</) 

r32 = sin m cos rp + cos m sin K sin rp 

r33 = cosm cosK 

CAMERA CALIBRATION AND ORIENTATION 

3.5 

3.6 

A fundamental component of the photogrammetric process is that of camera calibration 
and orientation. This can be performed either prior to the measurement of unknown 
object space coordinates or as part of a self-calibration process in which the camera 
calibration and orientation parameters, as well as the object space coordinates of the 
object to be measured, are determined simultaneously. In order for measurements to take 
place the relative positions of two or more cameras need to be known. A typical two­
camera configuration for the separate photogrammetric calibration and photogrammetric 
measurement is shown in Figure 3.2. 

In Figure 3.2(a) the orientation of the cameras are unknown. The calibration frame 
contains targets of which the three dimensional positions in object space are known. 
From this the unknown orientation parameters can be determined by means of a space 
resection. The reverse, space intersection or measurement process, shown in Figure 
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3.2(b), uses the known camera orientation parameters to determine the object space 
coordinates of the object to be measured. 

CALIBRATION 

Image 

fai _,--::-7 Planes 

Cameras 'V- -
A>--- ---

lifl&V -

(a) 

Calibration 

Frame 

MEASUREMENT 

(b) 

Object to be 

Measured 

Figure 3.2: Typical photogrammetric system for (a) calibration (b) measurement. 

The calibration of a camera system involves three different types of orientation, namely 
interior, relative and exterior (also referred to as absolute) orientation. 

Interior orientation of a camera refers to the relationship between the perspective centre 
of a single camera and the image coordinate system and is modelled using the following 
parameters: 

(i) the principal distance of the camera; 
(ii) the position of the principal point on the image; 
(iii)additional parameters (for example lens distortion parameters). 

Additional parameters will be discussed in section 3. 8. 

Relative orientation determines the relationship between two or more images relative to 
each other. The relative orientation parameters are: 

Bx= X2 -Xi 

Br = ½ -1'; 

Bz = Z2 -zl 
f:iOJ = 0)2 - OJI 

l:i</J = <P2 - <P1 

f:iK = K 2 -K1 
3.7 
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where subscripts I and 2 referto the first and second cameras respectively. The vector B 
defines the change in position between the two perspective centres. Relative orientation 
is known if any five elements of relative orientation are known. 

Exterior orientation, is defined by the position of the perspective centre in three­
dimensional object space and the rotations of the image plane of the camera about the X, 
Y and Z axes. If the exterior orientation of two or more cameras is known, then the 
relative orientation is also known. 

3.3 THE DIRECT LINEAR TRANSFORMATION 

The direct linear transformation (DLT) can be used as a direct method of calculating 
transformation parameters between image space and object space coordinates for a single 
image. The equations are: · 

b11 X; +b12 Y; +b13 Z; +b14· 
x. =---------

/ b31 X; + b32 Y; + b33 Z; + 1 3.8 

3.9 

where xi, Yi are the image coordinates of point i, Xi, Yi, Zi are the corresponding object 
space coordinates, arid the bxx terms are the unknown transformation parameters. This 
linearly dependent set of equations contains nine linearly independent parameters and two 
linearly dependent parameters. Ignoring the linear dependence of the parameters allows 
for an approximation. Less accurate results are thereby attained compared to other 
traditional-models, such as the collinearity equations. 

Lens distortion parameters can be incorporated by adding ~xi and ~Yi terms to the image 
coordinates in equations 3.8 and 3.9 respectively (see section 3.8). 

The primary advantage of using the DL T is that neither a calibrated camera nor any 
knowledge of the exterior orientation parameters of the camera is required, since ~o 
initial approximations for the unknown parameters need be known. A further advantage 
of the DL T lies in its fast convergence even with poor initial coordinates. The DL T is 
often used for determining provisional values for the bundle adjustment (see section 3.5). 

For the calibration of a camera a minimum of five and a half measured image coordinates 
relating to six coordinated control points are required to solve for the unknown 
parameters. A parametric case of the least squares adjustment can be used if redundant 
information is available. If two or more images are used a space intersection can be 

· performed to measure points in object space. Again, if there are more observations than 



unknowns, a parametric least squares adjustment can be used to calculate the three­
dimensional coordinates of the points. The minimum solution of the intersection problem 
requires only three ordinates measured in image space. 

A disadvantage of the DLT model is that the control points must be well distributed in 
three dimensions, preferably in the form of a cube (Fraser, 1992). 

The 11 DLT parameters can be converted into the nine linearly dependent physical 
parameters of interior and exterior orientation. These conversion equations for the 
rotation sequence given in section 3.1 are (McGlone, 1989): 
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. -I ( ) K = sm r13 

3.10 

3.4 THE COLLINEARITY EQUATIONS 

The collinearity equations make use of the most fundamental · principle of 
photogrammetry i.e. that any object point, the perspective centre and the corresponding 
image point all lie on the same straight line. They form the basis for most restitution 
solutions in analytical photogrammetry. From equation 3.1 the collinearity conditions 
can easily be derived. Mathematically they can be represented by: 

3.11 

3.12 

where the rxx terms are the elements of the rotation matrix as indicated in equation 3.5. 
The nine linearly independent elements of the collinearity equations require that a 
minimum of four and a half measured image space coordinates, relating to five 
coordinated non-coplanar control points, are available when solving for the parameters of 
these equations. When redundant observations are available, as is almost always the case, 
a parametric least squares adjustment can be carried out to solve for the unknowns. 

3.5 THE BUNDLE ADJUSTMENT 

The collinearity equations can be used to. solve for the camera orientation parameters 
provided good approximations to the unknowns are available and that sufficient control 
points are used. Additional parameters, such as those of lens distortion, that cause 
departures from collinearity can be included. The equations can also be used to solve for 
unknown object space coordinates. provided the interior and exterior orientation 
parameters are known and that good approximations to the unknown coordinates are 
available. It is common to combine the two photogrammetric processes by solving for 
both the orientation parameters and object space coordinates simultaneously in what is 
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referred to as a bundle adjustment. The bundle adjustment approach has the additional 
advantage of not requiring a good control point distribution in three dimensions (Fraser, 
1992). 

When the interior orientation ·parameters are solved simultaneously with· the exterior 
orientation parameters and the object space coordinates, such an adjustment is referred to 
as self-calibration. One of the advantages of this method is that a control point field is 
not required. 

For the simultaneous solution of the bundle adjustment the followirig conditions must be 
satisfied (Van der V lugt, 1991): 

(i) every point must be visible in at least two images; 
(ii) a minimum of five well distributed points in image space must be visible on 

each image; 
(iii)a minimum of two full control points plus an ordinate from a third point must 

be known in order to provide a datum for the network; 
(iv)the number of observation equations must be equal to or exceed the number of 

unknowns. 

In order to compensate for random observation errors redundant observations must be 
included in the bundle adjustment. This can be done by increasing the number of images 
used or by increasing the number of control points in the network 

The bundle adjustment is a very powerful and flexible technique of solving the restitution 
problem and is referred to extensively in this project. 

3.6 THE COPLANARITY EQUATION 

The coplanarity equation uses the condition that for two images taken of the same point, 
the object point, the two perspective centres and the two image points all lie on the same 
plane.. This plane is referred to as an epipolar plane. The coplanar principle is 
demonstrated in Figure 3.3. 

The coplanarity equation is useful when the relative orientation of two images iS' of 
interest. This has applications for camera calibration and epipolar geometry as described 
in sections 3.2 and 3.7 respectively. 

The equation is described in terms of the base vector B between the two perspective. 
centres, and the image point vectors, a1 and a2, of each image. Mathematically these can 
be represented by: 
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3.13 

3.14 

3.15 

where R; and R~ are transposed rotation matrices for images I and 2 respectively. 

Perspective 

/ Centre: ""' 

Image 1 

I 

Figure 3.3: The geometric configuration of a 2-camera system indicating coplanarity. 

Since the three vectors lie on a plane the volume of the parallelepiped that is formed is 
equal to zero. This can be written in the form of a determinant: 

Bx Br B2 

U1 V1 W1 = 0 
3.16 

U2 V2 W2 
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or in an expanded form as: 

3.17 

Assuming that the interior orientation elements are known, there are 12 unknowns in each 
equation (three translations and three rotations for each image). No approximations for 
the object points are needed as these coordinates do not appear in the coplanarity 
equation. 

3. 7 EPIPOLAR GEOMETRY 

If the interior and relative orientation parameters of two images are known, then for a 
point in image space on the first image, its conjugate point can be calculated to fall along 
a unique line in the second image. Such a line is referred to as an epipolar line. Epipolar 
lines are formed by the intersection of the image planes and the plane passing through an 
object space point and the perspective centres of the cameras as illustrated previously in 
Figure 3 .3. Due to lens distortion the epipolar line will not be a straight line, but will be 
curved (Dold and Maas, 1994). 

Two methods of determining conjugate points with epipolar lines were investigated, 
namely that using the coplanarity equation and that using the collinearity equations. 
While the first approach uses the relative orientation parameters, the second approach 
requires that the exterior orientation of the images be known .. 

3.7.1 Epipolar Lines Using the Coplanarity Equation 

Considering two images whose relative orientation is known, and given the image space 
coordinates of a point' in the first image, a x coordinate in the second image can be 

. arbitrarily chosen. The y coordinate relating to this second x coordinate can be calculated 
so as to fall on the epipolar line corresponding to the point on the first image. By 
choosing a second x value on the second image and calculating the resultant y value, an 
epipolar line can be formed. If stereo pairs are used, the length of the epipolar line can be 
restricted since the location of the epipolar line in the second image can be estimated. A 
correlation function can then be used to find the position of the conjugate point in the 
second image along the epipolar line. Such a method is described by Wong and Ho 
(1986). 

Using the coplanarity equation as given in equations 3.13, 3.14 and 3.15 and with the aid 
of the expanded form of the coplanarity equation given in equation 3 .17, the formulae for 
calculating the y coordinate in the second image can be readily derived. The result is 
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given in equation 3.18. For simplicity the elements of the equations for the second image 
will be denoted by a bar. 

where 

and 

Q = Bxv1 -Byu1 

S= B1 u1 -Bxw1 

T = Brw1 -B1 v1 

q = r 13 ( x - x P) - r 23 y P - r 33 c 

s = r 12 ( x - x P ) - r 22 y P - r 32 c 

t=r11(X-Xp)-r21Yp -r31C 
I 

The rxx elements denote the rotation matrix elements of R2 as given in equation 3.15. 

3.18 

3.19 

3.20 

The correlation function that Wong and Ho used to find the location of the conjugate 
point along the epipolar line was the normalised cross-correlation function given by: 

R = mnLg,gs - Lg, Lgs 

xy Jmnig; -(Ig, )2 Jmnig; -(Iisf 
3.21 

where g1 and g5 are the grey scale values in the target and search arrays respectively, and 
m and n are the respective number of rows and columns in the two arrays; The value of 
Rxy ranges from -1 to + 1, where + 1 represents exact similarity. 

3.7.2 Epipolar Lines Using the Collinearity Equations 

If the image space coordinates of a point on the first image is known, as well as the 
camera orientation parameters of both images, the· X and Y object space coordinates of 
the point can be calculated for a given Z, or depth, by means of the collinearity equ~tions. 
Using these X, Y, Z coordinates, the coordinates of the point ·in image space on the 
second image can be calculated. By varying the Z coordinate an epipolar line on the 
second image can be formed. If the approximate depth range of the object space point is 
known the length of the epipolar line can be restricted. A certain tolerance can be added 

· to the epipolar line to form a narrow two dimensional window in image space within 
which a search for the conjugate point can take place. A correlation function, such as that 
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given by equation 3.21, can be used to evaluate the position of the conjugate point along 
the epipolar line. 

A second method of establishing correspondences using either the coplanarity equation or 
the collinearity equations is discussed, where the points to be matched comprise many 
discrete points, as opposed to a continuous surface. This method uses the intersection of 
epipolai: lines to identify conjugate points on multiple images. In such a case the 
possibility is great that more than one of the discrete points will fall within the narrow 
search window in image space. Dold and Maas (1994) describe a robust method using 
four images to reduce ambiguity within the search area. This method is demonstrated in 
Figure 3.4. 

• .. 
Image 1 Image 2 

' ' 
+ • fil 

lmage4 Image 3 

Figure 3.4: The intersection of epipolar lines in a 4-image system. 

Referring to Figure 3.4, an epipolar line in image 2 is formed based on a point in image 1. 
In this example four candidates are found within the search window in image 2. The 
epipolar lines for these candidates are then projected into image 3. The intersection of 
these lines with the epipolar line formed using the point from image 1 reduces the number 
of candidates, for example, to two. Continuing in image 4, the intersection of the 
appropriate epipolar lines will lead to an unambiguous solution. 

The use of epipolar geometry can provide good initial approximations for the positions of 
conjugate points for subsequent least squares matching as described in sections 4.4 and 
4.5. 
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3.8 ADDITIONAL PARAMETERS 

The assumption of precise collinearity that has so far been made is only correct in theory. 
In practise there are departures from collinearity that have an effect on measured image 
coordinates. These deviations can be modelled to a large extent by introducing additional 
parameters into the various adjustment equations such as the collinearity or DL T 
equations. These additional parameters include lens distortions, atmospheric refraction, 
and differences in the scaling of the x and y axes on the image. For analytical 
photogrammetry using analogue film, focal plane distortion can be included as an 
additional parameter. However, some uncertainties exist about the effects of this 
distortion when the imaging sensor is a large area CCD array (Fraser and Shortis, 1995). 
This distortion can occur due to unflatness of the physical chip surface or variations in 
depth of the light sensitive surface and is likely to limit photogrammetric accuracies 
significantly as the CCD chip arrays get larger and camera fields of view gets wider. 
Shortis and Hall ( 1989) recommend that this effect is best reduced by the careful 
selection of an appropriate camera. 

Lens distortion is a major source of deviation from collinearity and is generally 
categorised into two main types, namely radial lens distortion and decentring distortion. 
A commonly used lens distortion model is the Brown model which can be 
mathematically represented as follows (Beyer, 1992b ): 

where 

y = y- Yp 

-2 -2 
r 2 = X + y 

3.22 

3.23 

Lix and Liy are the correction terms to image coordinates x and y. r is the radial distance 
from the principal point. The ki terms represent the symmetrical radial lens distortion and 
the Pi terms represent the coefficients of the decentring distortion. 

In terms of the radial lens distortion, for low to medium accuracy CCD camera 
applications, it is usually sufficient to only solve for the k1 term (Fraser, 1992). For 
higher accuracy applications it may be necessary to solve for the k2 and k3 terms. 
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Additional parameters relating to the non-perpendicularity and scaling differences of the 
x and y image axes can be included in the distortion model by introducing the following 
additional correction terms: 

- -
/j,x=xsx+ya 

-
~y=xa 3.24 

where sx is_ the correction parameter to the scale factor in the x direction and a is a 
shearing parameter. For the purposes of this thesis equations 3.22 and 3.24 were 
combined to model the deviations from collinearity. The correction terms are corrections 
to the image coordinates and thus the appropriate terms must be added to the image 
coordinates of the adjustment equations. 



19 

4. DIGITAL IMAGE PROCESSING TECHNIQUES 

Digital images are made up of pixels (PICture ELementS). Using eight bits per pixel, 
colour can be represented as a grey scale value between O (black) and 255 (white). The 
location of each pixel in an image is given by its row and column numbers. Low 
resolution, low cost, 'off the shelf CCD cameras that are available in the Department of 
Surveying and Geodetic Engineering have 512 rows by 512 columns. Digital still video 
cameras, that are becoming increasingly popular with digital photogrammetrists, make 
use of high resolution CCD arrays. The Kodak DCS 460, for example, has 2036 rows by 
3060 columns. 

The origin of the coordinate system in digital images is different to that of conventional 
metric images used in analytical photogrammetry. These differences are demonstrated in 
Figure 4.1. One method of transformation between the two coordinate systems has the 
effect of a translation of the origin, a reflection of the_ positive vertical axis and a scale 
change between pixels and millimetres. Separate horizontal and vertical scaling 
parameters compensate for the fact that the pixels in CCD chips often have different 
horizontal and vertical scales. 

y 

,. 

(0,0) 

Metric Coordinate 

System 

- X 

y 

Pixel Coordinate 

System 

Figure 4.1: The metric and pixel image coordinate systems. 

The equations for this transformation are: 

x,,,,,, = s,,( xpix -~)- 4.1 
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4.2 

where Xmm and y mm are in the conventional coordinate system, xpix and y pix are in the pixel 
coordinate system, h and v are the number of columns and rows in the digital image, and 
sh and sv are the horizontal and vertical scales respectively. Although the manufacturers 
of CCD cameras provide values for sh and Sv, these are often unreliable for 
photogrammetric purposes. Additional parameters can be used to correct for this scaling 
effect during camera calibration. · 

A second method of transforming between pixel and metric coordinate systems is that of 
modelling the transformations by means of an affine transformation, that allows for a 
rotation and a small shear angle. This can be represented by: 

4.3 

where the elements Xmm, Ymm, Xpix, Ypix, h, v, sh and Svare the same as in equations 4.1 and 
4.2. p is the small shearing factor, relating to the non-perpendicularity of the x and y 
axes, and a. is the rotation angle. The relative rotation of the coordinate systems is 
assumed to be zero, with the effect that the rotation matrix becomes an identity matrix. It 
is possible to account for the shearing factor by solving for it as an additional parameter, 
as described in section 3.8. If the shearing factor is excluded from equation 4.3, a similar 

· formulation to equations 4.1 and 4.2 is achieved. 

For the purpose of this thesis the first method of coordinate transformation was used. 
The shear factor was applied by including it as an additional parameter. 

4.1 MEASURING OF TARGETS 

The measurement of image coordinates of targets to sub-pixel accuracy is required in 
close-range digital photogrammetry. This is necessary for the calibration of the cameras 
where previously coordinated targets in a control point field need to be measured on the 
image plane. In many applications the unknown points to be measured on an object are 
also defined by targets on the surface of the object, as opposed to natural features. These 
targets are usually circular and are often made of retroreflective material. Although it is 
generally accepted that target diameters should range between five and ten pixels (Beyer, 
1992b ), target diameters of between three and 15 pixels are not uncommon. Due to the 
perspective of the image, the targets are nearly always distorted and appear elliptical on 
the image. The target centring algorithms used must allow for this distortion. 
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An efficient method for the measurement of circular targets on the Image plane IS 
described. This method takes place in three stages: 

(i) target detection, for example, by using a thresholding technique; 
(ii) determining the extent of the target, for example, by using an edge following 

algorithm; · 
(iii)determining the sub-pixel centre of the target, for example, by using the 

weighted centre of mass algorithm. 

4.1.1 Thresholding 

Target detection can easily be performed by means of thresholding the digital image. 
Targets that are made of retroreflective material and carefully illuminated will typically 
have grey scale values close to 255 (i.e. white). By assigning all pixels with a grey scale 
value of below a pre-determined threshold value to zero, the image can be thresholded 
and the targets can be identified as any area with grey scale values exceeding the 
threshold. A variation of this method is to assign all pixels with values above the 
threshold to 255, thereby creating a binary image. This concept is illustrated in Figure 
4.2. The success of thresholding in the target detection process is influenced greatly by 
image content. If the background contains areas close to 255, these areas often cannot be 
thresholded out without degrading the quality of the real targets. Some methods of 
removing such non-targets are discussed in section 7.4.5. 

White 300 1----- Threshold Value 

200 

OUTPUT 10 

' 
0 10 200 300 

Black White 

INPUT 

Figure 4.2: Graph of the binary thresholding function. 

The selection of the threshold value is easily done interactively by the user while viewing 
the thresholded image on a computer screen. An alternative method is the automatic 
selection of a threshold value. Wong and Ho (1986) use the equation: 

f = gmin + gmea11 

2 4.4 
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where t is the threshold value, gmin is the minimum grey scale value, and gmean is the 
mean grey scale value in a selected window. This equation is best applied to a small 
window surrounding the target. Its use over the entire image does not generally give 
good results due to the large variations in the minimum and maximum grey scale values. 
With a small window the background pixel values are typically significantly higher than 
the minimum grey scale value taken over the whole image. Another method for the 
automatic selection of a threshold value is given by: 

4.5 

where t and gmin are the same as for equation 4.4, and gmax is the maximum grey scale 
value. This method is also best applied to a small window around the target, although it 
is less dependent on the window size. Another threshold method, developed by Otsu 
( 1979), determines a threshold value for the full image. 

4.1.2 Edge Following 

In order .to create an optimal rectangular window around the detected targets required for 
the centre of mass algorithm, the target extent in both vertical and horizontal directions 
need to be found. One method of calculating the target extent is that of edge following. 
Using the thresholded (or binary) image, the edge of every detected target is tracked. 

One commonly used method of edge following is that of chain coding as described by 
Rubinstein ( 1990). This algorithm uses a defined sequence indicated by the next rotation 
ring, shown in figure 4.3, to search for neighbouring edge pixels (edgels). Following 
thresholding the first edge} located on a detected target becomes the current edgel. A 
sequential clockwise search is carried out starting in the direction where the first pixel on 
the target is found, typically in direction 3, until the next edgel is located. This edgel now 
becomes the current edgel. The search for the next edgel starts in the direction indicated 
by the next rotation ring in Figure 4.3. For example, if the last edge} was found in 
direction 3, the search for the next edgel will start in direction 2, moving sequentially 
clockwise. For every new edgel located the minimum and maximum horizontal and 
vertical extents of the target can be re-evaluated. The algorithm terminates when the 
search returns to the starting edgel. 

The chain coding algorithm searches each pixel outside of the thresholded area only once 
and the perimeter is always found in a clockwise direction. The search routine is robust 
and complex edges can be tracked. With the Freeman chain coding method, the search 
always starts in the direction in which the last edgel was found. This method can fail if 
the target has a complex shape. 
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Next Rotation Ring 

Current Rotation 

Ring 

Figure 4.3: The chain coding search sequence used for edge following. 

The extent of the targets can also be used to eliminate detected non-target areas whose 
geometry does not match a template target. For example, detected targets whose extents 
in x and y are not within a certain tolerance can be rejected. Further discussion on the 
elimination of targets can be found in section 7.4.5. 

4.1.3 Weighted Centre of Mass 

The target centring algorithms can be classified in terms of area and edge based 
algorithms. Area based algorithms are based on the weighted centre of mass. Edge based 
algorithms are evaluated in a two step process. Firstly, by finding the edge around the 
target, and secondly by finding the centre of the target based on the edge information. 
The centring algorithm can take the form of intersecting diameters, best fitting ellipses 
and circles, and the use of the modified Hough transform to detect partially obscured 
targets. 

Rubinstein and Ruther ( 1991) identified a modified weighted centre of mass algorithm as 
a good method of target measurement. The equations for this algorithm are: 

4.6 
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y= 
4.7 

where gij = eij for eij >= Threshold 
gij = 0 for eij < Threshold 
eij is the grey scale value at pixel location (iJ) 

This algorithm is applied to a window, a few pixels larger than the target size, placed 
around each target. For targets in. real images, the background pixels with non-zero grey 
scale values were found to have large effects on the accuracy of the centre of mass 
algorithm unless the modification of assigning all background pixels to zero was applied. 
This modification provides an effective solution to the problem. It allows for a 
translation of the threshold level to zero while retaining the information about the target. 
Of all the methods evaluated by Rubinstein and Ruther, this method proved to have the 
most precise target centring capability (based on synthetic targets) as well as being easy 
to code and having the fastest execution time. · 

Rubinstein and Ruther go on to note that the choice of threshold is critical for the accurate 
performance of the algorithm. The threshold value should be chosen 'just above' the 
background level in the target window. For an optimal threshold, on synthetic images, 
the accuracy of the centre of between 1/200 and 1/1000 th of a pixel can be attained. 

Another high accuracy method of obtaining the centres of circular targets is that of least 
squares template matching (Gruen, 1985). See section 4.4 for a discussion about area 
based least squares matching. 

4.2 EDGE DETECTION 

Edge detection serves as a process 'to simplify the analysis of images by drastically 
reducing the amount of data to be processed, while at the same time preserving useful 
structural information about object boundaries' (Canny, 1986). Edges can be seen as 
distinguishing features of an object and consequently can be used to define the shape of 
textured surfaces. On this basis, the number of points to be mapped can be significantly 
reduced while retaining the general shape of the surface. Edge detectors are good low 
level feature extractors. 

Abrupt grey scale value changes indicate the location of an edge in an image. Two 
classes of edge detectors exist, namely gradient operators and second derivative operators 
(Huertas and Medioni, 1986). Gradient operators detect a broad edge, a number of pixels 
wide, which requires the non-maxima suppression of the edge in order to increase its 
resolution. Second derivative operators use the zero-crossing at the edge location. Edge 
detectors can also be categorised in terms of pixel and sub-pixel accuracy. In this thesis 
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only gradient operators· were investigated due to their relative simplicity • and 
effectiveness. The Sobel and Canny edge detectors to single pixel accuracy, as well as 
the moment preserving method of sub-pixel edge detection were investigated. 

4.2.1 Sobel Edge Operator 

The Sobel operator is a low level edge detector that convolves two 3 x 3 pixel masks 
(also referred to as kernels) for the x and y gradients. These masks are shown in Figure 
4.4. 

-1 0 1 -1 -2 -1 

-2 0 2 0 0 0 

-1 0 1 1 2 1 

(a) (b) 

Figure 4.4: Masks for the Sobel edge operator (a) x gradient (b) y gradient. 

Mathematically the convolution in one direction can be expressed in the form: 

I I 

G(x0 ,Yo)= LL M(i,j)g(x0 + i,y0 + J) 4.8 
j=-li=-1 

where G(x0,y0) is the gradient in either the x or y directions, M(ij) is the Sobel value at 
point (i,j), and g(x,y) is the grey scale value at (i,j). 

Working separately with the edges found in the x and y directions, broad bands of edges, 
a number of pixels wide, are located using a threshold, whereby all pixels with 
convolution values exceeding the threshold are classified as edges. Non-maxima 
suppression of edges is now needed to locate the edges to single pixel accuracy. This can 
be achieved using a search routine to locate the pixel with the maximum convolution 
value within the edge band. The gradient magnitude and direction_ can be calculated as a 
function of the two Sobel convolution values, calculated in the two directions. 

The Sobel operator is easy to implement and computationally inexpensive. However, it is 
a low pass filter with which noise is reduced at the expense of some reduction of the 
signal. Low pass filters that incorporate a larger convolution region tend to have smaller 
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effects on signal reduction but are computation intensive as in the case of the Canny 
operator. 

4.2.2 Canny Edge Operator 

When computation time is not a significant factor, such as in non near-real time 
photogrammetry, the Canny edge detector performs well as a low pass edge operator to 
single pixel accuracy. Canny (1986) describes the creation and performance of an 
optimal operator. He shows that an efficient approximation to this optimal filter is that of 
the first derivative of the Gaussian since this function can be computed with much less 
computational effort· than his optimal filter. For real images the difference in 
performance of these two operators is hard to detect. 

The Canny edge operator is based on a linear gradient of the signal (pixels on the image) 
with Gaussian smoothing to give the low pass filtering characteristic. The Gaussian 
function in one dimension is given by: 

I ( x
2

) G(x) = ~ exp - 2 -v2:ra 2a 
4.9 

The first derivative of the Gaussian is: 

cG -x 
-(x)=-G(x) a: (J'2 4.10 

Figure 4.5 indicates the relationship between the Gaussian function and its first 
derivative. 
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Figure 4.5: The Gaussian and the first derivative of the Gaussian. 
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The level of smoothing and size of the linear convolution mask is determined by the 
space constant cr of the Gaussian function. Pixels further away from the pixel of interest 
have less effect on the convolution value. The width of the central excitatory region of 
the operator is given in equation 4.11 and is shown in Figure 4.6. Huertas and Medioni 
(1986) suggest a mask size of 3w relating to 99.7% of the ru:ea under the one dimensional 
Gaussian. 

w= 2✓2a 4.11 

0 

3w 

Figure 4.6: Parameters associated with the Gaussian convolution mask. 

The convolution of the first derivative of the Gaussian is carried out separately in the x 
and y directions. A procedure similar to that described in section 4.2.1 for the location of 
the edges to single pixel accuracy, using a threshold value to detect broad bands of edges 
and a subsequent non-maxima suppression technique, can be implemented. This provides 
edges based on the convolution values in the x and y directions. A convolution 
magnitude value and the gradient direction for each edge! is a function of the values in 
the x and y directions. 

4.2.3 Moment Preserving Method 

Tabatabai and Mitchell (1984) describe a moment preserving method of edge detection to 
sub-pixel accuracy. For a one dimensional sequen_ce of pixels making up a step edge an 
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operator is defined such that upon application of this step edge the first three sample 
moments are preserved. The sample moments are defined as: 

where 

and 

1 11 . 2 . 

m = - "x'. = "p .h'. 
I ~ .J ~ ./ J 

n J=I J=I 

k 
P1 =­

n 

i = 1,2,3 4.12 

4.13 

4.14 

h1 and h2 denote the two grey scale levels of the step edge and k denotes the number of h1 

values in the step edge as depicted in Figure 4. 7. n is the number of pixels in the sample. 
The unknown value k defines the location of the edge. 
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Figure 4.7: An ideal step edge matched to sample data. 

Preserving the three moments is equivalent to solving for equation 4.12. The solution to 
these equations is given by: 

4.15 

4.16 
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4.17 

where 

m3 + 2m: - 3m1 mi 
S=--'---'-----"-

(J'3 4.18 

4.19 

It can be seen that the location of the edge, k = np1 may be a non-integer (i,.e. sub-pixel). 

Any single pixel accuracy edge detector can be used to determine the approximate 
position of the edge. The method described above detects sub-pixel edges using a one 
dimensional sequence of pixels. On a two dimensional image a one dimensional 
sequence of pixels must be resampled at one pixel . intervals in the direction of the 
maximum grey scale gradient (i.e. orthogonal to the edge). The maximum grey scale 
gradient can be determined from convolution processes in the x and y directions at the 
single pixel accuracy edge. A common method of resampling is that of bilinear 
interpolation as shown in Figure 4.8. 
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Figure 4.8: Resampling by means of bilinear interpolation. 

Referring to Figure 4.8, let g(xi,yi) represent the grey scale value at point (ij). g(xi,yi), at 
non-integer x,y pixel coordinates is resampled based on the four surrounding pixels at x,y 
integer values. The bilinear interpolation equations are given by: 
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4.20 

4.21 

4.22· 

Alternatively these bilinear interpolation equations can be reformulated such that g1 and 
g2 are calculated along the y axis between (x0,y0) and (x0;y0+1), and (x0+1,y0) and 
(x0+1,y0+1) respectively. g(xi,Yi) can then be calculated based on these new values for g1 

and g2• 

4.3 INTEREST OPERATORS 

A second class of feature extractors is that of interest operators. As with edge operators, 
interest operators serve to identify points of interest thereby reducing the amount of data 
to be processed. An objective of any feature extractor should be to identify points that 
allow for the good reconstruction of the object surface. Three different types of interest 
operators were investigated. Firstly, the intersection of straight lines, by means of the 
Forstner operator. Secondly, regions with large scale variations in their grey scale values, 
such as with the Moravec operator. A third, angle based interest operator was also 
considered. A comparison of the performance of these operators can be found in chapter 
6. 

4.3.1 Forstner Interest Operator 

The operator as described by Forstner and Gtilch (1987) is designed to detect distinct 
points, comers and centres of circular features. The detection of comers (the intersection 
of straight lines) is considered here. · 

Two main steps are required for feature extraction with the Forstner operator: 

(i) determining optimal windows that contain a point or feature of interest; 
(ii) solving for the position of the interest pixel within the selected windows. 

When selecting optimal windows two conditions must be satisfied: 

(i) the error ellipse should be small; 
(ii) the error ellipse should be near-isotropic. 

Selecting the optimal windows requires the formation of a N matrix which is dependent 
on the feature type to be located. For comer location this matrix is given by: 
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4.23 

where gr and gc are row and column convolution values calculated using a Gaussian filter 
as described in section 4.2.2. Other types of filters, such as approximations to the 
Gaussian or box filters, can also be used. The convolutions are applied to the whole 
image. For every pixel on the image, N is formed. Forstner and Gulch recommend using 
a N matrix window size of 5 x 5 or 7 x 7 pixels. The first condition above relating to the 
size of the error ellipse can be described in terms of the weight of the point which is 
defined as: 

1 detN 
w---------

- trace(N-1) - traceN 4.24 

The second condition relating to the form or roundness of the error ellipse can be 
measured by the value: 

4detN 
q= 

trace 2 N 4.25 

The determination of the interest value, being the preliminary. weight for each window 
position, is given by: 

if q(r,c) > q1;m and w(r,c) > w1;m then w*(r,c) = w(r,c) 

else w*(r,c) = 0 
4.26 

Forstner and Gulch suggest a value for qlim of between 0.5 and 0.75 corresponding to the 

ratios 2 and ,Jj of the semi-minor and semi-major axes of the error ellipse. The 
threshold value w1im suppresses windows containing areas with low grey scale variations. 
A recommend value is based on: 

Wlim = C. Wmed 4.27 

where the value of the critical value c, is 5 and wmed is the median of the weights taken 
over the whole image. The calculation of Wmed is a limitation of this method due to slow 
median location algorithms. A less rigorous approach is to take the mean of the weight. 
This threshold, however, has the disadvantage of unpredictability due to its dependence 
on edge content, sharpness of the edges and noise level in the image. 

Once the interest values have been thresholded and the interest pixels located, local non­
maxima pixels are suppressed by setting the function w*(r,c) to zero at local non­
maxima's. Regions of interest points prior to non-maxima suppression are commonly 
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referred to as interest clumps. A window size for the suppression must be selected. A 
suppression algorithm that can be implemented is to sequentially inspect pixels in the 
suppression window around the pixel of interest. If the interest value of the pixel of 
interest is less than any other interest value within the window, w*(r,c) is assigned to 
zero. Otherwise the next interest pixel is inspected. To achieve a stronger separation of 
interest points, the window size can be increased. All pixels for which w*(r,c) is not zero 
are extracted. 

If sub-pixel interest points are required these can be calculated by solving for r0 and c0 

using the normal equation: 

4.28 

Similar equations can be formulated for the sub-pixel detection of points and centres of 
circular features. 

4.3.2 Moravec Interest Operator 

The Moravec interest operator identifies regions on the image with large grey scale 
variations. Fuller and Ehlers1 describe it as being suitable for digital photogrammetric 
image processing tasks in terms of its speed and accuracy. The Moravec operator 
identifies high contrast interest clumps by calculating the sum of the squares of grey scale 
value differences in the four principal directions within a given window. The interest 
value, IV, at the centre of the window, is the minimum value of the four squared sums 
and is given by: 

I ( gi.J - gi.J+I r 
IV - min L ( gi,j - gi+l,j r 

- I ( gi.j - gi+l.j+I r 
I ( gi.j - gi+l.j-1 r 

where gij is the grey scale value at point (i,j). 

4.29 

As with the Forstner operator, local non-maxima suppression of the interest points needs 
to follow, as described in section 4.3.1. 

1 The reference source for this paper is unknown to the author of this thesis. An attempt to locate the name 
and date of the publication in which this paper appeared was unsuccessful. 



33 

4.3.3 Angle Based Interest Operator 

Calitz (1995) describes an angle based interest operator originally designed to extract 
comers of buildings in aerial images. The operator is based on the comparison of 
gradients of neighbouring edgels. An edge operator is passed over the image and a binary 
edge image is formed. At every edgel location a 3 x 3 pixel window is placed on the 
original image and the gradients in the x and y directions are calculated using the Sobel 
masks as described in section 4.2.1. 

The angle of the gradient with respect to the x axis is given by: 

a(i,j) = arctan( Gy(i,j) I Gx(i,j)) 4.30 

where Gx:(ij) and Gy(i,j) are the Sobel gradients in the x and y directions respectively at 
point (i,j). The angle a.(ij) is calculated for every pixel in the window and compared to 
the angle calculated at the central pixel. A counter c, which is initialised to zero, is 
incremented according to the condition: 

if la(i,j)- a(l,l)j < 0 then c = c +I 

or ~ 0 then c = c 4.31 

where 0 is a preselected threshold. a.(1, 1) is the angle at the central pixel in the window 
and a.(ij) is the angle at pixel location (ij) within the 3 x 3 pixel window. Interest points 
are selected as those where the counter is less than or equal to four. 

The principle of this operator is that edgels with significant changes in gradient direction 
are selected as interest points. The threshold 0 determines the number of points selected. 
As 0 tends to zero the greater the number of edgels selected. If 0 = n/2 only a few 
interest points are identified. According to Calitz, for aerial images of buildings, this 
operator selects a better distribution of points than the Forstner or Moravec operators. A 
disadvantage of the angle based operator is that it produces interest clumps as a final 
result. The suppression of local non-maxima interest pixels is not possible since no 
interest values are determined. 

4.4 IMAGE MATCHING 

For photogrammetric object restitution, conjugate image space coordinates for every 
object space point to be measured must be found in at least two images. This requires 
that an image matching technique be used to identify conjugate points in the images. A 
powerful and well recognised sub-pixel method commonly employed is that of area­
based least squares matching (Gruen, 1985). This technique establishes correspondences 
between points by minimising grey scale differences between a reference patch and a 
corresponding region of the same size in a second, search image. A patch is a small 
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region of an image, normally square in shape. The reference patch is matched to its 
corresponding search patch with the aid of an affine transformation. Alternatively a 
template could replace the reference patch. In this section, matching on only two digital 
images will be considered. This method can, however, be extended to multi-image 
matching. 

The reference and search patches are given as discrete two dimensional functions f(x,y) 
and g(x,y). Correlation is established if: 

/(x,y) = g(x,y) 4.32 

However, due to the effects of random noise, radiometric differences, perspective 
distortions and other factors, a true error function e(x,y) is added: 

/(x,y)-e(x,y) = g(x,y) 4.33 

The objective is to find the location of g(x,y) such that equation 4.33 is satisfied. This 
equation can be considered a non-linear observation equation which models the 
observation vector f(x,y) with a function g(x,y) whose location needs to be estimated. 
This can be determined using the parametric case of the least squares adjustment. The 
location is described by shift parameters Ax and Ay, which are taken with respect to an 
initial position at g°(x,y). To allow for systematic image deformations, caused by 
different perspectives of the images, image shaping parameters are introduced. If the 
grey scale values are considered to be on a grid, image shaping can be performed by 
resampling g°(x,y) over the transformed grid. The affine transformation can be used for 
image shaping. The equations for ~e affine transformation are given by: 

4.34 

The shift parameters Ax and Ay, are denoted by a11 and b11 • Also included are two scale 
factors, one rotation and a small shearing angle. 

A radiometric shift correction can also be included to account for different lighting 
conditions under which the two images were taken. The shift parameter, r5, can be 
represented by: 

rs = (I(g(x,y)- f(x,y))) In 4.35 

where n is the total number of pixels in the patches. 

Substituting equation 4.34 into equation 4.33 and linearising using a Taylor series 
expansion, yields: 
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o( ) ~o(x,y) dx ~o(x,y) d f(x,y)-e(x,y) = g x,y +--- +_;::__....;.,__;;._ y 
& 0' 

where 

Simplifying and adding the radiometric shift parameter results in: 

where 

j (x,y) - e(x,y) = g 0 (x,y) + Gxdall + Gxxodal2 + Gxyoda21 + 
+Gydb11 + Gyx0db12 + Gyy0db21 + rs 

G = ~ 0(x,y) = g(x + I,y)- g(x - I,y) 
;r & . 2 

G = ~o(x,y) = 
y 0' 

g(x,y + 1)- g(x,y-1) 

2 

4.36 

4.37 

4.38 

4.39 

Gx and Gy represent the across pixel grey scale gradients at each point in the patch in the 
x and y directions respectively. 

Equation 4.38 can be solved by means of the parametric case of the least squares 
adjustment of the form: 

4.40 

where the solution vector xis: 

4.41 

and the vector difference f. is: 

f. = f (x,y) - g 0 (x,y) 4.42 

Equation 4.33 is non-linear and thus requires an iterative solution. The unknown 
parameters for the first approximations can be set to: 
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Since the radiometric shift is linear a priori, rs can be calculated prior to the adjustment by 
including equation 4.35 in equation 4.42. 

4.5 MULTI-PHOTO GEOMETRICALLY CONSTRAINED MATCHING 

Image matching can be divided into two stages. The first stage is that of determining the 
approximate position of the search patch in the search image. In the second stage this 
approximate position is used as a provisional value in a fine matching process in which 
the accurate position of the search patch is calculated. Given good interior and relative 
orientation parameters, fine matching can be accomplished using multi-photo 
geometrically constrained (MPGC) matching proposed by Gruen (1985) and thoroughly 
investigated by Baltsavias (1991 ). This powerful technique is a refinement of the method 
of image matching described in section 4.4. MPGC matching exploits the known camera 
orientation parameters to limit the extent of the search in multiple search images. If two 
images are used the search area can be geometrically constrained to fall along the 
epipolar lines. When three or more images are used (i.e. a multi-photo approach) the 
search area can be further reduced by forcing the search patches to move along the 
epipolar lines at certain intervals. 

In order for MPGC matching to take place good provisional values for the search image 
coordinates and the object space coordinates of the reference image patch need to be 
determined. Many methods of determining approximate positions of the conjugate points 
exist. Examples of such techniques include using epipolar matching (Wong and Ho, 
1986), or using of a combination of area and feature based matching (Van der Merwe and 
Ruther, 1994). Another method, described below, uses surface extrapolation from a 
DEM image. However, none of these techniques are robust enough to work under any 
circumstances (i.e. they often fail when measuring complex or poorly defined objects). 
Van der Vlugt and Rtither (1994) developed a technique of solving the problem of 
determining the approximate positions of the conjugate points. The method, known as 
multi-image correlation (MIC), is more reliable than other correlation methods due to the 
simultaneous use of more than one search image. The search patches are not just 
constrained along the epipolar lines, but using geometric constraints, to certain positions 
within each line. The image matching procedure used by Van der Vlugt and Rtither is 
described below. A flowchart indicating the matching procedure is shown in Figure 4.9. 
It differs slightly from the earlier approach developed by Baltsavias in the way that 
approximate positions of the conjugate points are determined. 

The matching process is driven by patches of interest in the reference image. These 
patches can be, for example, patches of pixels centred on points of interest that were 
selected using a feature extractor. The approach used by Baltsavias (1991) requires a 
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good provisional Z coordinate (depth) for the first patch. Using this Z value, provisional 
X and Y object space coordinates of a reference patch are calculated using the collinearity 
equations. Provisional positions of the search patches are then calculated by projecting 
the object space point onto the plane of the search images. Additional parameters are 
included in this step to account for the curvature of the epipolar lines caused by lens 
distortion. MPGC matching now takes place. If the matching is successful the Z 
coordinate is stored in a 'DEM image' at the same pixel location as the pixel at the centre 
of the patch under consideration in the reference image. The object space coordinates of 
the successfully matched point is stored in a surface DEM. The Z coordinate of the next 
patch that is to be matched is approximated by using the height of the closest point in the 
DEM image. This method works well with smooth continuous surfaces and a dense 
interest point distribution. However, problems exist in determining the first Z coordinate 
and when there are surface discontinuities. 

Locate reference patch No .I End matching process 
~ centred on next interest 'I 

point. Are any points left? " 

Yes 
, 

No Is this the first point or did 
Yes the last point fail the MPGC 

matching? 

, 
Extrapolate Z 

I MIC I 

coordinate from I 
DEM image 

J MPGC matching I No Yes ·1 

No 
Has point failed 

Matching successful? 1 MPGC matching -after MIC? 

Yes 
• 

Update image and 
surface OEM's 

Figure 4.9: Flowchart of the matching procedure developed by Van der Vlugt and Riither. 
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The method of MIC was developed to overcome these two problems. Firstly, MIC is 
used to estimate the Z coordinate of the first patch. And secondly, it is used when the 
MPGC matching of a point fails to converge. This occurs in cases of poor provisional 
values, as a result of surface discontinuities. MIC attempts to calculate a better estimate 
of the provisional values. If MPGC matching fails after MIC, the DEM image is not 
updated. For the determination of the provisional values of the next point, MIC is used as 
opposed to the extrapolation of the Z coordinate from the DEM image. Surface 
extrapolation becomes increasingly unreliable as the distance from the neighbouring point 
on the DEM increases. The process of MIC is shown in Figure 4.10. The position of the 
reference patch in the reference image as well as a Z coordinate is used to determine the 
X and Y coordinates of a fictitious object space point along a reference ray. The 
reference ray can be defined as the imaging ray passing through the centre of the 
reference patch. The fictitious object space point is back projected into all of the search 
images. Each search patch is correlated to the reference patch and for the particular Z 
coordinate used, a correlation value is determined as the average of the correlation values 
for each search patch. For this the normalised cross-correlation function, given in 
equation 3 .21, is used. The Z coordinate is now incremented and the process of 
determining the new correlation value is repeated. Additional parameters are included in 
the MIC process described above. The best provisional positions of the search patches 
are indicated by the search interval with the highest correlation value. 

Reference Image 

and Patch 

Search Intervals 
2 

GB--EJ 
1 2 3 

Reference Ray 

Search Images and Patches 
along Epipolar Lines 

Figure 4.10: The MIC process. 

The difference in the minimum and maximum Z coordinates of the control points can be 
used to determine the depth range over which the Z coordinate is incremented. A square 
reference patch will be distorted in the search images for two reasons, that of camera 
perspective and due to the difference in heights on the surface within the reference patch. 
Search patch shaping can be applied to model the first effect. The second effect cannot 
be modelled since a detailed knowledge of the surface is not available. 
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Van der Vlugt and Ruther (1994) report successful implementation of their method of 
MPGC matching. MIC was found to be a significant improvement in the ability to 
measure discontinuous surfaces, that contain rapid changes in surface height. 
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5. APPROXIMATE IMAGE ORIENTATION 
TECHNIQUES 

The photogrammetric restitution of an object requires a knowledge of the image 
orientation parameters: The relationship between system calibration (involving interior, 
relative and exterior orientation) and the measurement of the object is discussed in 
section 3.2. Interior orientation parameters of a camera can be precisely determined by a 
process of came~a calibration using a control frame in laboratory conditions. (This 
technique is discussed fully in section 7.5.) In this thesis the exterior orientation 
parameters were solved by means of a free network bundle adjustment in which all the 
images were adjusted simultaneously. For the bundle adjustment good approximations 
for the unknown parameters are required. In this chapter various methods for the 
determination of approximate values for the unknown orientation parameters are 
investigated. It will be assumed that the interior orientation parameters of the camera are 
known. 

All of the methods investigated require the image coordinates of a number points on the 
images of the object to be measured. The minimum number of these points that are 
required, as well as their distribution, is dependent on the method used. For exterior 
orientation the object space coordinates of the points are also required. These points are 
then referred to as control points. Relative orientation methods do not require the object 
space coordinates of the points. 

The points referred to above can take any form and can include prominent, natural points 
of detail on the surface of the object, or special targets placed on or around the object for 
the purpose of image orientation. For this thesis circular targets, placed on the surface of 
the object, were used. Circular targets have significant advantages over 'natural' points. 
Firstly, circular targets allow for rapid and semi-automatic identification and 
measurement of these points (see section 7.4.5). Such a high level of automation is not 
possible for natural conjugate points. Secondly, high accuracy target centring is easily 
achieved using circular targets (refer to section 4.1.3). The high accuracy measurement 
of the image coordinates of natural features is considerably more difficult. 

The operational constraints in a typical industrial environment, such as an open cast mine, 
require that the amount of time necessary in setting up the targets and acquiring the 
images must be minimised. The setting up and measurement of the object space 
coordinates of the targets (for exterior orientation) constitutes the most time consuming 
stage of the field component of the photograrnmetric process. The time required for the 
survey of the control points increases significantly with the increase of the required 
accuracy of the control points. 
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A further constraint that must be considered is the positioning of targets in the measuring 
environment. The rock surface to be measured is generally vertical with a certain amount 
of loose rock or rubble at the base. Although the targets can be well distributed in the 
plane of the vertical section of the rock surface, the positioning of the targets to create a 
good distribution in terms of depth, is limited, unless some sort of structure is used to 
create a better depth field. Such a structure, for example scaffolding or poles projected 
upwards, could obscure· parts of the surface, would involve time in setting it up, and 
depending on certain conditions, such as wind~ may be unstable. Furthermore, it would 
involve additional costs for the measurement system. These consequences are 
undesirable. Instead, a method of determining the approximate values of the image 
orientation parameters valid for a poor distribution of targets, that can be placed directly 
onto the surface, was sought. A typical example of the configuration of the targets that 
could be expected in an open cast mining environment is shown in Figure 5 .1. It is 
possible to locate the bottom row of targets at ground level, thus allowing for the targets 
to be positioned further towards the camera stations. The middle and top rows of targets, 
in Figure 5.1, have been located on the vertical section of the rock surface. 

• • 
/, Targets 

! 
y 

z Cameras 

X 

Figure 5.1: An example of the distribution of targets in an open cast mining environment. 
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Based on the constraints described above, it was necessary to identify a robust method of 
determining the approximate values of the image orientation parameters. An ideal 
method should have the following features: 

(i) As few conjugate points (for relative orientation) or control points (for 
exterior orientation) as possible, should be used; 

(ii) It should have the ability to reach a solution ·using a poor configuration of 
conjugate points or control points; . 

(iii)It.should be capable of a solution using low accuracy control point coordinates 
(for exterior orientation methods). 

The techniques used in this chapter for testing the various orientation methods are briefly 
described. One of these techniques used for the rigorous testing of the method of relative 
·orientation with linear transformation ·(see section 5.2), was that of creating simulated 
image coordinates. The advantages of using simulated images are: 

(i) The user can easily choose which targets are to be used, without · limiting 
factors, such as occlusions or bad illumination, effecting the results; 

(ii) All the observations have very low residuals, relating only to rounding errors. 
· Lens distortion errors are eliminated; 

(iii)A large degree of control and flexibility can be provided for testing of the 
techniques under different configurations and conditions. 

The simulated image coordinates were created by adopting values for the interior and 
exterior orientation parameters, as well as appropriate object space coordinates of targets 
and camera stations, and _substituting these values into the collinearity equations. · 

Other techniques used in the testing of the orientation methods included the use of real 
images of a control (calibration) frame, . as well as pseudo-randomly altering· the 
numerical values of the control point coordinates, so as to simulate poor control. Tests 
were carried out on both a well distributed set of control points as well as on a control 
point configuration similar to that shown in Figure 5.1. 

The images of the control frame constituted a · set of nine convergent images taken in 
three rows with three images in each row. The camera stations were positioned so as to 
fill the field of view with the frame. In order to ·compare the results of the methods 
investigated in this chapter with a well recognised image orientation method, the exterior 
orientation parameters of all nine images were calculated using the method of camera 
calibratio_n described in section 7.5. This camera calibration method was based on a 
bundle -adjustment solution. The parameters from the calibration procedure, as well as 
the positions of selected control points on the frame, were also used as the input 
parameters required for the creation of simulated image coordinates. The control frame, 
of dimensions 700 x 700 x 250 mm, is shown in Figure 5.2. 
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Figure 5.2: The control (calibration) frame. 

For all of the tests in this chapter, and for the entire thesis, a coordinate system, as 
described in section 3 .1, was used. This coordinate system ensures that the rotation 
angles of the images are small. The relationship between the object space and image 
space coordinate systems is shown in Figure 5.3. 

y 

y 

K 

Object Space Image Space 

Figure 5.3: The relationship between the object space and image space coordinate systems. 

5.1 THE DIRECT LINEAR TRANSFORMATION 

The DLT, previously described in section 3.3, can be used as a direct method of camera 
orientation, which generally provides a good means of obtaining exterior orientation 
parameters for a single image. The DL T has the advantage of not requiring initial 
approximations for the unknown parameters. However, it requires a good distribution, in 
three dimensions, of at least six control points. The DL T provided very poor results 
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when applied to points on the control frame in a configuration similar to that shown in 
Figure 5.1. In many cases the DLT iterated to an incorrect solution or failed to solve. 
This method of orientation was considered impractical for poor control point 
configurations. 

5.2 RELATIVE ORIENTATION WITH LINEAR TRANSFORMATION 

Methods of relative orientation have an advantage over methods of exterior orientation in 
that object space coordinates of the conjugate points are not required. The transformation 
of the coordinates of an object measured using relative orientation parameters (given in 
equation 3.7), into an external coordinate system (i.e. as if measured using exterior 
orientation parameters), can be accomplished by means of a three dimensional 
transformation comprising three translations, three rotations and a scale factor. This 
transformation is of the form: 

x =x0 +JRx 5.1 

where x is a vector of points in the target system, x is a vector of points in the object 
system (not equivalent to object space), with translation vector x0, rotation matrix Rand 
scale factor "A. 

A closed form, or direct, solution of relative orientation as described by Shih (1994), was 
investigated. The method, named relative orientation with linear transformation (RL T), 
is outlined below. 

Closed form solutions have an advantage over solutions based on equations that are non­
linear with respect to the unknown parameters, since they are independent of initial 
approximations to the unknowns. A model based on non-linear equations can be solved 
in a least squares adjustment where the solution vector is made up of the corrections to 
the unknowns. An iterative approach is needed in this case, and initial values for the 
unknowns must be approximated. (In the case of the DLT, where the equations are non­
linear, corrections to the unknowns are also calculated. However, the same initial 
approximations are sufficient in all circumstances, thereby allowing the DL T to be 
regarded as not requiring initial approximations to the unknowns.) Where the model is 
already linear the full unknown elements replace the corrections to the unknowns. 

The minimum requirements for the RL T are eight non-coplanar conjugate points, as well 
as a knowledge of the interior orientation parameters of the cameras. 

The coplanarity equation as described previously in section 3.6 forms the condition: 

5.2 
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where 

L1 = B x'31 .;_ Bzr11 

½. = B x'32 - Bzr12 

L3 = B xr33 - Bzr13 

L4 = Bxr21 - Brr11 

Ls = B x'22 - Brr12 

L6 = B x'23 - Brr13 

L, = Bzr21 - Byr31 

4, = Bzr22 - Brr32 

L9 = Bzr23 - Byr33 5.3 

rij are the elements of an orthogonal rotation matrix. x,y and x' ,y' refer to image 
coordinates on the first and second images respectively, already adjusted for their 
respective principal point displacements. c and c' denote the principal distances of the 
first and second images respectively. 

Since equation 5.3 is homogeneous, one parameter can be set constant. Choosing L5, 

equation 5.2 now becomes: 

L 'yx'+L 'yy'-L 'yc'+L 'cx'-L 'cc'+L 'xx'+L 'xy'-L 'xc'+cy'= 0 I 2 3 4 6 7 8 9 5.4 

where 

5.5 

The model can be solved directly without any knowledge of approximate values for the 
unknown parameters since equation 5.4 is already linear with respect to the L/ 
parameters. The solution vector, consisting of the full unknown elements, can be solved 
in a least squares adjustment of the form: 

5.6 

The weight matrix P, is an identity matrix. 

An alternative approach is to solve the model using the combined case of the least 
squares adjustment. From equation 5.4 it can be noted that there is more than one 
observation in each condition equation. Approximations to the unknowns set to 0.1, tend 
to be a suitable value from which to calculate corrections to the unknowns. Thus, even 
with the combined least squares adjustment, the solution can be viewed as effectively 
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being independent of initial approximations to the unknowns. The solution vector has the 
well known form: 

5.7 

The model can be identified as the quasi-parametric adjustment, significantly reducing 
the computational effort and computer memory required in reaching a solution. The 
solution vector can thus be reduced to: 

5.8 

where the quasi-weight matrix is: 

5.9 

The sign of Ls is ambiguous and needs to be determined. Shih describes a 
mathematically rigorous method of evaluating Ls. A less elegant technique is that of 
substituting the calculated Li values back into equation 5.2 for both positive and negative 
Ls and evaluating the residuals. Summing the absolute values of the residuals provides a 
method of determining the correct sign of Ls. The ratio of the sums with the correct to 
incorrect Ls values is commonly of the order 1 to 100 000 (for simulated images). These 
residuals also act as a check of the adjustment. 

The decomposition of the unknown parameters into the physical relative orientation 
parameters, using the re-scaled Li parameters, can be achieved by setting Bx to unit 
length and computing Bv and B2 from equations 5 .10 and 5 .11. (For purposes of 
completeness, in equations 5 .10 to 5 .12, the Bx parameter is shown instead of its 
numerical value of one.) 

B,, = _ L1 L1 + L2 L8 + L3 L9 

Bx 

Bz = L4L1 + LsLs + L6L9 
Bx 

The rotation matrix elements can be determined from: 

· 5.10 

5.11 
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5.12 

The decomposition of the rotation matrix results in the relative rotation angles Aco, AK 
and Acp. 

To test this method, software was written based on the quasi-parametric case of the least 
squares adjustment. Nine simulated images were created using 18 points, well distributed 
in three dimensions. As mentioned earlier in this chapter, the parameters required for the 
creation of the simulated image coordinates were based on the calculated parameters from 
a camera calibration procedure (carried out using the control frame), as well as on the 
,positions of selected targets on the frame. The RL T method described above detennines 
the relative orientation of two images. In order to orient multiple images relative to each 
other, one of the images was used consistently in every set of RL T adjustments .. Using 
nine images, eight image pairs were adjusted. 

The base vector components of each image pair was based on Bx of unit length. Since 
the correct value for Bx was known, the By and Bz values, calculated by means of the 
RL T, could be· scaled to the original object space scale. (i.e. After scaling, By and Bz is 

. based on the true value of Bx as opposed to the unit length value of Bx.) A comparison 
was made of the values for By and Bz, detennined using the RL T (and scaled to the 
original object space scale), to the true values of By and B2• This comparison indicates 
the error of the RL T adjustment. Using the known angles, the errors iri Aco, AK and Acp 
were also calculated. A summary of the errors .of the RL T parameters for all eight image 
pairs is shown in Tables 5.1 and 5.2. In Table 5.1 the percentage of the control frame size 
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refers to the comparison of the root mean square (RMS) error, based on all eight 
adjustments, to the dimensions of the control frame in the XY plane. These dimensions, 
as mentioned earlier, are 700 x 700 mm. (Note again that coordinates of targets on the 
control frame were used to create the simulated image coordinates.) The error range 
referred to in Table 5.1 gives the range between the most accurate and least accurate 
calculations of the base vector components for all eight image pairs. The angle range 
referred to in Table 5.2 shows the difference in rotation angles for the most convergent 
images. This indicates the degree to which the orientation of the nine images differed. 
(Throughout this thesis the RMS error is based on the following equation: 

RMS error= i=l 5.13 
n 

where E i~ the error associated with a single value in a data set, containing n values.) 

RMS Error (mm) Error Range (mm) % of Control Frame 
Size 

Bv 15 6-23 2% 
Bz 21 2-28 3% 

Table 5.1: Summary of the base vector errors resulting from the RLTwith nine simulated 
images using 18 well distributed points on the control frame. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
Aro 0.33 0.03 - 0.57 17.82 
Ax 0.17 0.02-0.29 43.25 
A<j, 1.58 0.04 - 2.61 3.50 

Table 5.2: Summary of the relative rotation angle errors resulting from the RL T with nine 
simulated images using 18 well distributed points on the control frame. 

Taking an average of all eight adjustments, the back substitution of the re-scaled Li 
parameters into equation 5.2 yielded a mean absolute value residual of 4e-6 mm, relating 
both to rounding errors and to errors in the transformation model. The values of the base 
vector components and relative rotation angles that were obtained, were certainly 
acceptable as approximate values for a subsequent bundle adjustment. 

The RL T algorithm was also tested using simulated images with the minimum of eight 
conjugate points. The configuration of the points, in object space, was similar to what 
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would be expected in a typical open cast mining environment as indicated in Figure- 5.1. 
The results were of the same order as those in Tables 5.1 and 5.2. 

The approximation in this method is a result of solving for the dependent exterior 
orientation parameters using a linear transformation by assuming linear independence. 
The formation of the RL T model assumes the orthogonality of the rotation matrix. 
However, the increase in magnitudes of Lim, LiK and Licp cause the rotation matrix to 
deviate from orthogonality. This can be seen by forming RT R. (For orthogonal matrices 
RTR = I.) To test this orthogonality condition, the algorithm was tested using simulated 
stereo images where Lim, LiK and Li~ were zero. As predicted, the RLT produced 
negligible errors for all of the calculated parameters. 

A set of images taken of a rock surface at an excavation site at the Cape Town harbour 
was used to further test the RL T. A full description of the configuration of the targets and 
camera stations can be found in section 8.1. The image orientation parameters and the 
object space coordinates of the targets were determined using a technique described later 
in this chapter (see section 5.4), followed by a free network bundle adjustment. These 
calculated values were used to simulate image coordinates of the eight targets in five 
images. Simulated image coordinates were used in preference to the real image 
coordinates so as to exclude the effects of lens distortion and inaccuracies in target 
centring. Using the configuration in this test case, the RL T produced base vector 
components that did not in any way correspond to the known camera positions. 
However, the relative rotation angle results corresponded relatively well to the known 
values. A summary of the relative.rotation angle results, based on all four adjustments, is 
shown in Table 5.3. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
Lim 3.92 0.1 - 6.8 7.6 
LiK 0.07 0.0 - 0.1 48.9 
Aq, 2.38 1.2- 3.9 10.8 

Table 5.3: Summary of the relative rotation angle errors resulting from the RLT with five 
simulated images of the Cape Town harbour excavation site. 

The error of the relative orientation angles deteriorated progressively as the angle, K 

about the Y axis increased. Tests of the RL T with measured image coordinates of the 
harbour excavations were also carried out. Although lens distortion parameters and 
principal point displacements were accounted for, the RL T failed to produce valid results 
for any of the relative orientation parameters in any combination of images. The fact that 
this camera orientation technique failed in this configuration indicates that the RL T is not 
robust enough for practical use in this thesis. 
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5.3 SMITH'S EXPLICIT SP ACE RESECTION SOLUTION 

An explicit solution for the space resection of a single image is given by Smith (1965). 
This method requires no initial knowledge of the six unknown parameters of exterior 
orientation. In order to provide a solution three non-collinear control points, as well as 
the interior orientation parameters of the camera, are required. However, in the general 
case, four solutions are obtained. In order to identify the unique solution either the 
camera orientation must be approximately known or a fourth control point must be 
introduced. Whereas iterative solutions may iterate to an incorrect solution, explicit 

_methods will examine all of the possible solutions. Smith's explicit method is outlined 
below. 

p 

B 

Figure 5.4: Configuration of control points used in Smith's explicit space resection. 

In Figure 5.4 A, Band C denote control points with object space coordinates (X1,Y1,Z1), 

(X2,Y2,Z2) and (X3,Y3,Z3) respectively. Pis the perspective centre of the camera with a 
principal di~tance of/ (used in this section instead of the symbol c, for purposes of 
clarity). The sides of LlABC are a, band c. The image coordinates of A, B and C are 
{Xi,Y1), (x2,y2) and (x3,y3) respectively. 

The angles a, J3, y are subtended at P by LlABC. a can be given by: 

5.14 

Similarly, equations for cosJ3 and cosy can be formulated. 
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Letting the lengths PA= u, PB= v and PC= w, it can be shown that: 

U = C(I-2ml COSY+ m~ r 112 

v=m1u 
w=m2u 

where m1 can be obtained by solving: 

and 

The terms A, B, C, D, E are given by: 

A= (b 2 +c2 -'-a 2
)

2 -4b 2c2 cos2 a 
B = K-2Acosy 

C =A+ E -2K cosy+ 4c4 (cos2 a+ cos2 p + cos2 y -2 cosacospcosy -1) 
D=K-2Ecosy 

E = (a 2 + c2 -b2 
)

2 -4c2a 2 cos2 p 

where 

5.15 

5.16 
5.17 

5.18 

5.19 

5.20 

The roots of equation 5. 18, a fourth order polynomial in m1, can be solved by any one of 
a number of methods. Bairstow's eigenvalue method is a numerical method suggested by 
Smith. For each value of m1, the corresponding value of m2 is calculated. Four sets of 
values for (u,v,w) can now be determined. If any of the terms of (u,v,w) are either 
negative or imaginary, the set can be rejected. A fourth control point, together with two 
of the three original control points, is now used to resolve the ambiguity of (u,v,w) by 
solving for the roots of equation 5 .18 using this second set of control points and 
comparing them to the roots that were previously calculated. 

If ti denotes the area of MBC, the direction cosines of the normal to the plane ABC can 
be represented by: 

5.22 
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where 

5.23 

The sign of the direction cosines are either all positive or all negative depending on which 
side of plane ABC point P falls. 

It can be shown that the length of the perpendicular from Ponto the plane is given by: 

I 

h = ;: (I+ 2 cosa cosj3cosy -cos2 a - cos2 /3-cos2 y )2 5.24 

The coordinates of P(Xp, Y p,Zp) can be determined by solving the following set of linear 
equations: 

5.25 

5.26 

5.27 

The elements of the rotation matrix can be determined by solving the following three 
linear equations: 

5.28 

5.29 

5.30 

The remaining rotation matrix elements can be obtained from similarly formulated sets of 
equations. The extraction of the rotation angles can now follow. An extension to this 
method involves including redundant control in a least squares adjustment (see Smith 
(1965)). 
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The Smith algorithm, based on the minimwn solution of four control points, was tested 
using software written by Mark Cammidge of the Department of Surveying and Geodetic 
Engineering at UCT. Nine real images of the control frame, shown in Figure 5.2, were 
used with the same camera configuration that was described earlier in this chapter. A 
bundle adjustment solution adjusting all nine images simultaneously provided a 
comparison for the Smith method. Three well distributed, non-coplanar control points 
were used in an initial test of the method. A fourth control point, in the centre of the 
control frame, provided a check for determining the unique solution. A summary of the 
exterior orientation parameter results taken from all nine images is given in Tables 5.4 
and 5.5. 

RMS Error (mm) Error Range (mm) % of Control Frame 
Size 

X 4.8 0.3 - 8.6 1% 
y 11.9 1.2 - 19.4 2% 
z 11.8 7.9 - 16.0 2% 

Table 5.4: Summary of the perspective centre errors resulting from the Smith method using 
nine images with four non-coplanar points on the control frame. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
ro 0.65 0.11 - 1.33 17.82 
K 0.40 0.23 - 0.77 43.25 

4> 2.32 0.02 - 5.12 3.50 

Table 5.5: Summary of the rotation angle errors resulting from the Smith method using nine 
images with four non-coplanar points on the control frame. 

Relatively high accuracy results were obtained by this method, considering that the 
minimum solution was employed and a wide range of camera positions and rotation 
angles were used. The results obtained were more than_ adequate for use as approximate 
parameters for a subsequent bundle adjustment. It was found that when the fourth control 
point (used to determine the unique solution) and the p.erspective centre of the camera had 
approximately the same position in the XY plane, an incorrect solution was chosen. By 
selecting another control point in a different position in the XY plane, the correct solution 
was selected. 

The Smith method has an advantage over other methods of space resection, such as the 
DLT, in that it allows for the control points to be coplanar. Four well distributed 
coplanar control points were selected on· the control frame and the algorithm was tested 
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using the same nine images as in the previous test. A summary of these results is 
displayed in Tables 5.6 and 5.7. 

RMS Error (mm) Error Range (mm) % of Control Frame 
Size 

X 4.4 0.5 - 7.5 1% 
y 4.7 1.2 - 6.5 1% 
z 7.9 5.6 - 11.5 1% 

Table 5.6: Summary of the perspective centre errors resulting from the Smith method using 
nine images with four coplanar points on the control frame. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
(J) 0.34 0.02 -0.72 17.82 
K'. 0.13 0.01 - 0.28 43.25 
cp 1.92 0.05 -4.97 3.50 

Table 5.7: Summary of the rotation angle errors resulting from the Smith method using nine 
images with four coplanar points on the control frame. 

Many other tests were carried out with the same nine images using varying positions of 
the control points for both coplanar and non-coplanar configurations. From these tests 
(including the results of the examples given in Tables 5.4 to 5.7) it appears that a coplanar 
configuration of points provides a better solution to that of a non-coplanar configuration. 
Both the RMS errors and the range of errors, for both perspective centre positions and 
rotation angles, tended to be smaller when coplanar points were used. 

In order to investigate the required accuracy of the control point coordinates in object 
space, a number of tests were carried out by randomly varying the coordinates of the 
points on the control frame. One example is given below in which the control point 
coordinates of four non-coplanar points were varied by up to 2.5% of the control frame 
size. The same nine images as for the previous tests in this section, were used. A 
summary of these results is shown in Tables 5.8 and 5.9. 

From Table 5.8 it can be seen that the RMS error of the perspective centre coordinates 
(calculated from all nine images) is very large when taken as a percentage of the control 
frame size. The higher end of the error range indicates that the error of some of the 
perspective centre coordinates are up to 35% of the control frame size. Although the 
RMS errors of the rotation angles are generally within acceptable limits for use as 
approximate values for the subsequent bundle adjustment, the error range indicated in 
Table 5.9, shows that a number of the rotation angles errors are very large. The errors 
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produced from the above test are generally too large for these parameters to be used as 
initial values in a subsequent bundle adjustment, especially when considering the upper 
end of the error ranges. The errors for all six exterior orientation parameters deteriorated 
rapidly as the control point coordinates were varied beyond 2.5% of the control frame 
size. A least squares adjustment making use of redundant control would very likely 
reduce the level of accuracy required for the control point coordinates. 

RMS Error (mm) Error Range (mm) % of Control Frame 
Size 

X 134.3 36.8 - 216.0 19% 
y 99.4 3.4 - 243.3 14% 
z 39.9 14.6 - 61.2 6% 

Table 5.8: Summary of the perspective centre errors resulting from the Smith method using 
nine images with four non•coplanar points on the control frame, where the coordinates have been 

randomly varied by up to 2,5% of the control frame size. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
0) 4.04 0.11 - 10.16 17.82 
K 5.69 0.52 - 9.08 43.25 

4> 1.59 0.00 - 3.30 3.50 

Table 5.9: Summary of the rotation angle errors resulting from the Smith method using nine 
images with four non•coplanar points on the control frame, where the coordinates have been 

randomly varied by up to 2,5% of the control frame size. 

Smith's method of exterior orientation provides an accurate method of space resection, 
provided that four non-collinear control points, well distributed in image space and with 
high accuracy object space coordinates, are used. The configuration of the control points 
for this method does not require a good distribution of points in three dimensions, thus 
producing significant advantages over certain methods, such as the DLT. However, the 
requirement of good control point coordinates limits the usefulness of this technique in 
applications where only poor control point coordinates is available. 

5.4 THE COLLINEARITY EQUATIONS 

The previously discussed methods of image orientation all proved unsatisfactory for use 
in this project. A method of orienting single images based on the collinearity equations 
was found to be a suitable alternative. This method was developed specifically for this 
project and was based on a similar technique described by Professor Clive Fraser of the 
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University of Melbourne in personal correspondence. Although the collinearity equation 
method of single image orientation, described in this section, is not an elegant technique, 
it outperforms the other methods that were investigated in terms of the features of the 
orientation method that was sought.· These criteria were listed towards the beginning of 
this chapter. 

The collinearity equation method described here, uses previously determined interi<?r 
orientation parameters, as well as very approximate perspective centre coordinates and 
object space coordinates of the control points, to calculate the rotation angles of exterior 
orientation that are used as initial approximations in a subsequent bundle adjustment. 
Only the rotation angles are calculated with the collinearity ·equation metho~. All of the 
other parameters must be obtained using other techniques. The interior orientation 
parameters can be determined by a process of camera calibration, as described in detail in 
section 7 .5. It will be seen later in this section that even with the coordinates of the 
control points. and perspective centres accurate to I 0% of the size of the surface being 
measured, good results are produced. The coordinates of the perspective centres can be 
determined very rapidly using a tape measure. It was found that it was sufficient to 
estimate the coordinates of the control points by inspecting the image taken from the 
central camera station (i.e. making use of the image with the least perspective distortion). 
The only additional information required to aid in the coordination of the control points is 
the approximate height of the surface to be measured, as well as the approximate distance 
from the camera stations · to the targets. In this way the time required for the field 
component of the photogrammetric process is kept to a minimum. 

The collinearity equations are non-linear ana thus need to linearised by means of a Taylor 
Series expansion and then formulated in a least squares adjustment (where redundant 
control is used). Approximations to the unknown rotation parameters need to be 
determined. If the surface of an object to be measured is approximately planar and only 
one dominant surface needs to be mapped, such as is typical with a rock face (as shown in 
Figure 5.1), the rotation angles for all the convergent images necessary to map the 
surface, can be estimated very approximately. Using the object space and image space 
coordinate systems shown in Figure 5.3, all three exterior orientation rotation angles, for 
all of the images, can be initially estimated to be zero. (For the measurement of more 
complex shapes, where more than one dominant side of an object needs to be measured, 
the rotation angles would be too variable to be estimated, even very roughly, and this 
method of image orientation would be unsuitable.) · 

The interior orientation parameters, as well as the coordinates of the perspective centre of 
the camera and the coordinates of the control points, are held fixed. The only free 
parameters are the exterior orientation rotation angles. The use of the collinearity 
equations by this method can be viewed as an adaptation of the bundle adjustment, 
solving for a single image at a time. Bundle adjustment software, written by Ph.D. 
candidate Graeme van der Vlugt of the Department of Surveying and Geodetic 
Engineering at UCT, was used for this purpose. If additional parameters are available 

· from the camera calibration procedure, these can be included in the adjustment, although 
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this is not necessary considering that only initial approximations to the unknown 
parameters are required. 

This method was tested using the same nine real images of the control frame that were 
used for the tests described earlier in this chapter. A bundle adjustment solution using all 
nine images simultaneously was used for purposes of comparison. To simulate 
inaccurate control point coordinates, the coordinates on the control frame and perspective 

· ~ centre were randomly altered by up to l 0% of the control frame size. Using a coordinate 
system as shown in Figure 5.3, the approximate rotation angles were initialised to zero 
for all three angles. Three non-coplanar control points were used in a configuration 
similar to that shown in Figure 5.l, using the two outermost points in the top row, and the 
centre point in the bottom row. Each image was adjusted separately, solving for only the 
rotation angles. A summary of the results is given in Table 5.10. 

RMS Error (degrees) Error Range (degrees) Angle Range (degrees) 
(.I) 2.60 0.54 - 3.57 17.82 
K 3.23 0.21 - 5.36 43.25 

$ 3.26 l.97 - 4.11 3.50 

Table 5.10: Summary of the rotation angle errors resulting from the collinearity equation 
method of image orientation using nine images with three control points on the control frame, 

where the coordinates have been randomly varied by up to 10% of the control frame size. 

The results shown in Table 5.10 indicate that the maximum error was less than 5.5°, with 
a RMS error for all the angles of less than 3.5°. Initial approximations of rotation angles 
for the subsequent bundle adjustment need only be accurate to within approximately 10°. 
Thus this method was shown to be more than adequate for orienting single images within 
the physical constraints of an open cast mining environment. The method satisfies the 
ideal criteria for an image orientation method that was listed at the beginning of this 
chapter. Namely, it produces a good solution using only a few control points, it solves in 
a poor configuration that would be expected in an open cast mining environment, and it 
allows for the use of poor control point coordinates. 

Although a minimum of two control points are required to solve for the three unknown 
parameters, this produces results that deteriorate significantly compared to the three point 
adjustment. When more than three control points were used, the results did not appear to 
improve significantly. A substantial improvement in the accuracy of the rotation angles 
will occur only if the accuracy of the control points, or other parameters held fixed, 
improve. For the tests of excavation surfaces that are described in chapter 8, eight control 
points were used for the following two reasons. Firstly, the redundancy of the network is 
increased as the number of control points increases, thus making the solution more 
reliable. Secondly, it is often the case that some targets are occluded or not detected due 



58 

to, for example, unfavourable illumination. Redundant control points are usefµl to make 
sure that sufficient targets are always available. 

5.5 FURTHER METHODS OF CAMERA ORIENTATION 

A few further methods of camera orientation are briefly mentioned in this section. A 
camera calibration technique that is sometimes employed is that of using only distances 
in a free network calibration adjustment to obtain relative orientation at the correct scale. 
This method has the advantage of not requiring a control point field. Fraser (1992) 
describes moving a bar, with targets placed at both ends, into various positions within the 
area to be measured. Multiple cameras are used to take images for each position of the 
bar. The result is a number of distances in object space that allows for the determination 
of the relative orientation parameters of the cameras. Heikkila ( 1990) reports on the 
successful practical implementation of such a method. This approach is more suitable, 
however, to small scale industrial measurement tasks than to large scale engineering 
applications. Furthermore, multiple cameras are required, since images must be acquired 

. from all the camera stations for each position of the bar: For this thesis it was practical to 
use only a single camera, in terms of the cost of the cameras, as well as in terms of 
synchronising the cameras to take the images simultaneously. Moving a large bar around 
an excavation site is also impractical. 

Another method of relative orientation is that of the Wunderlich approach (Shih, 1994). 
This method requires four conjugate points per image pair, but is restricted by the need 
for a high degree of coplanarity of the points in object space. 

Strunz (1993) describes the use of points, lines and surfaces as control information for 
camera orientation. Further research on these methods is still required before robust 
methods are fully developed (Petsa and Patias, 1994). 
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6. THE SELECTION OF FEATURES OF INTEREST 

The extraction of pixels of interest on an image is an important component of automatic 
and semi-automatic digital photogrammetric processes. Pixels of interest can be 
considered to be those selected pixels on an image that are used to adequately describe 
the object to be measured. Such pixels are typically associated with the edges of the 
object or the texture of the surface of the object. The extraction of these pixels of interest 
has a further function of reducing the number of pixels to be processed. One method of 
selecting pixels to be mapped is that of using a suitable feature extractor. A good feature 
extractor should identify a representative selection of points on the surface of the object 
to be mapped. In order for this to be achieved the points should have a good distribution 
and an adequate density. The number of pixels chosen and their distribution is dependant 
on the nature of the object to be measured. A simple object would, for example, require 
considerably fewer points to adequately represent the object, compared to a more 
complex object. The number of points selected is also influenced by time constraints 
since image matching is very computationally intensive. For example, in chapter 8 it is 
stated that image matching of approximately 2800 pixels, using . five images, took 
approximately seven hours to process. 

A second method of selecting pixels to be matched is that of matching pixels at regular 
intervals across the image. This method is not based on the selection· of interest pixels 
and consequently has a number of disadvantages. Firstly, the selection of points to be 
matched will not necessarily allow for a good reconstruction of the surface. Secondly, 
since the selection of pixels is not a function of the grey scale values on the image, many 
of the windows surrounding the selected pixels may not contain much grey scale 
variation, thus resulting in a greater number of unmatched points than would be expected 
if an interest operator were used to select the points to be matched. 

For the purpose of mapping a complex, textured surface, such as an irregular rock 
surface, a feature extractor was required that identifies a large number of well distributed 
points. A further attribute of the feature extractor that was sought was that of allowing 
the user flexibility to alter the number of selected pixels while still maintaining a good 
distribution of points. This would allow the user some control over the length of time 
necessary for the image matching process. Two general classes of feature extractors were 
investigated, namely edge operators and interest operators. The attributes of these 
different types of feature extractors were investigated with respect to the selection of a 
representative number of interest points on a variety of test images of rock surfaces. 
Although the rock surfaces differed in terms of type of rock, colour and fracture patterns, 
no significant differences were found in the comparison of the performance of the various 
feature extractors. For this reason the comparison of the feature extractors in this section 
will be limited to only a single test image, shown in Figure 6.1 (a). Although the sub­
pixel accuracy moment preserving edge operator was investigated during the course of 
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this thesis, it's results are not included in this comparison since the image matching 
software that was used could only accept pixels to be matched to single pixel accuracy 
(see section 7.4.7). 

6.1 CANNY EDGE OPERATOR 

An efficient feature extractor is the Canny edge detector, previously described in section 
4.2.2, which uses the first derivative of the Gaussian as a kernel to detect abrupt grey 
scale changes in an image. Gaussian smoothing allows for low pass filtering 
characteristics that reduces the inevitable influence of noise. Two variables effect the 
performance of this operator: 

(i) the space constant er, which determines the level of smoothing and the size of 
the convolution mask; 

(ii) a threshold value, that is used to identify edgels as those pixels whose 
convolution magnitude, determined as a function of the x and y convolution 
values, is above the threshold value. 

Flexible, user friendly, software was written to implement this algorithm. The value of er 
chosen is image dependent and must be selected by the user. Once the convolution 
magnitude has been calculated for each pixel, the edgels are selected based on the 
threshold value and are initially displayed as a binary edge image. A second edge image 
is now created where the edgels are displayed proportionally to their convolution 
magnitudes (i.e. the stronger edges have proportionally higher grey scale values). The 
user now has the option of interactively thresholding out the weaker edges. Once the user 
is satisfied with the remaining thresholded edges, a thinning algorithm is used to select 
edgels with local convolution maxima values. The thinning process implemented is the 
same as that used by the Forstner interest operator for the suppression of local non­
maxima pixels, as described in section 4.3.1. The size of the window used in the thinning 
process effects the number of interest pixels selected. The thinned pixels can be viewed 
overlaid on the edge image or can be viewed as plotted points against a uniform 
background. If the user is not satisfied with the results, the whole process can be repeated 
by again interactively thresholding out of the weaker edges, or by selecting a different 
size window used in the thinning process. 

The combination of a low threshold value, allowing many edges to be detected, and a 
suitably large thinning window size, ensures a good distribution of thinned interest points 
even in areas on the image with low illumination, such as shadow regions. The Canny 
operator was tested on the test image of the rock surface containing significant amounts 
of shadow regions. In order to identify interest pixels .in these regions with high local 
convolution values, but low values when considered over the entire image, it was 
necessary to use a threshold value as low as 1/20. This means that on a scale based on the 
difference from the lowest to the highest convolution value, all pixels with convolution 
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values of less than 1/20 th of this scale are rejected as edgels, while pixels with 
convolution values of greater than or equal to 1/20 th of the convolution range are 
regarded as edgels. In most images the majority of pixels are in regions of low grey scale 
variation, usually associated with non-edgels. The results ofthe Canny edge detection 
process on the 512 x 512 pixel test image are shown in Figure 6.l(a)-(d), using a 
threshold value of 1/20 and a cr value of 1. This cr value relates to a convolution mask 
size in the x and y directions of nine pixels. 

A good distribution of approximately 3100 thinned points was produced using a window 
size for the thinning process of 7 x 7 pixels. From Figure 6.1 ( d) it can be seen that the 
extracted points were evenly distributed and that even in the darker, shadow regions of 
the image interest points were detected. Depending on the nature of the surface to be 
mapped, the time constraints to be considered for the image matching process, and the 
sampling interval required to create a· representative DEM, the size of the thinning 
window can be varied. 

6.2 FORSTNER INTEREST OPERATOR 

The Forstner operator, previously described in section 4.3.1, is designed to detect points, 
corners and centres of circular features. The mathematical models to detect each of these 
classes of features are slightly different. For the purpose of this thesis computer code was 
written to detect corners (the intersection of straight lines). Five variables are required to 
implement this operator: 

(i) a cr value, used in the formation of a Gaussian convolution mask; 
(ii) a critical value c, determined empirically;· 
(iii)a roundness parameter, qlim; 
(iv)the size of the window used to evaluate the pixel at the centre of the window; 
(v) the size of the window used for the local non-maxima suppression of interest 

pixels. 

Experiments with the test image found that the combination of cr = 1, c = 2, qlim = 0.5 and 
with a 5 x 5 pixel window to evaluate the centre pixel, good results were produced. 
Using a 7 x 7 pixel window for the suppression of local non-maxima pixels, 
approximately 2250 interest points were extracted. This was roughly 10% of the original 
number of selected pixels that were located prior to the local non-maxima suppression 
process. Although the distribution of extracted pixels was fairly good, all the selected 
points were in well illuminated areas on the image, with very few selected pixels in the 
darker regions of the image (relating to shadows on the rock surface). The number of 
extracted points can easily be controlled by changing the size of the window used for the 
suppression of local non-maxima interest pixels. The distribution of the detected Forstner 
interest points is shown in Figure 6.2(b) alongside the original image shown in Figure 
6.2(a). 
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(a) 

(c) (d) 

Figure 6.1: The sequence of the Canny edge detection process. (a) The original test image. (b) 
The detected binary edges. ( c) The detected edges shown as a grey scale, proportional to their 

strength. (d) The thinned points using a 7 x 7 pixel window. 

The effect of varying the input parameters on the number of pixels extracted is shown in a 
series of graphs in Figure 6.3(a)-(d). For the purpose of comparison, except for the 
variable under consideration, the remaining variables were held constant. When the 
parameters were held constant the values were set to cr = 1, c = 2, qlim = 0.5, with a 5 x 5 
pixel window to evaluate the centre pixel. A 7 x 7 pixel window for the suppression of 
local non-maxima pixels was used for all the graphs. 
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Figure 6.2: (a) The original test image. (b) The detected Forstner interest points. 

Referring to Figure 6.3(a) and (b) it can be seen that a decrease in the qlim and c 
parameters produced a greater quantity of selected points. This result is to be expected, 
since as these values are decreased the conditions for selecting optimal windows that 
contain the pixels of interest become more flexible.. These conditions, that the error 
ellipse should be both small and near-isotropic, relate to parameters c and qlim 
respectively. The variations inc had a significant effect on the number of pixels selected · 
whereas the variations in qlim had a marginal effect. This indicates that the condition 
relating to the size of the error ellipse is more significant for the selection of points than 
the condition relating to the form of the error ellipse. Although an increased number of 
points can be selected by decreasing the values of c and qlim• this results in the additional 
selected points having lower interest values. Thus the additional points are weaker 
interest points than those previously selected. An better strategy for increasing the 
number of points selected would be to use a smaller window for the suppression of non­
maxima interest pixels. 

From Figure 6.3( c) it can be seen that decreasing the size of the window used in 
evaluating the centre pixel has an effect of increasing the number of points selected. 
However, a window size as small as three pixels, that results in a large number of selected 
points, may not produce satisfactory results due to the small size of this convolution 
window. Varying the cr value has a marginal effect on the number of interest points 
selected, as seen in Figure 6.3(d). 

A good feature extractor should produce a good distribution of points in addition to an 
adequate density of points. The effect of varying the input parameters on the spatial 
distribution of selected points was considered. Because the development of a 
mathematical function to compare the spatial distribution of points is complex, a visual 
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comparison of the distribution of points was made. Within areas of high illumi~ation on 
the image the distribution of points increased as the values of c and the window size used 
to evaluate the centre pixel decreased. However, in regions of low illumination on the 
image, the distribution of points remained poor. Figure 6.4(a)-(b) indicates the different 
distribution of points for c=l and c=2. For this comparison the values of the remaining 
four parameters were the same as those for the comparison of how the varying of the 
input parameters effected the number of pixels extracted. A decrease in the window size 
used to evaluate the centre pixel produced similar results. Variations in cr and qlim had 
little effect on the distribution of points. 
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Figure 6.3: Graphs indicating the effect on the number of pixels selected, n, by varying (a) 
qlim, (b) c, (c) the window size used to evaluate the centre pixel, (d) cr. 

A method of increasing the density of points to be matched in the darker regions on the 
image that contain a sparse distribution of selected interest points, is to select pixels at 



65 

regular intervals within these darker regions. However, this method has certain 
disadvantages that were discussed towards the beginning of this chapter. 
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Figure 6.4: The distribution of the detected Forstner interest points for (a) c=l and (b) c=2, 
applied to the test image in Figure 6.2(a). 

It should be noted that in many of the shadow regions there is indeed useful grey scale 
information that is important for adequately describing the rock surface (although this 
detail is not easily seen on the printed images such as in Figure 6.2(a)). It is important 
that feature extractors have the ability to extract points of interest in these regions. When 
comparing the spatial distribution of extracted points using the Canny edge operator, in 
Figure 6.l(d), to the spatial distribution using the Forstner interest operator, in Figure 
6.2(b ), it can easily be seen that the former operator produces a far superior distribution of 
points than the latter operator. 

6.3 MORAVEC INTEREST OPERATOR 

Software to test the Moravec interest operator was written by Ph.D. candidate 
Michelangelo Calitz of the Department of Surveying and Geodetic Engineering at UCT. 
This operator, described previously in section 4.3.2, identifies regions on an image with 
large grey scale variations. The selection of interest points is influenced by two 
variables: 
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(i) the size of the window of the square region on the image within ~hich the 
operator evaluates the interest value of the pixel at the centre of the window; 

(ii) a CJ value relating to a threshold function that identifies the pixels with high 
interest values. The number of pixels chosen as interest points is a function of 
the area under the normal distribution function between the CJ value and 
positive infinity. 

Many feature extractors tend to be highly directional, vertically and horizontally, due to 
their use of convolution processes in the x and y directions. The Moravec operator, 
however, makes use of the four principal directions within a given window to determine 
the ipterest value at the centre pixel. When determining points of interest on textured 
surfaces that tend to have multi-directional aspects to it, this should be an advantage over 
the more two directional operators. 

The result of passing this operator over the test image with a 5 x 5 pixel window and a CJ 

value of 1 is shown in Figure 6.5(b) alongside the test image in Figure 6.5(a). A CJ value 
of 1 results in a threshold being created whereby 15.9% of the pixels with the highest 
interest values are selected as interest points. The results shown in Figure 6.5(b) show 
the distribution of interest clumps (patches of interest points). A thinning routine for the 
suppression of local non-maxima pixels could be included if single interest points are 
required. (The software that was used did not contain a thinning function.) 

(a) (b) 

Figure 6.5: (a) The original test image. (b) Interest clumps detected using the Moravec interest 
operator. 
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This operator gave a sparse distribution of interest points that appeared to be highly 
regional within the image, with no interest points identified in the darker regions of the 
image. The method that was used to threshold out non-interest pixels limits the selection 
of interest points to those pixels above the given threshold value ( calculated using the cr 
value). The same threshold value is used for the entire image. Thus pixels with high 
local interest values, but which are lower than the threshold level used over the whole 
image, are excluded. This results in a poor distribution of interest points, especially in 
areas on the image with poor illumination, due to among other factors, shadows or darker 
variations of rock type. The result is patches of interest clumps on the image with the 
areas between the patches devoid of interest pixels. One possible method to address this 
prob!em is that of tessellation. The image could be divided up into regularly shaped sub­
regions with a separate threshold value being calculated for each region. A more 
effective variation of this would be to distinguish between the darker and lighter regions 
on the image and apply two separate threshold values to the respective regions. 

(a) (b) 

Figure 6.6: The distribution of the detected Moravec interest clumps with the size of the 
window used to evaluate the interest value at the centre pixel, equal to (a) 3 x 3 pixels and (b) 5 x 

5 pixels, applied to the test image. 

Decreasing the threshold level results in more interest pixels being selected in regions 
with already high distributions of points, while regions with poor distributions of points 
do not benefit. Varying the window size has no effect on the number of pixels selected 
since this is entirely dependent on the cr value. The window size does, however, have an 
effect on the distribution of selected pixels. As can be seen in Figure 6.6(a)-(b), the 
interest clumps tend to be smaller and better distributed when a smaller window size, of 3 
x 3 pixels as opposed to 5 x 5 pixels, is used. An increase in the window size results in 
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higher interest values and produces a 'spill over' effect at the edges of regions ~th large 
grey scale variations. This effect results in high interest values occurring further from the 
true location of the regions of large grey scale variation than would be the case for 
smaller windows. The smaller the window size the more accurate the operator becomes 
by reducing this 'spill over' effect. 

Altering the variables of this operator had little effect on increasing the distribution of the 
selected interest pixels. On the basis of the poor distribution of the interest points when 
applied to the test image, the Moravec interest operator was rejected for the application of 
detecting interest points on images of rock surfaces. 

6.4 ANGLE BASED INTEREST OPERATOR 
\ 

The angle based interest operator, described in section 4.3.3, was also tested using 
software designed and written by Michelangelo Calitz. This operator detects interest 
pixels based on significant changes in the direction of grey scale gradients. The edges on 
the image are found using the Sobel edge detector, described in section 4.2.1. (The 
threshold value used to identify the pixels as edgels is determined using the Otsu 
thresholding technique (Otsu, 1979). Although any thresholding technique can be used, 
this method has the advantage of being fully automatic.) The gradients in the x and y 
directions at every edge pixel are determined from the Sobel masks in the x and y 
directions. 

Figure 6.7: (a) The original test image. (b) Interest clumps detected using the angle based 
interest operator. 
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Referring to Figure 6.7(b) it can be seen that when the operator was passed over the test 
image of the rock surface a good distribution of points was produced in regions on the 
image with high grey scale values (i.e. lighter regions). However, in the darker, shadow 
regions of the image where no edgels had been located, no interest points were identified. 
This problem relates again to the thresholding problem discussed with respect to the 
Moravec operator in section 6.3. · Edges that are locally strong, but weak when considered 
over the entire image, are discarded. A more efficient thresholding algorithm that retains'. 
locally strong edges could possibly produce a better distribution of points. For example, 
thresholding with the aid of tessellation, described briefly in the previous section, is more 
effi~ient than using one threshold value for the whole image. 

A further limitation of this operator is that it does not produce interest values. Thus the 
suppression of local non-maxima pixels in the interest clumps is not possible and single, 
isolated interest pixels cannot be identified. This operator was rejected for its application 
to images of rock surfaces since it is produces poor distributions of points in areas of 
shadow, and since it does not produce single, isolated interest pixels. 

6.5 CONCLUSIONS OF CHAPTER 

All of the feature extractors discussed here are image dependant and sensitive to 
radiometric variations as well as noise. Image processing techniques to reduce the effects 
of noise and radiometric variations can be implemented. Using certain operators, the 
influence of noise can be reduced by increasing the convolution mask size, as in the case 
of the Canny and Forstner operators, or by using larger windows to determine the interest 
values. This effectively increases the low pass filtering effect, but has the disadvantage 
of causing signal reduction. · All of the feature· extractors investigated here, and probably 

, most other feature extractors not included in this investigation, will, to some degree, 
incorrectly some select pixels that have little interest value, and will ignore some pixels 
that should be selected as interest points. This can be seen in Figure 6.8, where the 
Forstner interest operator was passed over an aerial image of urban environment with 
obvious interesting points. 

Many image processing techniques exist incorporating further algorithms for n01se 
removal, image sharpening, local enhancement, contrast manipulation and other 
optimisation techniques. The computer programming and processing time involved for 
implementation of these techniques would be significant. With the determination of 
interest pixels to single pixel accuracy, these additional algorithms were not considered 
necessary. 
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Figure 6.8: An aerial image of an urban environment with Forstner interest points overlaid, to 
illustrate the effect of the detection of non interest points and the non detection of obvious 

interest points. 

Figure 6.9: A comparison of the distribution of selected pixels using the four feature extractors 
investigated, based on a portion of the test image. (a) Canny edge operator. (b) Forstner interest 

operator. (c) Moravec interest operator. (d) Angle based interest operator. These examples 
were extracted from Figures 6. l(d), 6.2(b), 6.6(a) and 6.7(b) respectively. In (a) and (b) each 

point represents a single interest pixel. In (c) and (d) interest clumps are shown. 

A comparison of the distributions of interest points determined using the four feature 
extractors investigated in this thesis is shown in Figure 6.9(a)-(d). The bottom left hand 
comer of the test image was used for this comparison. The Canny edge operator proved 
the most successful in identifying pixels of interest of sufficient density and distribution. 
The Ffirstner, Moravec and angle based operators produced very similar distributions of 
points, with good distributions of points in well illuminated regions of the image but 
sparse distributions of points in the darker regions where the extraction of locally strong 
interest points was not achieved. The angle based interest operator had the additional 
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disadvantage of being able to only identify interest clumps and not interest points, since 
interest values were not produced. Both the Canny and Forstner operators were 
significantly more flexible and robust in their performance than the Moravec and angle 
based operators. 
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7. SYSTEM DESCRIPTION 

Digital photogrammetric measurement requires the careful selection of both equipment 
and computer software. In this chapter, the system developed for the measurement of 
rock surfaces in open cast mining environments is discussed with respect to these iwo 
considerations. The configuration of the network to create a strong image geometry, will 
also be discussed. The· measurement procedure, which is defined largely by the software 
structure, will be outlined. The methodology of the camera calibration procedure, used to 
determine the interior orientation parameters, is described in detail. In this thesis both a 
still video camera and a CCD video camera were used. The still video camera was used 
to acquire images for two test measurements of rock surfaces (see sections 8.1 and 8.2). 
A third test measurement made use of the CCD video camera to capture the images (see 
section 8.3). In this chapter, where relevant, the differences in the procedures relating to 
the use of the images acquired using the two camera systems will be noted. 

7.1 CHARACTERISTICS OF THE MEASURING ENVIRONMENT 

Open cast mines generally take the form of a series of rock steps, known as benches, that 
are excavated in a systematic manner. Depending on the size of the mine, it is divided 
into a number of sections and within each section only one bench is mined at a time. As 
the benches are mined, they retreat thereby enlarging the level area at the bottom of the 
bench. Once this level area has been made sufficiently large, the bench below the current 
level area can be excavated. In this way the benches are mined from the top to the bottom 
bench. Once the bottom bench has been reached the excavating can again begin from the 
top bench. The benches have a number of functions that are relevant to the measurement 
process. Firstly, they limit the height of the rock surface that is to be excavated and 
measured at any one time. For the mine this is important in terms of safety. Although 
the height of each bench is not regulated by law, the Department of Mineral Affairs 
encourages mines to not exceed a bench height of approximately 15 metres. Secondly, 
the horizontal components of the steps act as roads for trucks and other vehicles to gain 
access to all parts of the mine. This allows a sufficiently large area within which to 
position camera stations. 

7.2 EQUIPMENT 

· The equipment used can be divided into a number of categories. The first category is the 
computer hardware that is required in order to download the images, if a still video 
camera is used, or to capture the images, if a CCD camera is used. The computer 
hardware is also needed to carry out the image and photogrammetric processing and for 
displaying the results. The second category of equipment is the type of camera system 



73 

employed. Both the still video camera and the CCD camera used, will be described. The 
last category is the additional equipment that is required. 

7.2.1 Computer Hardware 

An IBM compatible 486 DX personal computer with 8 MB RAM and a super VGA 
display driver, equipped with 1 MB of display memory, was used. This display memory 
provides a display resolution of 768 x 1024 pixels in 256 colours. Since the still video 
camera that was used produces images of 1012 x 1524 pixels, resulting in approximately 
1.5 MB files for each image, a relatively large amount of hard drive space is required for 
purposes of image storage. Additional hard drive space must be available for the 
photogrammetric software as well as for the files that this software creates for the 
processing of the images. 

7.2.2 Kodak Still Video CCD Camera 

A single Kodak DCS 420 monocolour still video camera was used for the image 
acquisition of the first two test surfaces. Still video imagery has recently attracted much 
attention from the digital photogrammetric community and high accuracies using these 
cameras have been reported for a variety of industrial applications (Fraser and Shortis, 
1995). Still video cameras can be distinguished from other CCD cameras by their on­
board storage facilities. The DCS 420 camera has a 9.3 x 14 mm CCD sensor chip 
allowing for 1012 x 1524, 9 x 9 µm pixels. A removable PCMCIA 105 MB hard drive 
allows 65 images,· of approximately 1.5 MB each, to be stored on a single drive. A 
PCMCIA adapter for a PC interface provides the ability to download the images to a PC. 
The camera body is that of a conventional camera and thus the typical wide selection of 
lenses can be accommodated. For the purpose of this project a wide angle Sigma lens 
with a 14 mm focal length was used, translating into a 37° x 53° field of view. 

7.2.3 ITC CCD Video Camera 

Low cost, low resolution, 'off the shelf CCD video cameras have been widely used as 
image capture devices in close-range digital photogrammetry. Many practical examples 
exist of the ability to achieve high accuracy results, often to less than a millimetre, using 
these cameras. (For examples the reader is referred to Welsch (1995)). An 'off the shelf 
CCD video camera manufactured by ITC was used for image capture for the third test 
surface measurement as described in section 8.3. The CCD sensor is of an interline 
transfer type and has a size of 7.95 x 6.45 mm with 795 x 596 pixels. A disadvantage of 
CCD video cameras, as opposed to still video CCD cameras, is that in order for it to be 
able to capture images the camera needs to be on-line to a computer with a framegrabber 
card. For this project a PIP-512B framegrabber/image processing card was used. It was 
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capable of digitising and capturing images with a maximum size of only 512 x ·512 
pixels. A video monitor was also necessary for displaying the output from the 
framegrabber in order to view the video images prior to capturing them. A· wide angle 
Computar lens with a 6 mm focal length was used. This produced a 67° x 56° field of 
view. 

7.2.4 Additional Equipment 

The additional equipment that was used is discussed below. 

7.3 

• A tripod was used as a stable platform on which to mount the cameras. 

• For the CCD video camera system an external power source was required to 
power· the camera, computer and video monitor. A special transformer, 
designed to run off a cigarette lighter connection in a motor vehicle, was used 
to convert power from a 12 volt car battery into the required 230 volts. Still 
video cameras contain an internal power source. 

• Circular targets, placed on the rock surface, were used as control points for · 
camera orientation. The size and nature of these targets are discussed in 
section 7.3.4, relating to network design. 

• A 100 metre tape measure was used to determine the very approximate 
positions of the camera stations and the targets. 

• In order to place the middle row of targets on the excavation surface (refer to 
Figure 5.1 ), targets were attached to levelling poles which were placed against 
the rock surface. The use of levelling poles for this purpose is shown in 
Figure 8.2. 

• For camera calibration for the determination of the interior orientation 
parameters of the camera, a control (calibration) frame, as shown in Figure 
5 .2, was used. This frame, of dimensions 700 x 700 x 250 mm, contained 90 
circular retroreflective targets, the centres of which, had been previously 
coordinated to high accuracy. The targets were 8 mm in diameter. The frame 
was coated with black, non-reflective, matt paint (blackboard paint). 

NETWORK DESIGN 

Network design can be defined as 'the process by which the goal of precise, reliable and 
economic object measurement is achieved through the configuration of a suitable optical 
triangulation. n·etwork' (Mason, 1995). Some of the factors effecting the design of the 
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network include the configuration of camera stations and control points, the number of 
images taken per camera station, and the size and nature of the targets, used as control 
points. These considerations will be discussed briefly with respect to the acquisition of 
images of the test surfaces. Factors relating to the network design for camera calibration, 
although similar to those described here, will be discussed more specifically in section 
7.5. 

7.3.1 Camera Configuration 

Good network design requires the configuration of cameras to form a strong multi-station 
imaging geometry. It is generally accepted that multi-station configurations require a 
minimum of three non-parallel rays to intersect each target (Maso_n, 1995). This ensures 
both redundancy, for system reliability, and a good distribution of convergent rays. 
Mason defines a strong configuration as 'one in which all targets are intersected by at 
least three or four rays giving convergence angles in both the XZ and YZ coordinate 
planes of between 60° and 90°, or more'. This ensures that the error ellipsoids are near­
homogeneous and near-isotropic. The large horizontal area at the base of the benches 
allowed ample space for the positioning of the camera stations in a good configuration in 
the XZ coordinate plane. In a mining environment it is difficult, costly and time 
consuming to position the cameras at different heights so as to ensure good convergence 
of rays in the YZ coordinate plane. The camera configuration that was used for the 
measurement of the test surfaces, described in chapter 8, consisted of five camera stations 
all at the same height. Figure 8.1 shows a typical camera configuration that was used. 
Although the positions of the camera stations were not optimal, they were satisfactory in 
providing a good multi-station camera configuration. 

7.3.2 Number of Images per Camera Station 

Multiple exposures at each camera station can be used to influence the precision and 
reliability of a network. The RMS error of object space coordinates can be approximated 
by (Fraser, 1995): 

- qS 
Cle= ✓kc, 7.1 

where k is the number of exposures at each camera station, 1 :S is the approximate image 
scale, er is the average image measurement coordinate precision, and q is an empirical 
factor relating to the geometric strength of the network. q can range from 0.4 to 0.7 for a 
reasonable convergent multi-station network geometry. From equation 7.1 it can be seen 
that although an increase in the number of images per camera station results in a decrease 
in the RMS error of the object space coordinates, the rate of increase of precision 
decreases as k increases. It should be noted that the increase in time required to acquire 
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additional images at existing camera stations is marginal. However, image matching is 
very computationally intensive and consideration needs to be given to the benefit of the 
additional accuracy compared to the significant increase in time required to process 
additional images. For the tests described in chapter 8, sufficient accuracy was produced 
using only a single image per camera station. Approximately seven hours of processing 
time was required for image matching using just five images. 

7.3.3 Control Point Configuration 

An ideal control point configuration is well distributed in three dimensions so as to 
minimise the correlations between the unknown parameters. Using the collinearity 
equation method of image orientation, as described in section 5.4, it is not necessary to 
spend any time surveying the positions of the targets. The nwnber of control points used 
tends to increase the amount of time necessary to set up the targets, but does not 
significantly increase the amount of time required for their coordination, since the latter is 
done mainly by inspection of the image taken from the central camera station. A 
generally accepted network design criteria is that of imaging as many control points as 
possible. The nwnber of targets per image effects both the precision and reliability of the 
network (Shortis and Hall, 1989). Redundant control also allows for flexibility if, as is 
sometimes the case, some of the targets are not detected due to factors such as occlusions 
or poor illwnination. Thus, although the collinearity equation method of image 
orientation requires a minimwn of three control points, eight targets were used for the test 
surface measurements. 

The distribution of the eight control points used for the test measurements in this thesis is 
shown in Figure 5 .1. A significant consideration in terms of the configuration is that of 
the physical placing of targets on the rock surface. Targets in the bottom row can be 
placed at ground level and at virtually any depth range. The top row of targets can 
typically be placed on the horizontal plane above the bench. Where the centre section of 
the surface, in terms of height, is not easily accessible due to the size of the surface, the 
centre row targets can be placed on extended levelling poles. As a result of the physical 
limitations, a poor distribution of control points in three dimensions was obtained. In the 
XY plane, however, a sufficiently good distribution was achieved. 

7.3.4 Size and Nature of Targets 

The size of the targets is dependent on the camera station configuration. The greater the 
distance between the targets and camera stations, the smaller the targets will appear on 
the image. The size of circular targets, in pixels on the image, has an effect on the 
repeatability of the measurements of these targets. Using least squares matching on 
targets with diameters ranging from 2 pixels to 20 pixels, Beyer (1992b) reports a 
significant improvement in repeatability up until a 6 pixel diameter target. Target 
diameters exceeding 11 pixels showed no improvement in repeatability accuracy. Beyer 
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concluded that a diameter of 6 pixels was the optimum target size. Similar results for 
target measur<:;ment using centre of mass algorithms can be expected. A rule of thumb in 
digital photogrammetry states that targets should have diameters in the order of 5 to 10 
pixels. Fraser (1995) reports high accuracy results for a photogrammetric survey of a 
large scale engineering structure using circular targets to define the surface with 
diameters as low as 3 pixels. 

The optimum diameter of a target in object space can be determined using the following 
equation: 

7.2 

where d is the object space distance from the camera station to the target, c is the 
principal distance of the camera lens, 1i,ix is the diameter of the target in pixels on the 
image, s is the physical length of the CCD sensor chip, and n is the number of pixels in 
each row ( or column, depending on which dimension of the chip s relates to) of the 
sensor chip: The ratio s/n represents the length of each pixel on the sensor chip. 

Retroreflective targets are preferred for most photogrammetric measurement tasks since 
they allow for uniformly exposed, high contrast targets. Due to the high cost of 
retroreflective material an alternative target material was required for this project. White 
paper disks placed on square sheets of cardboard that had been coated with black non­
reflective, matt blackboard paint was found to provide· adequate contrast. These were 
then mounted on hardboard for rigidity. 

The size of the black board around the target is critical for the detection of the target on 
the image. It was found that a three to one ratio for the length of the side of the black 
board to the diameter of the target was sufficient for good contrast and target 
identification. Smaller black backgrounds often result in the targets not being detected. 

7.4 SOFTWARE 

The main component· of digital photogrammetric systems is software. Once the images 
are captured and the control points coordinated, it is the software that drives the 
measurement process. It is for this reason that, excluding the field component of the 
system, the software structure is defined by the measurement procedure (see section 
7.4.2). Some software was written specifically for this project and is discussed below. 
Other software required for this project was written by fellow postgraduate students in the 
Department of Surveying and Geodetic Engineering at UCT. This software is discussed 
more briefly. A third category of software that was used comprised commercial software. 
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All of the software, excluding the commercial software, that required the image files (i:e. 
the full grey scale images), had the limitation of using only 512 x 512 pixel image 
formats. This severely restricted the use of this software and limited the potential 
accuracy of the measurement system. The reason for using this format is a result of 
initially only having access to CCD video cameras that required a framegrabber card only 
capable of handling images with a maximum size of 512 x 512 pixels. It was only at a 
much later stage that a larger image format camera, in the form of the Kodak still video 
camera, became available. The code written specifically for this thesis was not adapted to 
allow for any image size, since the image matching software used, and which would have 
required considerable effort to change, could also only accommodate image formats of 
512 x 512 pixels. All the final software used in the project was specifically written to 
have a user-friendly interface. 

7.4.1 Programming Language 

The software developed for this project, both to test the execution of the algorithms and 
to produce working software, was written in C. The main compiler used was GNU C, 
which incorporates a DOS extender to allow easy access to the full memory of the 
computer. This had advantages when working with and displaying images. A Borland C 
compiler was used for some programs that did not require images or large data files. The 
Borland C software had extensive help and debugging functions that the GNU C software 
lacked. 

7.4.2 Software Structure and Measurement Procedure 

The four main programs used in the surface measurement system were either written 
specifically for this project or were written by fellow postgraduate students in the 
Department of Surveying and Geodetic Engineering at UCT. These programs are listed 
below along with a short description of each of them. 

(i) Target measurement and DLT software. This software was specifically 
written for this project. It consists of two components integrated into one 
package. Firstly, it locates circular targets on a single image, followed by the 
measurement of their centres to sub-pixel accuracy. If only the image 
coordinates of the targets are required, the user can exit after this stage. The 
second component calculates approximate interior and exterior orientation 
parameters of the image by means of the DLT adjustment. The object space 
coordinates of the targets (control points) must be known and listed in a data 
file along with the target name. An initial DL T adjustment is carried out using 
at least six detected control points that the user manually identifies. Using the 
initial DL T parameters the remaining targets are automatically named (using a 
method described in section 7.4.5) and subsequently a second DLT adjustment 
based on all the identified targets is calculated. For the process.of camera 
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calibration (see section 7.5), both components of this software are used. 
Similar software is available within the department, but this is divided into 
two separate programs. The new software is more versatile and has 
capabilities for both flexible user interactions as well as for a high degree of 
automation. It is described in detail in section 7.4.5. 

(ii) Bundle adjustment software. This highly flexible bundle adjustment 
package, written by Ph.D. candidate Graeme van der Vlugt of the Department 
of Surveying and Geodetic Engineering at UCT, was used for a number of 
specific functions in the measurement system. Firstly, it is used for the 
purposes of camera calibration in order to obtain the interior orientation 
parameters of the camera (see section 7.5). The software is also used for the 
collinearity equation method of determining approximate rotation parameters 
for single images of the surface to be measured (see section 5.4). The third 
function of this software is to carry out a final bundle adjustment, using the 
previously determined interior orientation parameters, to obtain final exterior 
orientation parameters for the images of the surface. This software is 
discussed further in section 7.4.6. 

(iii)Edge detection software. Specifically written for this project, this software is 
used to extract features of interest based on the Canny operator. It allows for 
easy interactive manipulation of the edges by the user for the purpose of 
thresholding out weaker edges (if desired) and choosing a suitable window 
size for the thinning routine. This software was previously described in 
section 6.1. 

(iv)Multi-photo geometrically constrained (MPGC) matching software. This 
software, written by Graeme van der Vlugt as part of his Ph.D. thesis, 
determines the positions of conjugate points in multiple images to a high 
degree of accuracy and produces a DEM of the surface. A description of this 
software can be found in section 7.4.7. 

The secondary software that was used is listed below. These programs, although 
necessary, fall into the categories of being either commercial software or trivial to write. 

(i) !Photo Deluxe image processing package. This commercial software was 
used to download images from the PCMCIA card, when the still video camera 
was used. !Photo Deluxe is also a general, low level image processing 
package that has a wide variety of functions, such as, tone adjustment, contrast 
and brightness enhancement, edge detection, cropping, rotating, zooming, 
resampling, etc. The downloading of images is discussed in section 7.4.3. 

(ii) Image reduction software. This was written specifically for this project. It 
reduces 1012 x 1524 pixel images acquired using the Kodak still video 
camera, to a 512 x 512 pixel image size. The method of image reduction and 
its consequences are discussed in section 7.4.4. 

(iii)Surfer surface display package. This commercial software package was 
used to generate plots of the test surfaces using the DEM produced from the 
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MPGC matching software. It contains a wide range of options for displaying 
surface data. 

Because the photogrammetric measurement in this system is carried out digitally on a 
personal computer, the measurement procedure and the software structure are integrally 
linked. The measurement procedure, showing the relationship between the various 
software components, is illustrated in Figure 7.1. 

7.4.3 Downloading of Images 

After capturing the images using the Kodak still video camera, the images were 
downloaded using a PCMCIA adapter with the aid of the !Photo Deluxe image 
processing package. The package produced image files in tagged image file format 
(TIFF). However, all the non-commercial software that was used, and that made use of 
image files, required these files be in a flat image format. The conversion from TIFF to 
flat image formats was carried out using appropriate additional software. 

The drivers that were supplied by Kodak for downloading of the images were found to be 
incorrect. This resulted in sections of the image with grey scale values of 255 being 
distorted. For example, white circular targets become teardrop shaped. Ph.D. candidate 
Julian Smit of the Department of Surveying and Geodetic Engineering at UCT 
investigated this effect and found no distortion for grey scale values less than 255. The 
effect of this distortion on the targets appears to be limited as camera calibration, using 
images reduced in size to 512 x 512 pixels, commonly produced a posteriori standard 
deviations of unit weight as low as 0.0003 (see section 7.5). This driver error, however, 
is still a factor to be considered with respect to the final accuracy of the mapping of the 
textured surface. Unfortunately, once the images are removed from the PCMCIA hard 
drive, the images cannot be corrected. 

7.4.4 Image Reduction 

The Kodak DCS 420 still video camera produced images with a size of 1012 x 1524 
pixels. In order to cater for the software that required 512 x 512 pixel image formats, the 
images had to be reduced. This was done by a combination of cropping the image and 
taking the average grey scale value of blocks of four pixels to form a single pixel. The 
effect of this averaging procedure is that useful image information is lost and the quality 
and sharpness of the image is reduced. This is equivalent to passing a low pass filter over 
the image. A further consequence of image reduction is the effect on the interior 
orientation parameters of the camera. The numerical values of these parameters are 
reduced by a factor of two for the averaging of blocks of four pixels. 
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Figure 7.1: A flowchart of the measurement procedure indicating the relationship between the 
various software components of the measurement system. The first two vertical branches of the 
flowchart relate to the process of using either the still video camera or the CCD video camera. 

The bold print indicates the specific software used in the system. 
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Another image reduction technique that could have been implemented is that of 
resampling the image. However, regardless of the technique used, the loss of image data 
will always have a significant negative effect on the accuracy of the surface measurement 
system. 

7.4.5 Target Measurement and DLT Software 

This software was designed to identify white circular targets on a black background. The 
required 512 x 512 pixel flat format image is displayed on the computer screen. The user 
interactively thresholds the image until an optimal thresholded image is produced in 
which all the targets are displayed. All the areas on the image where the pixels contain 
grey scale values above the threshold level are automatically identified as potential 
targets. Almost always, but especially when detecting targets on images of the surface to 
be measured, many areas that are not the correct circular targets are identified as potential 
targets. Working systematically through the thresholded image, an algorithm searches for 
potential targets. As each potential target is detected, its extent, in terms of pixels, is 
determined by means of chain coding. Those that do not satisfy certain predetermined 
target parameters are rejected as targets. These target parameters must be included in a 
file required to run the software. Potential targets are rejected based on the following 
criteria: 

(i) minimum and maximum target extents in the x and y directions; 
(ii) the ratio of x to y target extents; 
(iii)the ratio of the number of pixels within the detected area to the number of 

pixels within a rectangle, defined by the x and y target extents. This criteria 
rejects targets whose shape does not conform to that of a typical target, but 
which still satisfies the first and second criterias. 

As each target is accepted or rejected, based on the above criteria, the pixels making up 
the target area are tagged so that they will not be searched again. In this way, even in an 
extreme case, as shown in Figure 7 .2, where a first target is completely surrounded by a 
second target, both targets will be located and independently subjected to the target 
geometry criteria. A less efficient, but faster method of ensuring that the targets are not 
re•detected, is to tag all the pixels within a block as defined by the minimum and 
maximum extents. In many cases the latter method results in the actual targets not being 
correctly identified. 

Once all the potential targets have been located and subjected to the criteria described 
above, the extents of all the accepted targets are shown by overlaying a rectangle over the 
original image. The user now has the option of adding target areas that were not detected 
or were incorrectly rejected. This is done by defining the target extents with the aid of a 
mouse controlled cursor. Care must be taken when defining the target extents to ensure 
that no pixels with grey scale values above the threshold value are included within the 
defined area. If any such grey scale values are included within this area, the centre of 
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mass of the target, as determined using the weighted centre of mass algorithm, will be 
displaced. It should be noted that often non-targets will pass the target acceptance 
criteria. The user has the option of manually, with the aid of a. mouse; selecting these 
targets to be removed. 

Figure 7.2: Two potential targets, a ring target and a solid target; located by means of 
thresholding, are subject to the target parameter c·riteria independently. 

The sub-pixel centres of each identified target is now calcutated by means of the 
weighted centre of mass algorithm with threshold subtraction. The threshold value used 
in this step can be the same value determined interactively, or can be a value determined 
using either of the automatic threshold methods as given in equations 4.4 and 4.5. The 
user now has the option of naming some or all of the remaining targets, by selecting 
detected targets with the aid of a mouse. At this point the program may be terminated 
since the target measurement and naming process has been completed. A file of the 
image coordinates and names,_ if applicable, of all the detected targets is created. 

The second component of this software, that of determining the approximate interior and 
. exterior parameters of the image, requires a file with the names and related object space 

coordinates of all the control points. A minimum of six targets must be selected and 
named by the user, as described in the previous paragraph. Based on these targets, initial 
DLT parameters of the image are calculated in a least squares adjustment. These DL T 
parameters are used to determine image coordinates of the remaining control points based 
on the object space coordinates in the control file. By comparing the calculated image 
coordinates to the measured image coordinates, within a predetermined tolerance, all the 
control points can be named automatically. A full DLT adjustment can now be carried 
out based on all the identified control points. The final DL T parameters are then 
converted into the nine parameters of interior and exterior orientation. In the DL T model, 
additional parameters were not included since the parameters determined from the DL T 
are merely used as approximations to the unknown orientation parameters in a subsequent 
bundle adjustment. . 

If good knowledge of the target attributes is available, the user can allow the system to 
run with minimal interaction. The initial target criteria parameters must be set in a file 
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prior to the software being run. This file also contains the tolerance value required for the 
automatic naming of all the control points. The minimum user interaction that is required 
is the interactive thresholding of the image and the naming of at least six control points. 

The interactive thresholding step could be eliminated by either using an automatic 
thresholding algorithm, such as a method described by Otsu ( 1979), or by using an 
empirically determined threshold value. Complete automation of this software is possible 
if the naming of control points is not required. This could be done by including a circular 
bar code around the target for the automatic identification of control points (Van den 
Heuvel, Kroon and Le Poole, 1992). Good image quality would be required to reduce the 
possibility of mis-identifications. 

7.4.6 Bundle Adjustment Software 

The bundle adjustment software that was used is very flexible in terms of being able to 
adjust various types. of networks under different measurement circumstances. The 
adjustment can take the form of either a free network or a constraint network. 
Intersections or resections or both can be processed. The minimum number of images 
that can be used is dependent only on the minimum solution of the various measurement 
tasks. For example, a minimum of two images is required for intersections, and for 
resections the minimum solution requires only a single image. The solution, using 
multiple images, can be adjusted using either different interior orientation parameters for 
each camera, or the same interior orientation parameters for all the cameras. Distance 
observations in object space can be included. 

The software allows for the inclusion of seven additional parameters, namely the first 
three terms of radial lens distortion, the two terms of decentring lens distortion, a scale 
correction factor in the x direction and an image shear parameter. The model used is 
described in section 3.8. A full error analysis is also provided. This includes all of the 
standard deviations of the unknown parameters, the degrees of freedom, the a posteriori 
standard deviation of unit weight, and the residuals of all the observations. The 
correlations between the camera parameters, and between the camera parameters and the 
station parameters, are also determined. A list of the observations that can be considered 
as outliers, where the residual of the observation is greater than three times the a 
posteriori standard deviation of unit, is also produced. 

7.4.7 MPGC Matching Software 

The MPGC matching software that was used was based on the procedure developed by 
Van der Vlugt and Rilther (1994), described previously in section 4.5. The advantage of 
this method of matching over other methods of MPGC matching, such as that developed 
by Baltsavias ( 1991 ), is that the former is specifically designed to overcome the problem 
of determining good provisional positions of the conjugate points when the surface to be 
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measured is complex and discontinuous. Rock surfaces found at excavation sites 
typically fall into this category, since they tend to be sharp and jagged in nature, with 
large variations in depth within small areas. The latter method is better suited to smooth, 
continuous surfaces. 

The software, Digital Image Measurement System (DIMS), was designed by Graeme van 
der Vlugt as one of the major components of a digital photogrammetric surface 
measurement system. Besides image matching, the software has a number of other image 
processing functions. These include target detection, target centring and feature 
extraction. Only the image matching component of DIMS was used in the measurement 
system developed for this thesis. DIMS was limited in two significant ways. Firstly, it 
could only use 512 x 512 pixel images, thus reducing the potential accuracy of the 
measurement system. Secondly, the software only allowed for the image coordinates of 
the interest points to be matched, to be defined to single pixel accuracy. In many 
applications it is desirable to match features whose image coordinates have been 
determined to sub-pixel accuracy. Another image matching program, written by Ph.D. 
candidate Julian Smit of the Department of Surveying and Geodetic Engineering at UCT, 
was also available. This software overcame the limitations of DIMS, but was limited to 
using a maximum of four images. DIMS was written using a GNU C compiler and thus 
is able to make use of the full memory of the computer. The number of images that can 
be processed is limited only by computer hardware and time constraints. 

The image matching component of DIMS can either be manually driven, where the user 
uses a mouse to indicate which point on a reference image is to be matched, or it can be 
automatically driven using a file of the image coordinates of interest points on the 
reference image. DIMS has the ability to create a file of the image coordinates of the 
interest points using one of its two in-built feature extractors, namely the Forstner interest 
operator and a simple gradient edge operator. An externally created file of the interest 
points can also be used to drive the automated matching process. For this thesis a file of 
interest points determined using the Canny edge operator was used (see section 6.1). 
Although any image of the surface can be used as the reference image, in this thesis the 
most 'normal' image (i.e. the central image) was used for this purpose. 

The extent of the search along the epipolar line ( determined using the collinearity 
equation method - see section 3.7.2), for MPGC matching, and along the reference ray, 
for MIC, is limited by the minimum and maximum Z coordinates of the control points. 
Since the top row of control points ( one of which contains the maximum Z coordinate) is 
placed directly on the surface to be measured, the search along the epipolar line and the 
reference ray, based on this maximum Z coordinate, is not always sufficient to match the 
entire surface. To avoid this problem a fictitious control point was created, specifically 
for this matching software, with a Z coordinate slightly greater than the maximum z 
coordinate of the real control points. Good correlations of the conjugate points in every 
image was required in order for the match to be successful. 
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The model used to account for additional parameters, was the same as that used in the 
bundle adjustment (see section 7.4.6). In addition to creating a file of the surface DEM 
coordinates, DIMS produces a comprehensive analysis of every successfully matched 
point. This includes the standard deviations of the object space coordinates of each point, 
image coordinates and their standard deviations of all the conjugate points, the correlation ' .. 
values with respect to the reference patch, a cr0 value as well as the number of iterations 
taken for matching each point. 

7.5 CAMERA CALIBRATION PROCEDURE · 

The method of camera calibration used in this thesis to determine the interior orientation 
parameters of the camera wil~ be described. A procedure generally referred to as pre­
calibration or test-range calibration, as opposed to self-calibration, was employed. In 
spite of the implications of the name, .the process of pre-calibration does not necessarily 
have to precede the acquisition of images of the surface to be measured, and for this 
thesis camera calibration was always performed after the images of the surface had been 
acquired. The reason for this is that it is often necessary to correctly focus the camera on 
the surface to be measured to ensure optimum image quality. The camera is then 
calibrated for this focal setting. It should be noted, however, that if the distance from the 
camera stations to the surface always exceeds the minimum distance that is required for 
the camera to be focused to infinity, as in the case for this thesis, or if the approximate 
principal distance is known from previous image acquisitions, calibration can take place 
in the strictly pre-calibration sense. The 14 mm Sigma lens used with the Kodak still 
video camera allowed for the camera to be focused to infinity for distances greater than 
approximately 2 metres. For the 6 mm Computar lens used with the ITC CCD camera, 
this distance was approximately 0.5 metres. 

Once the camera has been focused, the principal distance must remain constant for the 
duration of the image acquisition of the surface to be measured as well as for the image 

· acquisition of the control frame necessary for camera calibration. This was done by · 
securely wrapping masking tape around the focus adjustment dial of the camera so as to 
prevent any movement of the focal setting. 

During the image acquisition of the calibration frame the illumination of the frame is of 
critical importance to ensure good contrast between the targets and the background and to ·· 
reduce the presence of non-target regions on the image that contain high grey scale 
values. Good contrast between the retroreflective targets and the background is possible 
if the frame is surrounded by non-reflective black cloth. By positioning the frame in a 
dark room and by using a camera flash, for the Kodak still video camera, or a strong light 
positioned behind the camera, for the ITC CCD camera, near optimum image quality can 
be attained. 
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The repeatability of measurements in image space, also known as internal precision, 
based on images taken with a CCD video camera, is affected by the length of time 
between switching on the camera and capturing the images (Beyer, 1992b). The camera 
only reaches a stable condition after it has warmed up sufficiently. The ITC CCD video 
camera was warmed up for two hours prior to capturing the images of the calibration 
frame. Still video cameras are not impeded by this effect. 

For camera calibration a set of nine images of the frame is taken in a convergent, 
symmetrical configuration, using three rows of images at different heights. The camera 
positions are chosen so as to maximise the control frame in the field of view. The scale 
of the calibration frame results in very close range images of the frame with the result that 
the images may be slightly out of focus, particularly when using the 14 mm Sigma lens 
with the Kodak still video camera. For the circular targets on the calibration frame the 
blurring is symmetrical about the centre of the target. The accuracy of the weighted 
centre of mass target centring algorithm with threshold subtraction is not affected by such 
symmetrical effects, so long as an appropriate threshold level is chosen (see section 
4.1.3). 

Using the target measurement and DLT software, described in section 7.4.5, initial 
interior and exterior orientation parameters are determined separately for each image. 
These values are used as approximations in a subsequent free network bundle adjustment, 
adjusting all the images simultaneously. The adjustment solves for only a single set of 
interior orientation parameters, relating to the fact that a single camera was used for the 
capture of all the images. One of the distances between two of the control points was 
held fixed in order to provide a scale. The first parameter of radial lens distortion, k 1, the 
two decentring parameters, P1 and P2, the scale correction factor in the x direction, sx, and 
the image shear parameter, a, were solved for. (Solving for all seven additional 
parameters and studying the correlations between the interior orientation parameters and 
the additional parameters provides a useful method of determining which additional 
parameters are necessary to be included in the adjustment. The second and third 
parameters of radial lens distortion are very highly correlated to k1, and thus it is not 
necessary to include k2 and k3 in the adjustment. Although P1 and P2 are relatively highly 
correlated to Xp and Yp respectively, they were included to be rigorous. k1, sx and a have 
low correlations to any other parameters and were thus included in the adjustment.) 

As a result of image perspective, calibration frame design, and shadows, it frequently 
occurs that some targets are partly occluded. This results in the displacement of the 
image coordinates of the occluded targets. These targets are, however, often correctly 
identified in the automatic naming routine of the target measurement and DL T software. 
Such targets can easily be identified after the bundle adjustment software has been run, 
by inspecting the observation outliers which are listed in the output file. Outliers are 
considered to be observations where either the x or y image coordinate residuals are 
greater than three times the a posteriori standard deviation of unit weight. The image 
coordinates of the observation outliers can be eliminated and the whole bundle 
adjustment recalculated. This process can be iterated until no more observation outliers 
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exist or until the value of the a posteriori standard deviation of unit weight is sufficiently 
low. Typically an average of five iterations is required until this stage is reached. 

A summary of the final results of three typical camera calibrations using nine images of 
the control frame is shown in Table 7 .1. The first two adjustments were carried out using 
images acquired with the Kodak still video camera. In the first calibration adjustment no 
additional parameters were included. The second calibration included five additional 
parameters. The improvement factor 1 indicates the improvement of the second 
calibration over the first. For both of these adjustments the same set of 512 x 512 pixel 
images, reduced from a 1012 x 1524 image format, were used. The third calibration used 
images acquired with the ITC CCD camera. The five additional parameters were 
included in the adjustment. The improvement factor 2 indicates the improvement of the 
adjustment using the Kodak still video camera, and adjusting for the additional 
parameters, over the calibration adjustment using the ITC CCD camera. 

Kodak Kodak ITC Improvement Improvement 
No AP's 5 AP's 5 AP's Factor 1 Factor 2 

cro 0.0014 0.0003 0.0005 4.7 1.7 
crx 0.155 0.070 0.062 2.2 0.9 

RMS cry 0.156 0.061 0.059 2.6 1.0 
Error O'z 0.346 0.098 0.085 3.5 0.9 
(mm) Vx 0.0012 0.0002 0.0004 6.0 2.0 

Vv 0.0013 0.0004 0.0004 3.3 1.0 
Std. O'xo 0.012 0.0077 0.0053 1.6 0.7 

Deviation O'vo 0.016 0.0073 0.0055 2.2 0.8 
(mm) O'c 0.011 0.0029 0.0020 3.8 0.7 

Table 7.1: Summary results of typical camera calibration adjustments using images acquired 
with the Kodak still video camera and the ITC CCD video camera. The first improvement factor 

serves as a comparison between the two calibration sets using the Kodak images. The second 
improvement factor indicates the improvement of the second calibration set over the third. 

Considering the two calibration adjustments carried out using the images acquired with 
the Kodak still video camera, the improvement factor 1 clearly shows a significant 
improvement of the results when the five additional parameters are included. No 
conclusive improvement was noted between the second and third adjustments. 

Referring to the calibration using the images acquired with the Kodak still video camera 
where the additional parameters were included, the first time the bundle adjustment was 
run 18 observation outliers were detected. All the outliers were inspected on the 
respective images and 15 were found to be due to occlusions. It is possible that the 
remaining outliers were a result of the tear drop effect of the targets, distorting the correct 
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target centres (see section 7.4.3). After five iterations of eliminating the observation 
outliers no more outliers were identified artd no further increase in accuracy was attained. 
The 'degrees of freedom for the final adjustment was 1089. The data presented in Table 
7.1 indicates the relatively high accuracy to which the camera can be calibrated. 

Two factors that affect the accuracy of the calibration results: 

' (i) The tear drop effect, that results in displaced centres of the circular targets. 
This effect can be eliminated by using the correct drivers when downloading 
the images; 

(ii) The size of the circular targets on the image. As explained in section 7 .3 .4 the 
size of the targets have an effect on target centring algorithms. To achieve the 
maximum target centre accuracy, target diameters should exceed five to six 
pixels. For the calibrat.ions used for the· purpose of this thesis, using the 
reduced images of the 512 x 512 pixel formats, many of the target diameters 
were as small as four pixels. By using the full 1012 x 1524 images all of the 
targets would have diameters that would result in the maximum possible target 
centring accuracy. 

In order to compare the effect of target size on the calibration process a calibration was · 
carried out using both the 1012 x 1 ?24 images and their associated 512 x 512 images 
acquired with the Kodak still video camera. · Software written in the Department of 
Surveying and Geodetic Engineering, that could accommodate any size images, was used 
for both calibration adjustments. When comparing the RMS errors of the standard 
deviations of the control points, improvement factors of 1.2, 1.2 and 1.1 were obtained 
for· X, Y and Z respectively. The RMS error of the residuals for the image coordinates 
was almost exactly different by a factor of two. This relates to the reduction in image 
size by a factor of two in the x and y directions. The results of this comparison showed a 
small, yet significant improvement in the accuracy of the calibration with targets sizes 
exceeding the recommended minimum size. 

The accuracy of the interior orientation parameters can be further improved through the 
use of more images resulting in greater redundancy in the system. The determinability of 
the interior orientation parameters can be enhanced by using different image scales and 
by increasing the camera roll angles (Shortis and Hall, 1989). 
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8. SURFACE MEASUREMENT TEST RESULTS 

8.1 CAPE TOWN HARBOUR EXCAVATION 

An excavation site for a new yacht basin at the Cape Town harbour provided a good 
example of a quarry surface for the surface measurement system to be tested on. The 
type of rock at this site was Malmesbury Shale, which is very dark in colour. A large 
amount of rubble was situated at the base of the vertical section of the bench. The height 
of the bench that was measured was approximately seven metres. A large flat area below 
the bench provided ample area for the positioning of camera stations in a suitable 
configuration. A simple network geometry using five camera stations, with one image 
per station, was used. The camera stations were positioned in a row roughly parallel to 
the surface. This was to allow for fast and easy determination of very approximate 
camera station coordinates. Provisional values for the object space coordinates of the 
targets were determined by inspecting the image taken from the central camera station 
(see section 5.4). The distance to the cameras from the rock surface was chosen so as to 
fill the image frame taken from the central camera station, with the surface to be 
measured. The positioning of the camera stations allowed for a high degree of image 
convergency. Although this was not an optimal network design, it ensured a simple and 
rapid image acquisition procedure that could easily be implemented by a non­
photogrammetric expert. The network geometry is illustrated in Figure 8.1. The 
coordinate system used, was that as previously illustrated in Figure 5.3. A seven by 
seven metre extent of the rock surface was measured. 

Eight circular targets, with 10 cm diameters, were used. The configuration of these 
points on the rock surface is shown in Figure 8.2. The bottom row of targets was placed 
towards the camera stations to provide some degree of depth for the control point 
configuration. The difference in the depth between the top and bottom rows of targets 
was approximately 5 metres. Extended levelling poles were used to position the centre 
row of targets against the surface. 

The images were captured using the Kodak DCS 420 camera with a 14 mm Sigma lens. 
The interior orientation parameters, including five additional parameters (k1, P1, P2, sx, a), 
were calculated by means of the camera calibration procedure described in section 7.5. 
All the observations were set to unit weight for this adjustment and the unit of measure 
was millimetres. An a posteriori standard deviation of unit weight of 0.0003 was 
attained. This relates to an average standard deviation of the image coordinates of 0.3 
µm. Approximations for the exterior orientation parameters of the images of the rock 
surface were obtained using the collinearity equation method, as described in section 5.4. 
These parameters were used as provisional values in a free network bundle adjustment in 
which the images of the rock surface were oriented. A single distance between two of the 
targets was held fixed to provide a scale for the network. The results of the free network 
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bundle adjustment are summarised in Table 8.1. In this table O'x, O'y and O'z refer to the 

standard deviations of the object point coordinates, whereas O"xc, O"vc and 0'2c refer to the 
standard deviations of the perspective centre coordinates of the camera stations. Again, 
all the observations had unit weight and the unit of measure was millimetres. The O'o 
value of 0.0012 relates to an average standard deviation of the image coordinates of 1.2 
µm. The results shown in Table 8.1 indicate relatively high accuracies for the orientation 
of the images. 
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Figure 8.1: The network geometry of the Cape Town harbour test surface ( dimensions are 
approximate). 

The Canny edge operator with a subsequent thinning routine, that used a 7 x 7 pixel 
window, was used to select the interest pixels to be matched. 2807 wel1 distributed 
interest points were selected using the image taken from the central camera station as the 
reference image. The MPGC matching was carried out using the software written by 
Ph.D. candidate Graeme van der Vlugt of the Department of Surveying and Geodetic 
Engineering at UCT (see section 7.4.7), with a reference patch size of 5 x 5 pixels and 
with the maximum number of iterations set to 30. A summary of the results of the 
MPGC matching of the points on the rock surface is shown in Table 8.2. The 
approximate accuracies in X and Y relative to the surface size and the approximate 
accuracy in Z relative to the average distance from the camera stations to the targets, is 
given in Table 8.3. 
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Figure 8.2: Digital image of the test surface at the harbour excavation site as seen from the 
central camera station. 

df 31 

cro 0.0012 

Vx 0.0006 
Vy 0.0008 

crx 2.87 
RMS O"y 2.37 
(mm) crz 2.81 

O"xc 17.0 

O"yc 17.0 

O"zc 15.2 
RMS O"w 0.069 

(degrees) Q"K 0.068 

crd> 0.027 

Table 8.1: Summary results of the free network bundle adjustment used to orient the 5 images 
of the harbour test surface. 

RMS 
Average cro O"x cry crx O"y O"z 
Iterations (pixels) (pixels) (mm) (mm) (mm) 

22.4 4.0 0.06 0.01 0.53 0.43 2.22 

Table 8.2: Summary results of the MPGC matching on the harbour test surface. 
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y z 
1: 16300 . l: 7200 

Table 8.3: The approximate relative accuracies in the X, Y and Z directions for the harbour test 
surface. 

Of the 2807 points that were entered into the matching routine, 1641 points were 
successfully matched. The large number of unsuccessfully matched points can be · 
primarily attributed to the large amount of lose rock, or scree, especially at the base of the 
vertical section of the bench, where steep edges of individual rocks prevented many 
points from being seen from all the image perspectives. On the vertical section of the 
rock surface, most points could be seen in all images, and a much lower incidence of 
unsuccessful matches occurred. The matching took approximately seven hours to run. 
Approximately 30 points were successfully matched per square metre of the rock surface. 
Although a denser distribution of points is preferable, the additional processing time must 
be carefully considered. 

An orthographic plot of the test surface, generated from the DEM that was produced by 
the matching software, is shown in Figure 8.3. This was created using the surface display 
package Surfer. 

Figure 8.3: An orthographic plot of the harbour excavation test surface generated by the Surfer 
surface display package. 
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8.2 ROCK WALL 

A retaining wall below Rhodes Memorial in Cape Town provided another test surface for 
the surface measurement system. The wall consisted of large, lightly coloured sandstone 
blocks, and sloped slightly towards the cameras, as indicated in the side view of Figure 
8.4. Five camera stations, imaging one frame per station, were used. Due to a sharp 
drop-off of the ground close to the wall, the height of the perspective centres of the 
cameras was approximately at the same height as the bottom row of targets. Although 
this led to a network configuration that was far from optimal, sufficient accuracies were 
still obtained. The network geometry is depicted in Figure 8.4. 
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Figure 8.4: The network geometry of the rock wall test surface (dimensions are approximate). 

A similar control point configuration as that used for the Cape Town harbour test, was 
employed. All of the targets had 10 cm diameters. Figure 8.5 shows the test surface with 
the target configuration. The difference in the depth between the top row and bottom row 
of targets was approximately 2 metres. 

The images were captured using the Kodak DCS 420 camera with the 14 mm Sigma lens. 
Camera calibration, solving for the interior orientation parameters as well as five 
additional parameters, yielded an a posteriori standard deviation of unit weight of 0.0003. 
For the bundle adjustments for both camera calibration and the orientation of the images 
of the rock wall, all the observations were of unit weight and the unit of measure was 
millimetres. A summary of the free network bundle adjustment used for the orientation 
of the images of the rock surface is shown in Table 8.4. These results indicate a higher 
accuracy compared to the images of the harbour excavation site. This can partly be 
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attributed to the fact that for the harbour images some of the targets furthest away from 
the camera stations had diameters as low as four pixels, thereby resulting in lower 
accuracies of the target centres. For the images of the rock wall, all the targets had 
diameters of at least six pixels. The cr0 value of 0.0006 indicates an average standard 
deviation of the image coordinates of 0.6 µm. 

Figure 8.5: Digital image of the rock wall test surface as seen from the central camera station. 
(The dark area towards the top right hand side of the image is a shadow of a light pole.) 

df 33 
cro 0.0006 
Vx 0.0004 
Vv 0.0003 
crx 0.84 

RMS cry 0.80 
(mm) crz 0.71 

crxc 6.3 
O'yc 6.2 

O'zc 6.1 
RMS crw 0.043 

(degrees) O'K 0.044 
crd> 0.012 

Table 8.4: Summary results of the free network bundle adjustment used to orient the 5 images 
of the rock wall test surface. 
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RMS 

Average cro crx cry crx cry crz 
Iterations (pixels) (pixels) (mm) (mm) (mm) 

21.3 3.4 0.06 0.01 0.25 0.36 1.26 

Table 8.5: Summary results of the MPGC matching on the rock wall test surface. 

y z 
1: 12500 1: 6300 

Table 8.6: The approximate relative accuracies in the X, Y and Z directions for the rock wall 
test surface. 

As in the previous example, the points to be matched were selected using the Canny edge 
operator with a 7 x 7 pixel window size for the thinning routine. The image taken from 
the central camera station was used as the reference image. 2651 well distributed interest 
points were located and selected. MPGC matching was carried out with a 5 x 5 pixel 
reference patch size and with the iteration maximum set to 30. The summary results of 
the MPGC matching of the rock wall is given in Table 8.5. The approximate accuracies 
in X and Y relative to the surface size and the approximate accuracy in Z relative to the 
average distance from the camera stations to the targets, is shown in Table 8.6. 

1898 points were successfully matched. As with the surface at the harbour, many of the 
points that were unsuccessfully matched were distributed towards the bottom of the 
image, where the grass resulted in the effect that many of the interest points could not be 
seen from all image perspectives. The matching took approximately seven hours to run. 
On average 80 points were successfully matched per square metre of the test surface. An 
orthographic plot of the test surface, generated from the DEM, is shown in Figure 8.6. 

A comparison of the results of the photogrammetric measurement system with 
independent measurements, made using a theodolite, was carried out. Twenty four 
discrete points on the rock wall that could be identified on the image taken from the 
central camera station were measured using the two methods. The points were chosen to 
fall in a profile strip running down the centre of the section of the rock wall that had been 
imaged. The photogrammetric measurement of the points was made using the manual 
option in the DIMS image matching software (described in section 7.4.7), whereby a 
cursor controlled mouse can be used to identify pixels on the surface to be matched. The 
theodolite measurements took the form of intersections to targets placed on or as close as 
possible to the points. The targets consisted of stickers with a cross in the centre. The 
theodolite measurements and the placing of the targets on the surface was done after the 
acquisition of the images of the surface and thus the stickers did not contaminate the 
images. A three dimensional transformation of the set of points measured with the 



97 

theodolite into the set of points measured photogrammetrically was carried out using 
software written by Ph.D. candidate Graeme van der Vlugt, of the Department of 
Surveying and Geodetic Engineering at UCT. This software used Rodrigues parameters 
to model the transformation. Due to the difficulty of placing the cursor on exactly the 
same point on the image that was intersected using the theodolite, six of the points were 
identified as having poor corresponding positions based on their large residuals after the 
transformation of all 24 points. The transformation was carried out again, using the 
remaining 18 points. The RMS errors of the residuals of the coordinates was 8 mm, 7 
mm and 5 mm for X, Y and Z respectively. Considering the approximate method by 
which the points were identified, as well as the possible errors of the theodolite 
observations, the results of the transformation can be considered to be conservative. This 
comparison demonstrates a high degree of agreement between the results obtained by 
means of the two methods of measurement. 

Figure 8.6: An orthographic plot of the rock wall test surface generated by the Surfer surface 
display package. 

8.3 TYGERBERG HILLS QUARRY SITE 

The third set of test measurements was taken at a large working quarry in the Tygerberg 
Hills just outside of Cape Town. The rock that is mined here is Malmesbury Shale and is 
used primarily for road aggregate. The benches at this quarry range in height from 
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approximately 5 metres to 12 metres. For the test measurement a section of the rock 12 
metres high was chosen. A large amount of rubble was located at the base of the vertical 
section of the rock surface. The flat area at the base of the bench provided ample space to 
position the camera stations. The configuration of the network is shown in Figure 8. 7. 
The ITC CCD video camera with a 6 mm Computar lens was used to capture the images. 
As reported in section 7.2.3, in order to acquire the images, the camera needs to be on­
line to a computer. A video monitor is also necessary to view the images prior to 
capturing them. This computer hardware remained in a motor vehicle for the duration of 
the image acquisition process. The flat area at the base of the bench proved suitably level 
for manoeuvring the vehicle to any required position. 
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Figure 8.7: The network geometry of the Tygerberg Hills quarry test surface (dimensions are 
approximate). 

The control point configuration was the same as that used for the previous two test 
measurements. All of the targets had diameters of 18 cm. Figure 8.8 shows the test 
surface with the target configuration. The difference in the depth between the top and 
bottom rows of targets was approximately 10 metres. 

Prior to capturing the images of both the calibration frame and the test surface, the 
camera was warmed up for approximately two hours in order to allow the camera to reach 
a stable condition. (This camera warm-up effect was mentioned briefly in section 7.5. A 
thorough investigation of this effect can be found in Beyer (1992b).) Camera calibration, 
solving for the interior orientation parameters as well as five additional parameters, 
resulted in an a posteriori standard deviation of unit weight of 0.0005. As with the 
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previous two test measurements all the observations were set to unit weight and the.unit 
of measure was millimetres. 

Figure 8.8: Digital image of the test surface at the Tygerberg Hills quarry site. 

The ITC CCD video camera tended to be very sensitive to the lighting conditions at the 
quarry. The weather conditions on the day on which the images were taken was that of 
strong sunshine interrupted by short periods of cloud cover. When the surface was in 
direct sunlight it was impossible to acquire suitable images of the rock surface due to the 
problem of too much reflectance. It was only during the periods of cloud cover that good 
images could be captured. The final image taken was acquired from the camera station 
on the extreme left (looking at the surface) and was captured just as the sun reappeared 
from behind the clouds. (At this point it was clear that no further cloud cover would be 
occurring in the short to medium time frame.) As a result this image proved unsuitable 
for image matching. However, the targets in this image were sufficiently well defined for 
their image coordinates to be included in the free network bundle adjustment that was 
used to determine the exterior orientation parameters of the images of the surface. A 
better solution for the exterior orientation parameters was produced when all five images 
were used, compared to when the fifth image was excluded from the adjustment. A 
summary of the results using the five images is given in Table 8. 7. The cr0 value of 
0.0033 indicates an average standard deviation of the image coordinates of 3.3 µm. 

The lower accuracy of the results shown in Table 8.7 compared to the results shown in 
sections 8.1 and 8.2 can be attributed to a number of factors: 
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(i) The images taken with the ITC CCD video camera were of a lower resolution 
compared to the images taken with the Kodak still video camera; 

(ii) The quarry network geometry was not as strong as the geometry used in the 
first two test measurements; 

(iii)Some of the targets on the images of the quarry test surface have diameters as 
low as four pixels, resulting in lower accuracies of the target centres; 

(iv)The scale of the surface measured for the quarry is significantly larger than the 
surfaces measured in the previous two test measurements. 

df 31 

cro 0.0033 

Vx 0.0022 
Vy 0.0019 

crx 22.7 
RMS cry 18.9 
(mm) O'z 23.0 

O'xc 95.8 

O'yc 64.0 

O'zc 82.9 
RMS (j(O 0.18 

(degrees) (jlC 0.27 
(job 0.07 

Table 8.7: Summary results of the free network bundle adjustment used to orient the 5 images of 
the quarry test surface. 

RMS 
Average cro O'x cry crx O'y O'z 
Iterations (pixels) (pixels) (mm) (mm) (mm) 

23.6 5.0 0.06 0.01 3.2 2.9 9.9 

Table 8.8: Summary results of the MPGC matching on the quarry test surface. 

ll,-----1 :-:-10-0 ____ 1 :-J-20-0-1----1 :-:-60-0-----lil 

Table 8.9: The approximate relative accuracies in the X, Y and Z directions for the quarry test 
surface. 
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The Canny edge operator as well as a subsequent thinning routine, using a 7 x 7 pixel 
window, selected 2238 interest pixels to be matched. The image taken from the central 
camera station was used as the reference image. MPGC matching was carried out using 
only four images and with a reference patch size of 5 x 5 pixels. The results of the 
matching are summarised in Table 8.8. The approximate accuracies in X and Y relative 
to the surface size and the approximate accuracy in Z relative to the average distance 
from the camera stations to the targets is given in Table 8.9. 

Only 1282 points, out of the 2238 interest points that were entered into the matching 
routine, were successfully matched. The large number of unsuccessfully matched points 
can be primarily attributed to the plentiful amount of loose rock and scree at the base of 
the vertical section of the bench, where many interest points, selected using the Canny 
operator, could only be seen from one or two image perspectives. The matching took 
approximately six hours to run. An average of only 7 points were successfully matched 
per square metre of the test surface. Such a density of points is inadequate for all but the 
most approximate representations of the surface. A higher density of points can easily be 
chosen for matching by decreasing the size of the window used in the process of thinning 
the interest points that were selected by means of the Canny edge operator. However, the 
time that would be necessary to process these additional points would be considerable. 
An orthographic plot of the test surface, generated from the DEM, is shown in Figure 8.9. 

Figure 8.9: An orthographic plot of the Tygerberg Hills quarry test surface generated by the 
Surfer surface display package. 
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9. CONCLUSIONS 

In this thesis a digital photogrammetric surface measurement system capable of 
measuring textured surfaces for industrial applications, was developed. The system 
was specifically designed to measure rock surfaces in open cast mining environments. 
The conclusions drawn from the research for this thesis are discussed below. 

The mapping of all three test surfaces was successfully perfonned. The results 
indicate that the system is capable of relatively high accuracies. For the measurement 
of the selected points on the first two test surfaces (when the Kodak still video camera 
was employed for image capture) sub-millimetre precisions were achieved. The 
average relative precision in the XY plane was of the order of 1: 15000 and for the 
depth, 1 :7000. The measurement of the third test surface (using images captured with 
the ITC CCD video camera) yielded sub-centimetre results with a relative precision in 
the XY plane of approximately 1 :4500 and 1 :2600 in the depth. 

The design of the system took into account three significant considerations. Firstly, 
the amount of time necessary for the field component of the system was minimised to 
reduce possible downtime at the excavation site. Secondly, the system was designed 
to be used by a non-photogrammetrist, and thirdly, a high degree of automation was 
required. As a result of the successful implementation of these considerations, the 
system, although relatively costly to set up in tenns of the camera and computer 
equipment, is relatively inexpensive to run. 

The Kodak still video camera had significant advantages over the ITC CCD video 
camera. The still video camera, with its onboard image storage ability and internal 
power source, allowed for very convenient image capture as opposed to the CCD 
video camera which was very cumbersome to use in the field. The images produced 
by the still video camera were of a better quality and a significantly better resolution 
than the CCD video camera. A major limitation of the system was the inability of the 
software to make use of the large image fonnat of the still video camera. An obvious 
improvement of the system that would be to adapt the software to cater for any image 
size. 

The speed of the image matching process was a limiting factor in tenns of the number 
of images that could be processed, thus affecting the accuracy of the system, and in 
tenns of the number of interest points that were used for matching. With five images 
and 2800 points, the matching process took approximately seven hours to run on a 
486 DX personal computer with 8 MB RAM. Although approximately 1300 points 
on the Tygerberg Hills test surface were successfully matched, this resulted in an 
average of only seven points per square metre. A significantly greater density of 
points is necessary to adequately represent the surface. For the Cape Town harbour 
excavation and rock wall test surfaces, which covered smaller areas than the 
Tygerberg Hills test surface, the density of successfully matched points was greater, 
with 30 and 80 points per square metre respectively. One method of overcoming the 
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limitation of speed is to use a more powerful computer. Another method is to employ 
more efficient computer algorithms. 

For the measurement of both the Cape Town harbour and the Tygerberg Hills test 
surfaces, over 40% of the interest points could not be matched. This can largely be 
attributed to the fact that many of the interest points were not visible from all the 
image perspectives due to surface discontinuities (especially at the base of the vertical 
section of the bench). As a consequence of this not many points occurring in 
depressions on the surface were successfully matched, resulting in the plotted surface 
appearing too smooth. For the rock wall test surface, where the surface is relatively 
smooth, only 28% of the interest points were unsuccessfully matched. 

Although the measurement system described here was specifically designed for the 
mensuration of surfaces in open cast mining environments, the same methods that 
were employed can be applied to the measurement of other textured surfaces. 
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