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ABSTRACT

The study and monitoring of the three-dimensional trunk surfaces is important in the
evaluation of scoliotic deformities. This thesis investigates and develops a method to
acquire three-dimensional coordinate information of human trunk surfaces. Different
three-dimensional data acquisition techniques are discussed in this thesis. Represen-
tative systems developed using stereo vision methods and structured light techniques
are presented. An automatic system for recording the three-dimensional coordinates
of a human trunk surface has been developed. The three-dimensional data acquisi-
tion process consists of image acquisition, pattern recognition, image rectification, and
three-dimensional reconstruction. Image processing methods, such as region growing,
edge detection, image thresholding, region thinning, line search, eight connectivity
and line drawing are used to detect and extract the projected lines. Line correspon-
dence between stereo image pairs and image rectification are used to match corre-
sponding points between two images. The collinearity equations are used to recover
the three-dimensional information. A system using structured light to reconstruct
trunk surfaces is developed. The accuracy and reliability of the image algorithms are
investigated. The system was tested using solid models. In addition, the system was
used to image scoliosis patients to confirm the practicality of the method. The results

show that it has the potential of becoming a valid clinical tool.
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Chapter 1

INTRODUCTION

1.1 Purpose

The objective of this research is to investigate and develop a method to acquire three-
dimensional coordinate information from the trunk surfaces of a scoliosis patient, and
to provide clinicians with a tool to assist in the evaluation of scoliotic deformities.
This thesis presents background information on three-dimensional data acquisition
techniques and describes the video system in place at the Glenrose Rehabilitation
Hospital. In addition, an implementation of a depth information acquisition process
is described. Accuracy of the acquired three dimensional data is studied, limitations

of the system are also presented.

1.2 Scoliosis

Scoliosis causes lateral bending and axial rotation of the spine. Scoliosis often causes
asymmetries of the trunk, prominence of one of the shoulder blades, and a subtle
twisting of the trunk(Figure 1.1). The spinal rotation causes the rib-cage to distort
and produces a hump on one side of the trunk. Scoliosis can occur in both genders
at any age; however, it mostly occurs in adolescence females. It affects about 0.3%

of the population [53]. In spite of numerous investigations into possible causes, little



is known about the causes of scoliosis, but, it is generally thought that it results
from more than one factor [10]. There are several physiological anomalies in bony
structures, neuromuscular tissues, hormones, and collagen associated with scoliosis,
but, whether they are the cause or the effect has not been determined. Since so
little is known ahout its cause, there is no preventative treatment for scoliosis. Once
scoliosis is diagnosed, there are corrective treatments , such as bracing, casting, and
surgery. Casts and braces apply a de-rotational force rather than a distraction force.

Surgery involves attaching rods to vertebrae to apply an axial distraction force and

de-rotational forces.

1.3 Scoliosis Measurement Methods

Monitoring and measuring the severity of spinal deformity is necessary when assessing
the effect of treatment and for historical tracking. The most widely used technique
to assess the severity of scoliosis is standard back-to-front spine radiography. Ra-
diological assessment of curvature in scoliosis usually includes measurement of the
Cobb angle [9] between vertebrae on spinal radiographs. The clinical definition of
scoliosis is a curve which has a Cobb angle exceeding ten degrees and is accompa-
nied with vertebral rotation. Radiographic methods give a picture of the deformed
spine, and can establish the location of the spinal curves. To extract the three dimen-
sional information of the spine, at least two radiographs taken from different angles
are required. Radiography can not be used to assess surface shapes or for cosmetic
treatment, because only bony elements are seen well on the radiograph [54]. The
cosmetic deformity.is only weakly correlated with the underlying spinal misalignment
and these need to be studied with a different modality. To minimize radiation and
financial cost, a single back-to-front radiograph is often used to assess scoliosis. Clin-
icians can not accurately estimate the 3-dimensional deformity of the spine from one

radiograph. In addition, radiography is an invasive technique. Ongoing irradiation of

o



Figure L.1:

A person with scoliosis after surgical correction



the patient may be undesirable, particularly in a growing child if frequent monitoring

of deformity progression is required.

A complimentary method for analysing the development of scoliosis is to measure
the three-dimensional surface deformity of the trunk. Measurement of surface shape
does not involve radiological techniques, and is non-invasive. There are many well
established techniques for measuring three dimensional surface shapes. These include
stereo photogrammetry, moire topography and structured light. With moire topog-
raphy, the shadow of a grid is projected onto the patient. When observed through
a second grid, interference fringes appear on the body surface. These fringes, moire
{ringes, correspond to the depth contours on the body surface. The surface shape
of the patient can be recovered from the position of each fringe and the geometry
of the projection and recording apparatus. However, this method is subject to large
errors due to changes in the fringe pattern resulting from patient movement [49]. In
addition, the moire topographic method requires multiple observations to establish
the direction of depth change. This causes difficulty in achieving a short observation
time, which is necessary when taking images of a patient. Patient movement due to
breathing and posture sway may mask trunk shape changes. Moreover, the fringes

produced by moire techniques are difficult to analyse by computer [52].

Another method for measuring three dimensional surface shape is stereo pho-
togrammetry, (12],(39] and [26]. This method involves image feature extraction and
determination of cbrresponding features in two camera images. This technique is
non-invasive and allows free monitoring of the patient. Stereo photogrammetry can
produce accurate and reliable three-dimensional information; however, it has not been
considered for most medical applications. This is because the technique depends
heavily on ambient light, a change in lighting conditions causing change of pixel in-

tensity will introduce inaccuracies. Moreover, it requires complex feature extraction



and matching algorithms for automation, especially, when the scene is a smooth and

featureless body surface.

Another optical method, commonly used in biomedical applications, is structured
light, [14], [35], and [30]. Tt usually involves projectors and video cameras. In this
method, a pattern of lines or dots is projected onto the body surface and an image 1s
taken via the video cameras. After the images have been obtained, three dimensional
coordinate information can be calculated by using the similar techniques to those
used in stereo photogrammetry. The advantage of this technique over stereo pho-
togrammetry is that it uses a projected light pattern adding specific features such as
dots or lines to the featureless body surface. This reduces the complexity of the fea-
ture extraction and matching algorithms [21]. This method can provide an accurate
description of the surface asymmetry of the trunk and can produce a visible three-
dimensional surface output for the clinicians during scoliosis assessment. Moreover,
it is safe and inexpensive compared to other measuring techniques. The projected

light source is hazard free for both operator and patient.

1.4 Motivation

The Glenrose Rehabilitation Hospital is involved in the assessment of scoliosis in pa-
tients. The existing surface topography measurement system at the Glenrose Rehabil-
itation Hospital [31], shown in figure 1.2, consists of a video camera(JVC TK-S310U),
a projector with regular dot patterns on a standard 35mm slide and a Macintosh 11
computer equipped with hardware capable of capturing a single frame in 1/30 of a
second. The camera with a 16mm f/8 lens is placed below the projector. The system
setup is based on a rasterstereography method described by Jeremy Pearson [45]. In
the measurement system, a regular dot pattern(Figure 1.3) is projected onto the body

surface. The pattern formed on the surface(Figure 1.4) of the body is acquired by



the video camera and transferred to the memory of the Macintosh II computer using
the frame grabber. After manually digitizing and correlating points between object
image and reference image, the three-dimensional shape of the object is obtained
through a triangulation method. This method is non-contact and non-invasive and
low cost. However, because an automatic image process rnatching algorithm is not
implemented, image segmentation and the matching of corresponding points between
two images are time consuming, and very labour intensive. In addition, because a
ranual technique is used to record clinical data, the existing measurement system
requires a skillful person to operate it; hence, it has limited usefulness in scoliosis
studies. To make the three-dimensional acquisition system more clinically useful, it
is necessary to find a way to improve it, so that, the system can measure the surface
coordinates of the human trunk with reasonable precision, perform image analysis
and coordinate computation without human intervention, and record image data in
a short time. Typical coordinates obtained by a system need to be accurate to about

2-3 mm [37], with a recording time for the system of 30-50 milliseconds.

At present, a graphical display for computer reconstructed 3D models is available
at the Gelnrose Rehabilitation Hospital. However, an automatic system for producing
three-dimensional information is not yet fully implemented. It is necessary to design
and develop a new fully computerized three-dimensional data acquisition system so

that clinicians can use the system as a tool to assist in the evaluation of scoliotic

deformities.

1.5 Overview

Different three-dimensional data acquisition techniques were investigated and com-
pared. The structured light technique was selected for recovery of three-dimensional

data from human trunk surfaces. Structured light is the most comimon technique used



............ Projector
..................... e P T Y P YT TY YT L LTI L LRI LT L]
Camera
Patient
(Side View)
Z
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Figure 1.4: Regular spacing point pattern projected on a body surface



in machine vision. Many structured light systems have been developed. However, un-
like many structured light systems used before, the system proposed by this research
is based on stereography principles and requires only standard camera calibration and
reconstruction procedures. The objective of this research is to develop an automatic

system to record the three-dimensional coordinates of a human trunk surface.

Several different three-dimensional data acquisition techniques are discussed in
Chapter 2 and representative systems developed using stereo vision methods and
structured light techniques are presented. The review suggests that further investi-
gation into development of an automatic system for recording the three-dimensional
coordinates of a human trunk is required. An image acquisition system based on
stereography principles requiring only standard camera calibration and reconstruc-
tion procedures is described in chapter 3. The description of the video camera sys-
tem, the camera calibration procedure and the calibration results are also presented
in chapter 3. Chapter 4 describes image processing methods employed to define one-
pixel-thick lines for the projected line image. The methods include region growing,
edge detection, image threshold, region thinning technique, line linking procedure,
eight connectivity technique and line drawing algorithm. Chapter 5 presents line
correspondence between the stereo image pair and image rectification technique. In
addition, point correlation between two images and the method employed in recon-
struction of three-dimensional information are also described in this chapter. Chapter
6 presents test results from the system. Solid models and scoliosis patients are used
to test the application of the system. The results demonstrate the feasibility of the
system for three-dimensional information recovery of the trunk surface. A conclusion,
discussion of the limitation of the system, and recommended future work is presented
in chapter 7. Description of the software implemented for the system is given in Ap-

pendix. Source codes are available from Dr. Nelson G. Durdle in the Department of

Electrical Engineering at the University of Alberta.
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Chapter 2

3D DATA ACQUISITION SYSTEM REVIEWS

There are several competing technologies for determining three-dimensional coordi-
nates, but none of them satisfy all the requirements for all applications under all
working environments. Therefore, alternative techniques to accurately determine the
three-dimensional information of the human trunk require investigation. The tech-
nique to be used must satisfy the following constraints: 1) It must be able to measure
surface coordinates of the human trunk with little or no human intervention. 2) Im-
age analysis and corresponding feature matching hetween two images must produce
reliable results, coordinate accuracy within 3 millimetres. 3) Image capture must be

fast to minimize errors due to movement.

Three different optical techniques exist for finding three-dimensional information:
scanning methods, passive methods(stereo vision), and active methods(structured
light). Scanning methods involve the use of a laser, a light source, a scanning mecha-
nism and a receiver. Passive methods involve a matching process between two images.
Active methods project a specially designed light pattern and observe the projected

images by one or more video cameras.



2.1 Scanning Method

Scanning methods usually involve a laser light source, a scanning mechanism and
a receiver. This method is simple and efficient. It does not require matching cor-
responding points hetween two images; thus, it does not require adding features to
featureless objects. Also it has the advantage of working under any lighting condition
and has a large depth of field. However, because multiple images are required, the
scanning systems have long recording times introducing the possibility of motion ar-
tifacts. There are many scanning devices that have been developed to reconstruct the
three-dimensional information. Optical time of flight and Integrated Shape Imaging

System (ISIS) are two representative approaches.

2.1.1 Optical Time of Flight

This approach typically involves use of a transmitter that emits a light bean, a scan-
ning mechanism and a receiver that detects the reflected light from the target. The
three-dimensional information is obtained from the time needed for the light to travel
from the transmitter to the target and back to the receiver [2]. There are two meth-
ods used for determining the time of flight. In the first, a pulse laser is used. Time
elapsed from emission to reception is measured as a function of depth information.
This method [49] requires accurate measurement of time and generates inaccurate

data if the pulse is deformed during reflection.

The second method is to modulate a laser beam in amplitude and measure the
phase shift of reflected light. A typical system [49] is illustrated in figure 2.1. In
this system, an instrument emits a laser beam that is amplitude-modulated with a
sinusoidal wave form. The beam is deflected by the mirror in the scanning unit.
When the beam strikes an object, the light is reflected back to the scanning unit, and

deflected onto the receiver. The phase of the signal, relative to the reference phase,
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Figure 2.1: Schematic diagram of optical time-of-flight

is proportional to the time of flight. Thus the instrument can calculate the depth
information. The problem is that the system requires a two-dimensional scanning

mechanism and a complicated design.

2.1.2 1ISIS Scanner

The Integrated Shape Imaging System (ISIS) was developed by Turner-Smith [52]. It
was a commercially available device and was used primarily in the mid to late 1980°s
to measure trunk shape on children with scoliosis. The system consisted of 2 35 mm
projector and a computer-linked video camera mounted together in a box. The box
could swing vertically about a horizontal axis. The projector produced a horizontal
plane of light on a object surface. The video camera captured the image at different
angles. Thus, the two-dimensional coordinates of a line was recorded directly by a

computer. Depth information of the line was calculated from the known coordinates



of the camera and the geometry of the system. By swinging the camera/projector
unit about its axis, a complete record of the three-dimensiotizl coordinate informa-
tion of the object surface was computed. This system did all the image processing
and matching and produced three-dimensional data. The resolution of the data was
about #1.5mm, and the accuracy was approximately +3mm over a volume 400mm
« 500mm x 300mm. However, the camera and the projector of this system required a
special and complicated calibration scheme. and the accuracy of the depth informa-
tion was heavily dependent on results of system calibration. In addition, this method
required a step motor to control the swing of the camera/projector unit; thus, com-
plicated system design was required. The major drawback of ISIS was the excessive
time required to capture a full trunk. Posture changes due to sway and breathing

introduced unacceptable levels of artifacts [23].

2.2 Stereo Vision Method

A stereo vision approach can be used to determine three-dimensional coordinates.
It involves the use of two or more cameras. Correlating features between the two
camera images is the critical stage in this method. Once the correlation problem
is solved, three-dimensional coordinate information can be calculated based on the
Direct Linear Transformation [1] or the collinearity equations [56]. The stereo vision
method has the advantage of being less restricted for trunk measurement compared
to the scanning method. It can be used to construct three-dimensional coordinates
for general scenes.. To obtain three-dimensional coordinate information, there are
usually three steps required: 1) detecting features in each of the two camera images,

2) matching features between two images, and 3) computing depth information.
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9.2.1 Feature Detection

Extracting features from the images is the first step in applying stereo vision tech-
niques. It is usually not a good practice to try to find corresponding points for all
pixels in the image [55]. In general, a point in one image may correspond to many
points in the other image. Thus, feature extraction is an important step in the match-

ing process.

Feature extraction involves determining a set of points from real-world images.
This set of points is used to establish correspondence between two images. Often, the
set of points is extracted from the features such as the zero-crossings of the Laplacian,
corners or edges. Many image processing techniques are available to extract these

features, eg. et al. [}, [20] and [13].

Marr and Poggio [41] proposed using zero-crossing method for feature extraction.
Instead of finding the maxima of a intensity, this method found zero-crossings of
the differentiated intensity in the image. Marr and Poggio suggested that the best
operation was to apply the Gaussian operator to the original image for smoothing,
and then apply the Laplacian operator. Later, Grimson [27] implemented his scheme
by using a Laplacian of a Gaussian for detecting features. Zero-crossing of a image
may correspond to edges, thus. a small fAuctuation in the image may also produce
zero-crossings. To avoid the effect of noise, in Grimson’s system, zero-crossings that
were produced by small light intensity changes were neglected. The way they achieved

this was to examine the difference of intensity value across & z£ro-crossing.

Feature points also can be extracted on the basis of the gray level variation in their
neighbouring regions. A point is regarded as a featnre point if the gray level changes
considerably in the neighbouring region. A typical way to find feature points is to

apply operators, such as gradient operators, that are sensitive to gray level variance.



Feature points can then be obtained by thresholding the output value of the gradient
operator [40]. This method works well for simple images, but it has difficulty with

complex images.

2.2.2 Stereo Matching

While all three procedures are important to the process of three-dimensional data
acquisition, stereo matching has usually been considered the critical one. In general,
given two sets of points or segments in images 1 and 2 respectively, as shown in figure
2.2, the question is, which points on image 2 correspond to points B, F, and G on
image 1?7 This is considered the matching problem. There are some constraints that
can be applied to simplify the matching problem [17]. These constraints arise from
the geometry of the stereo vision system:

1. Uniqueness: A point in one image matches only one point in the other image.
The exception is when an occlusion occurs in one image but not the other. In this
case, a point in one image is not matched with any point in the other image. This is
also refereed to as the missing point problem.

9. Continuity: The assumption is that objects are generally smooth. Although

discontinuities occur where depth changes sharply, these regions occupy much less of

16

the image area than do smooth regions. Stereo disparity generally varies smoothly

throughout the image.

3. Contrast sign: Stereo matching must take place between points which are
either both bright or both dark; a dark point can not match a bright one.

4. Ordering constraint along epipolar lines: As shown in figure 2.3, given a
point P in space, there exists a plane that is defined by P and the two camera foci.
Epipelar lines are formed by the intersection of this plane with the two image planes.
As a result, corresponding points between two images are located on a pair of epipolar

tines. This implies that the matching problem can be reduced to a one-dimensional
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Figure 2.2: Correspondent problem between two images
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Figure 2.3: The geometry of the epipolar lines. The plane defined by the two foci. F1
and F2, and a point P cuts the two image planes in the corresponding epipolar lines

L1 and L2.
search il the epipolar lines are known [40].

The ordering of edges or other features is usually the same along the epipolar
lines. This means, as shown in figure 2.4, if feature A is on the right side of feature
B in one image, then this spatial relationship is maintained in the other image as
long as features A and B are not in the *forbidden zone”. The forbidden zone [51]

is defined as a set of points in space that would have images violating the ordering

constraint.

Figure 2.4 shows an example with feature C in the “forbidden zone”. The spatial
relationship of features B and C in images 1 and 2 violates the ordering constraint.
Feature B is on the right side of feature C in image 1, but feature B is on the left
side of feature C in image 2. The ordering of the features B and C is not the same
along the epipolar line. The ordering constraint along the epipolar line is violated.

The epipolar line constraint can not be used to solve the correspondent problem in
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Figure 2.4: Point C violates the ordering constraint.

this situation.

The uniqueness constraint, the continuity constraint, the contrast sign and the
ordering constraint along epipolar lines are useful because they do not depend on
the specific properties of the scene but on general properties of the stereo geometry.
Stereo matching methods in general can be divided into two categories, feature-based
and area-based. When interesting features are first selected from the image and the
matching algorithm is applied to this subset, a feature-based matching technique is
used. Area-based matching is used, when the matched features are low level and

dense, and the matching algorithm is applied locally throughout the image at each

pixel.

The feature-based approach matches features rather than texture regions in the
two images. This approach is tolerant to noise, and can provide precise matching
between images. The most commonly used features are points along the edges in the
images. This is because edge points are unique and can reduce ambiguous matches

between images. However, the feature-based methods provide only coarse matches
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and require interpolation. Marr and Poggio [41] first proposed a feature-based stereo
matching algorithm using zero crossings in the Laplacian of the Gaussian of the inten-
sity, as the matching features. Later, their algorithm was implemented by Grimson
[27]. The stereo matching algorithm was based on the uniqueness and continuity con-
straints, and matched the corresponding zero-crossings between two images. In their
algorithm, a relaxation technique was used to find the matches. This technique was
based on ’educated’ guesses of the matches found at coarser resolution. They used
this information to guide the matching process at finer resolutions. This algorithm
has been tested mostly on synthetic images called random dot stereograms, and does
not perform well on real-world images. This was because the constraints it uses are

not stringent enough to deal with complex scenes.

Pollar, Mayhew and Frisby [42] used edge points instead of zero-crossings. In their
algorithm, they used strength(intensity value) and orientation of the edge to enforce
the matching. Their algorithm was an iterative winner-take-all procedure. At each
iteration, only match pairs with maximum matching strength were chosen. Because
the uniqueness constraint was used, all other match pairs related to previously selected
match pairs were eliminated from further consideration. This process continues, until
all the matched pairs were found. Over 95% of points were matched correctly, with

4.5% matched incorrectly and a 0.5% being left incorrectly unmatched when random

dot stereograms were tested [42].

Area-based met.hods in general are applied to the analysis of aerial images, where
the surface varies smoothly and continuously. Area-based matching is based on finding
the similarity of corresponding areas between two images. They have the advantage of
directly generating a dense disparity map, but they are sensitive to noise and break-
down where there is a lack of texture and where depth discontinuities occur. Forstner

[20] used an iterative prediction and correction method in his area-based matching



process. He used edges to verify the prediction. His program was demonstrated only

for aerial images.

Hannah [28] used area-based matching in her depth acquisition system. In her
approach, the corresponding point was searched on the basis of the similarity of the
neighbouring regions defined by a window. The matching point was the center of the
window. Points in the window in one image were compared with similarly sized win-
dows of points in the second image. The goodness of each match was determined on
difference metrics and correlation measures. In her matching algorithm, the epipolar
constraint was used to limit the searching area. For 10 of the 12 tests provided by
stereo vision researchers and the photogrammetric community, her system was able
to produce correct results. Her algorithm works well most of the time, but difficulties

occur when the two images do not contain enough features or when a scene has many

depth discontinuities.

2.2.3 Depth Calculation

Once the two corresponding points at (21, 71) and at (24, y2) are obtained in the two
image planes, depth determination becomes straight forward. The three-dimensional
coordinate information can be calculated based on the Direct Linear Transforma-
tion(DLT) or the collinearity equations [56]. The collinearity method is the most
straightforward way to model the physical camera system. It describes each compo-
nent of the physical camera system mathematically, and it is based on an assumption
that an object point, a perspective center of the camera, and an image point lie on a

straight line. As a result, the collinearity equation can be written as:

@ = ctMA (2.1)

Where @ is a three dimensional image vector. It can be expressed in the image
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coordinate system as:

T — g
a=!y—y (2.2)
—c

with zo and yo are the coordinates of the principal point, ¢ is the principal distance of
the lens, and z and y are the coordinates of a image point. Parameter A is a vector

from the perspective center to a point in space, and can be expressed in the object

space coordinate system as:

X - X,
A=| Y-V (2.3)
Z - Z,

with XY, and Z are the coordinates of the point, and X,Y;, and Z. are the
coordinates of the perspective center of the camera. As a result, the collinearity

equation can be rewritten as:

T — Zg X — .Yc
y—yo | =M | Y-V, (2.4)
- Z—-Z,

Where « is an unknown scale factor,and in general, it can be eliminated during
the evaluation process. M is a 3-by-3 orthogonal rotation matrix. It describes the
angular relationship between the image and object space coordinate systems. It can

be written as:

my; Mz M3
]M__-Mchd)Mw: Moy Mgz M3 (2.5)

m3y M3z "M33



The M,,, My, and M, matrices are 3-by-3 orthogonal transformation matrices
corresponding to successive rotations omega, phi and kappa about the x,y and z axes

respectively.

Equation (2.4) yields three linear equations. Dividing the first and second equa-

tions by the third equation yields the collinearity equations:

mn(-\ - X))+ mae(Y — ~Y.) +miz(Z —
may (A — \’)’*'msz(y") ) + ma3(Z — Z)
(Y 3(Z

f2=y—yo+cm2l(x—‘\ + ma2 Y.) + mas Z:)
ma(X — X¢) + ma(Y = Y) + 77133(2 Z)

Since equations (2.8) are non-linear, they need to be linearized before being used

=0 (26)

fi=z—To+c

in a least square solution. The collinearity equations contain the coordinates of the
object points, the coordinates and orientation of the camera, and parameters for the
interior orientation of the camera. They can be written for each image of each point,

and the equations can be combined into a simultaneous solution for the unknown

parameters.

Another approach used to model the physical camera system is the Direct Linear
Transformation, or DLT, as originally proposed by Abdel-Aziz and Karara (1]. Its
derivation begins with the collinearity equation as given in equation (2.6). It does

not require initial approximations for the parameters when solving the coordinates of

the object points.

2.3 Structured Light Method

Another approach, which is the most common for machine vision applications, is the
structured light method. The basic idea is the same as for the conventional stereo

vision technique, except that it uses a projector to add patterns to the scene, and
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thus increase the number of matching features.This approach simplifies the matching

problem, and it can be used on a featureless surface and on irregularly shaped objects.

There are various light patterns which can be used in this technique. Points,
parallel lines or a rectangular grid are the most common ones. It does not matter
what kind of light patterns are used, image pairs of the object must be recorded. One
way to record the image pair is to use a conventional stereo camera set. In this case,
the process of matching the corresponding features between two images and depth
calculation are similar to stereo vision methods. Another way is to replace one of the
two stereo cameras by a projector and thus only one object image is recorded. The
half-image of the stereo pair contains complete information about the surface shape
if an illuminated pattern with known geometry is used. In this case, the matching
process is performed on the object image and the projected pattern on the projector

can be points. or parallel lines. The depth information of the 3D object can be

calculated by triangulation [46].

2.3.1 Spot Projection

Lewis and Sopwith [38] designed a prototype depth acquisition system using two
cameras and a projected dot pattern. In their design, fiducial marks in the form of
light emitting diodes were used. The fiducial marks allowed scaling of the data and
provide alignment marks during digitization of the dot patterns. There were three
main steps in their-design. The first step was to extract the coordinates of each spot.
This step was achieved by taking the 'center of gravity’ of each dot in the image, and
storing them in a simple array. The next step was to convert the spot coordinates to
a base plane projection coordinate system from the image coordinate system. This
involved computing transformation matrices between the two coordinate systems.
The final step in their design was the application of the disambiguation algorithm.

The algorithm was developed based on stereoscopic constraints similar to those of
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the stereo vision matching technique. This system had the advantage of simple image
analysis, but, it required a complicated matching algorithm. The matching became
more difficult if there was occlusion in the image pair. In the Lewis and Sopwith
prototype design, the surface of a cylindrical object was successfully reconstructed,
but, application to the medical field, for which the system was originally intended,

was not implemented.

2.3.2 Light-Strip Method

Frobin and Hierholzer [23] developed a body surface measurement system using a
single camera and a projector with a parallel line pattern. In this system, complete
three-dimensional data of the human body surface was reconstructed by using a single
image. The process of matching was done on a single object image and a reference
image (projected parallel line pattern). Because they used parallel lines as a pro-
jected pattern, their system did not require matching point by point between images.
Instead it only needed to match the corresponding lines hetween the object image
and the reference image. This reduced the complexity of their matching algorithm.
In their design, image processing was broken into several steps. The steps were peak
detection, line search, line sequence analysis, and line numbering. Peak detection
determined the location of the peak intensity pixel in the line pattern, so that cor-
respondence between images could be performed on one-pixel-thick lines. The line
search procedure connected discrete pixels to continuous lines. Line sequence anal-
ysis and line numbering arranged and labelled the lines according to their natural
topological order, so that corresponding lines between images were matched. The
accuracy of the reconstructed surface points on the human body was 0.5 mm perpen-
dicular to the surface(z coordinate). However, this system required the application of
complicated image analysis techniques, and the image analysis was compounded by

sudden changes in depth in the scene.
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2.3.3 Grid Pattern Approach

Dunn and Keizer [15] developed an imaging system to record and measure three-
dimensional surfaces of the body. Their system was used to measure the surface
area of burns, to measure the volume of facial swelling, and to measure possible
expansible tumours. In their system, a projector was used to project a marked grid
pattern onto the body surface. An image of this pattern was recorded using only
a single camera. There were four required steps in this system: 1) determining
the camera calibration matrix and the projector calibration matrix, 2) using image
processing techniques to locate grid intersections in the camera image, 3) determining
the correct correspondence between labelled intersections on the side and detected
intersections in the camera image, 4) based on triangulation method, determining the
three-dimensional coordinates of a point on the body surface. Determining the correct
correspondence between images and solving the grid labelling problem were the key
steps in this system. This system could recover accurate three-dimensional data. The
rms error in determining the radius was within 2.8% of the measured radius, when
the measured radius is 67.5 millimetres. However, it required a complicated grid
labelling schemes. Its camera calibration and projector calibration required human
intervention; thus, it might have problems if the system setup is changed. In addition,

it required interpolation to produce a surface shape, because a marked grid pattern

was used in their system.

2.3.4 Single Camera System Depth Calculation Techniques

David Elad et al. [16] developed a scheme to calculate three-dimensional information
in their single camera system. Their three-dimensional data evaluation scheme did not
follow the usual procedure of standard photogrammetry. Their reconstruction method
was based on innovative image processing procedures. In their system, calculation

the actual values (X,Y,Z) of the measured surface was based on assumptions that 1)
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the planar (x,y) dimensions of the image were linearly related to the actual planar
dimensions (X,Y) of the object, and (2) the heights (Z) of points on the measured
surface were linearly related to their projection on the plane of the image. Thus,
calculation of X and Y was done with the aid of known control points. The height
(Z) of each point was evaluated by comparing the distortion of each line of the object
with the line on a control plane. This reconstruction method was simple, and provided
a good method of solving the reconstruction problem. However, to get accurate 3D
information, this method required each illuminated line pattern to perpendicularly
cut the control planes. In other words, it required a relatively large distance between

the projector and the object, as compared with the heights of the measured object.

2.4 Camera Calibration Techniques

One of the main task of a 3D measurement system is to get the 3D coordinates of
points from information on the corresponding image coordinates. As a result, un-
derstanding the transformations involved in mapping 3D points to 2D image points
becomes important. In general, camera calibration problems can be seen as the
determination of interior and exterior orientation camera parameters. There are
many different camera calibration schemes. Different camera calibration scheme in-
volve different combinations of known and unknown parameters, but the fundamental
mathematics of them remain the same [34]. Terminology important to the camera

calibration process is given in the following sub-section.

Intrinsic Parameters:

Interior orientation refers to two sets of parameters. The first set is the gesmetric
parameters of the camera itself, such as the principal distance and the principal point
coordinates. The other set is the parameters that describe the various distortions. The

most common distortions are de-centering error, and radial distortion of the lens. The
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problem of line synchronization between scanning and acquisition is another concern

in calibration of CCD-cameras [24].

Extrinsic Parameters:

The exterior orientation of a camera refers to camera position and orientation relative
to the three-dimensional spatial coordinate system. There are a total of six extrinsic

parameters for each camera. They are X, Y, Z coordinates and w, ¢, & three rotation

angles.

If the exterior orientations of the cameras are known, and the point coordinates are
unknown. the image rays from each camera position can be intersected to obtain the
3D coordinates. This is known as the "intersection problem’. If the exterior orienta-
tions of the cameras are unknown or are partially known but enough point coordinates

in the object space are known, the orientation parameters can be determined. This

is referred to as the ‘resection problem’ [33].

2.4.1 Standard Photogrammetric Methods

Determination of the interior orientation of the camera is the first step in camera
calibration. It involves determination of principal distance, principal point coordi-
nates and lens distortion. In the ideal situation, an object point, its corresponding
image point, and the camera’s principal point lie on a straight line(collinearity condi-
tion). Thus, principal point coordinates can be obtained from the imaging geometry,
if enough corresponding points between images and the real world are known. How-
ever, due to manufacturing tolerance, the principal distance is normally different from
the focal length marked on the lens [8]. In addition, the image point coordinates usu-

ally have an offset correction factor(éz, 6,). According to Peterson et al. [47], the
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correction factor can be modelled as follows:
6. = (2 — 2,)(Ki§ + Ka8?) + [A{S + 2z = 2,)) +2Po(z — )y — 9] (27)

§, = (y = up) (K18 + Ka8%) + [Po(6 + 2(y = )") + 2Pi(e — 7) (v — )]

with
6= (z— xp)z +(y - yp)z-
In these equations, Ky and K. are radial distortion parameters, P, and P are
parameters for decentering distortion, and (x,,yp) are the principal point coordinates.
These set of equations are non-linear and can be linearized using a Taylor Series

expansion.

The determination of the exterior orientation of cameras can be done using the
the collinearity equations described in section 2.2.3. By knowing the 3D coordinates
of a minimum of six object points, and the coordinates of the corresponding points
in the two images. a total of 12 equations is produced. Using these 12 equations,
the 12 unknown of cameras’ exterior orientation parameters can be calculated. The

collinearity condition method can be used to calibrate the camera system.

The coplanarity equation [56] can be used, when the interest is in the relative
orientation of two cameras. The coplanarity equation is an extension of the collinear-
ity equation. For the collinearity condition, the object point, perspective center of
the camera, and the image point are required to lie on a straight line. Whereas, the
coplanarity equation assumes that two the images points from the object point, the
two camera perspective centers, and the object point itself all lie on a single plane.
Thus, the coplanarity condition can be expressed mathematically. The coordinates
of the object point do not appear in this mathematical expression, so no approxima-
tions for the coordinates are needed. The equation is based on the vector hetween

the two perspective centers, and the image point vector on each image. It contains
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12 unknowns, which include three coordinates and three orientation angles for each

of the two cameras, and it assumes that the interior orientation of the cameras is

known.

2.4.2 Single Camera and Single Projector Calibration
Technique

The lack of having a set of image coordinates from two cameras for control points
due to the fact that only one camera is used to record information causes a major
problem in the camera calibration. In addition, because the projector does not record
object information, calibration of the projector can not be performed directly as
with standard camera calibrations. However, by implementing certain procedures,

calibration of a camera and a projector can still be done.

Frobin [22] , calibrated a video system based on standard photogrammetric meth-
ods. However, to apply the standard calibration methods, special procedures of image
data acquisition were required. Standard photogrammetric techniques use control
points recorded in a stereo image pair to solve the perspective matrices. If the spatial
coordinates of the control point pair were determined a priori, the interior and exte-
rior parameters of the cameras could be determined. The problem was that only one
half-image(one of stereo pair images) of the control point system was recorded. The
other half-image was produced by the projector and did not exist as a fizxed record.
However, a substitite projector half-image could be calculated from data measured
in the camera image. Frobin calculated the coordinates of the control points of the
projector half-image by interpolating the projected lines on the camera image. After

formating the stereo image pair, the collinearity equations was used in their design.

Dunn and Keizer [15] developed an automatic camera and projector calibration

scheme in their system. In their scheme, the camera was calibrated first. To calibrate



the camera, a picture was taken of a marked grid glued to the side of a box and
placed at a known position in the camera’s field of view. After taking an image of
the marked grid and applying image processing techniques, the two-dimensional loca-
tions of the intersections in the image plane were determined. The three-dimensional
locations were determined from the grid labels, with a known scale of the pattern and
known position of the box in the three-dimensional coordinate system. The camera

parameters were then computed.

The projector calibration matrix was determined next. To determine the projector
matrix, the picture of the marked grid on the box was replaced by a blank piece of
paper, and the box was placed at a known position. A slide with grid pattern was
placed in the projector and projected onto the box. The first camera image was saved.
The box was then moved to a second position, and a second image was taken. After
processing each image, the two-dimensional locations of the intersections and their
grid labels were determined. From the two-dimensional locations and the camera
calibration matrix, each intersection was back-projected to its location on the box
in the three-dimensional coordinate system. This was repeated for each intersection
on both projector images. From the grid labels and three-dimensional locations, the

projector calibration matrix was computed.

2.5 Section Summary

Three different optical techniques (scanning method, stereo vision method, and struc-
tured light technique) for finding three-dimensional information were discussed. The
depth calculation techniques and the camera calibration procedures associated with
the three different techniques were described. The scanning method can produce ac-
curate three-dimensional coordinates. It does not require any image processing and

matching algorithms and it can be used to build a highly automated three-dimensional
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acquisition system. However, the major drawback of the scanning system for biomed-
ical applications is the excessive time required to capture the three-dimensional data
of a full trunk. Any patient posture changes due to sway and breathing introduce un-
acceptable levels of artifacts. Stereo photogrammetry can also produce accurate and
reliable three-dimensional information; however, it has not been considered for most
medical applications [44]. This is because the technique depends heavily on ambient
light; a change in lighting conditions causing change of pixel intensity, will introduce
inaccuracies. Moreover, it requires complex feature extraction and matching algo-
rithms, especially, when the scene is of a smooth and featureless body surface. The
structured light method is attractive, because it is particularly suited to measuring a
object surface shape when physical contact is undesirable, when the measured object
surface is featureless, and when the image acquisition process takes place in a room en-
vironment. In addition, this technique can produce reliable three-dimensional results
and can record images in a short time. Based on these advantages, the structured

light technique was selected for the video system developed in this research.
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Chapter 3

SYSTEM DESIGN AND CALIBRATION

3.1 Apparatus

Many structured light systems have been developed for biomedical applications. Dunn
et al. [15] applied structured light for the measurement of surfaces for burn victims,
Frobin and Hierholzer et al. [21] developed a structured light system for monitoring
the progress of scoliosis and Gregory et al. [26] used a structured light system for the
planning and evaluation of facial surgery. These systems consist of a one projector
and one camera. They require calibration of the projector. The proposed system
uses two cameras and is based on stereography principles. It requires only standard

camera calibration and reconstruction procedures. As a result, it simplifies the three-

dimensional data acquisition process.

3.1.1 Video System Design

The basic design of a three-dimensional acquisition system is similar to the systems
used in stereo photogrammetry. In figure 3.1. a schematic outline of the system is
given. It uses two cameras and a projector with parallel line patterns on a standard
35mm slide. Two JVC TK-$210U CCD video cameras (JVC, Japan) with 16mm {8

lenses are used. The cameras are mounted symmetrically above and helow the projec-



tor. The base line distance between the two cameras is approximately 1086mm, and
the horizontal distance between the cameras and a subject is approximately 1613mm.
Convergence angles of approximately 19° are set for both video cameras. It is found
that with these convergence angles and distances, both cameras will approximately
have the same field of view in the object space, and are able to capture a full human
trunk surface. A Scion Image Capture II board(Scion Corp., Walkersville, USA) in-
stalled in a Macintosh II computer (Apple Computer, Inc., Cupertino, USA) is used
to capture subject images. The sensor array of the cameras is approximately 8.8mm
by 6.6mm and contains a grid of 649 by 491 pixels. The capture board yields 640
by 480 samples with 8 bit gray level resolution images. The spatial resolution of the
cameras is approximately 1 pixel per millimetre. The horizontal:vertical aspect ratio
of the cameras is found to be about 1:1.03. To make the best use of the cameras
and the frame grabber resolution, the cameras are rotated by 90° (portrait format).

Thus, the scan lines run vertically, corresponding to the X coordinate in the object

space and are the rows of the pixel image.(see Figure 3.1).

The projector lens parameters are not used in the calculation of three-dimensional
coordinate information; a 2.5/3.55mm Hi-Speed Super-wide projector lens (BUHL
Optical co., Pittsburgh) was chosen so that the lens would produce a larger projected
pattern than the cameras’ field of view. To simplify the system setup, the optical
axis of the projector is positioned horizontally, and the projector slide is approxi-
mately parallel to the standing subject. Because image data acquisition is completely
independent of the analysis, a real time operating system is not required. The sys-
tem software was developed on Unix IBM RISC 6000, and implemented in the C
programming language.

During image data acquisition, the measured subject is positioned against an
object stand. A black curtain is placed behind the subject to increase the contrast

of the image. After the projector has been turned to project a line pattern onto the
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Figure 3.1: Structure light system with three optical components.
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Figure 3.2: Parallel line pattern projected on a body surface.
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subject, the room is darkened, the aperture of both cameras are adjusted, and digital
images from both cameras are recorded under computer control. The purpose of the
object stand is to ensure that the measured subject surface is located within the
field of views of both cameras and the projector. The field of view of the cameras is
approximately 5395mm by 785mm. Figure 3.2 shows a typical camera image captured

by the video camera system.

3.1.2 Projector Slide Design

Lines projected onto the subject surface are encoded in a pattern of thin and thick
lines. Figure 3.3 shows a picture of the coded line pattern. Using the center thick
line as an origin, the thick lines are located at 0, &5, +15. 25 line units. The
line width for the thin and thick lines on the image template of the projector slide
is 1 pixel and 2 pixels, respectively. The space between the lines is 4 pixels. This
particular line pattern yields acceptable data resolution for the subject surface, and
at the same time does not produce false line interconnections when it is projected
onto the subject surface. The density of this line pattern when imaging the subject

surface is approximately 1 line per 1.3 centimetres.

There are two advantages from the projection of a coded parallel line pattern as
opposed to other patterns. Firstly, object surfaces, especially in the medical field,
are often featureless. Projecting a coded line pattern on the object surface adds
features to the surface images, and allows three-dimensional measurements to be
made. Secondly, the connectivity of the line pattern and the special relationship of
the thin and the thick lines in the coded line pattern simplifies the pattern recognition

procedure, and reduces the complexity of the stereoscopic matching process.

To develop the desired image template of the line pattern, a program (written in

the C programming language) was designed and implemented. This program was used
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It

Figure 3.3: A image of coded line pattern.

to develop an image template printed directly on the projector slide. The program
contains two subroutines. The first subroutine defines the location of the lines and
draws the lines according to a specified width. The second subroutine converts an

image array into tiff image array format. and outputs a tiff image file.
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3.2 Video Camera Calibration

Camera calibration is used to determine the interior and exterior orientation param-
eters. The bundle adjustment method of photogrammetry is used [47]. This method
is based on the collinearity condition and assumes that the perspective center for the
camera, the image point, and the point in the object space ail lie on the same straight

line. The details of the collinearity equation were presented in section 2.2.3.

3.2.1 Camera Calibration Control Field

Figure 3.4 shows an outline of an object stand with a control frame. The object stand
is 934mm high, and is mounted at a distance of 1613mm from the projector. The
control frame, 635mm by 762mm, is placed vertically on the object stand during video
camera calibration. The control frame consists of thirty control points with known
X, Y, and Z coordinates, and numbered from 1 to 30 starting from the top right to
the bottom left. This sequence is used during the calibration of the video cameras.
It ensures the correspondence between the known three-dimensional coordinates and
the image coordinates of the control points. Position number 25, which is the top left
corner of the control frame, is defined as the origin of the control system, and the
X-Y-7Z coordinate reference frame for the system is defined as depicted in figure 3.4.
To calibrate both cameras in the system, the control frame is positioned vertically
on the object stand. The X, Y and Z coordinates of the control frame were measured
by a numerical milling machine, and are as given in table 3.1. The precision of the
digital read out of the milling machine is 0.0254 millimetres(0.001 inch). The control
frame images from both cameras were recorded under computer control. Figure 3.5
shows one of the control frame images. As shown in figure, the thirty control points
visible in the image are at different depths to enhance the solution of the system
of equations, (Eq. 2.6), that determine the camera’s location and orientation, and

ensures that the solution of calibration parameters are reliable.
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Figure 3.1\ control frame mounted on a object stand.



Figure 3.5: Image of the control frame.

During camera calibration. the x-y image coordinates of the control points were
manually determined in each image and manually correlated with each image. Since
the three-(.limensionél coordinates of cach control point was known. and once both sets
of x-y image coordinates were established from the images. the exterior and interior

parameters of the cameras conld be computed.
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Point | X (mm) | Y (mm) | Z (mm)
1 0.0 508.0 0.0
2 127.0 508.0 44.9
3 254.0 508.0 14.9
4 381.0 508.0 44.8
5 508.0 508.0 29.8
6 635.0 508.0 59.9
7 0.0 381.0 44.8
8 127.0 381.0 14.9
9 254.0 381.0 104.9
10 381.0 381.0 29.9
11 508.0 381.0 89.8
12 635.0 381.0 14.7
13 0.0 254.0 29.9
14 127.0 254.0 0.0
15 254.0 254.0 45.1
16 3810 254.0 120.2
17 | 508.0 254.0 30.1
18 635.0 254.0 44.9
19 0.0 127.0 60.0
20 127.0 127.0 45.1
21 254.0 127.0 90.2
22 381.0 127.0 45.0
23 508.0 127.0 105.0
24 635.0 127.0 0.0
25 0.00 0.0 15.1
26 127.0 0.0 60.2
27 254.0 0.0 30.1
28 381.0 0.0 44.9
29 508.0 0.0 15.0
30 635.0 0.0 59.9

Table 3.1: Control point XYZ coordinates.
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43
3.2.2 Calibration Procedure

To calibrate the cameras accurately, an available camera calibration program(V2STEREO)
written in FORTRAN and based on Egs. 2.6 was used (A. Peterson Dept. of Civil
Eng., U of A). The collinearity equations and the least squares solution method are
the basis for the program. The program has an option that allows for parameters
such as radial distortion, K;, K2, decentering distortion, P;, P» and the principal
point coordinates, (Zp.yp) to be computed during camera calibration. The program
requires the input of the X.Y-7 coordinates for each control point, both sets of x-y im-
age coordinates of the control points, and an approximation for the cameras’ exterior
and interior parameters. The approximated exterior and interior parameters of both
cameras are obtained using a preliminary program(DLT). This program computes
the camera’s exterior and interior parameters using an image to object coordinate
transformation based on the Direct Linear Transform ( DLT) equations [56]. The pre-
liminary program also requires the input of X-Y-Z coordinate information and a set
of x-v image coordinates for each of the control points. The x-y image coordinates
for the control points are generated with a program called RCCD. The input of this
program are the pixel coordinates (rows and columns) of the control points. In the
program, the center of the camera grids is set at x-pixel = 284 and y-pixel = 208 with
an origin being in the lower left hand corner. Based on this image center, the collected
pixel data is converted into image centered x-y image coordinates. In addition, hased
on the specified resolution of the camera, the centered x-y image coordinates of cach
control point are scaled to millimetres for convenience. Detail of camera calibration

procedures are presented in Figure 3.6.

3.3 Calibration Experimentation

The calibration program(V2STEREO) solves for thirteen parameters of hoth cam-

eras in the system. They are X, Y, and Z coordinates of the camera’s perspective
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Figure 3.6: Camera calibration procedures.
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Result | Camera X, Y, Zeo Focus | w ¢ K

mm mm mm mm | deg | deg | deg

1 Top | -201.94 | 240.14 | 1586.43 | 17.22 | 0.34 | -19.19 | -0.31
Bottom | 909.09 | 242.94 | 1590.27 | 16.56 | 0.66 | 18.48 | -0.59

2 Top | -202.33 | 241.35 | 1635.78 | 17.30 | 0.31 | -19.57 | -0.30
Bottom | 906.46 | 241.88 | 1574.77 | 16.38 | 0.67 | 18.57 | -0.98

3 Top | -199.19 | 239.02 | 1621.32 | 17.15 | 0.39 | -19.16 -0.33
Bottom | 916.47 | 242.51 | 1603.50 | 16.73 | 0.64 | 18.58 | -0.64

4 Top | -209.46 | 241.18 | 1636.11 | 17.35 | 0.31 -19.32 ] -0.34
Bottom | 916.53 | 242.24 | 1596.15 | 16.64 | 0.66 | 18.67 | -0.59

Table 3.2: Four sets of camera calibration results.

center, the orientation of the camera (rotation angles w, ¢, and & with respect to the
X, Y and Z axes), the focal length, two radial distortion parameters, Ky, K, and two
decentering distortion parameters, P, Pz as well as the principle point coordinates(zy,
y,). However, during camera calibration, the solution to the system of equations, Iigs
2.6 diverges if system is susceptible to parameter linkage(high correlation) leading to
ill-conditioning of the equation system. By fixing the principle point location, the

solutions of the system of equations converge easily(four passes).

3.3.1 Calibration Results

To check the repeatability of the camera calibration, four sets of control frame images
were taken. Replications of the control frame images were taken after removing the
control frame from the object stand and then repositioning it. This yields eight
separate sets of x-y image coordinate data. Four sets of the camera calibration results
are presented table 3.2.

As the tables show, the camera calibration results are consistent aside from the
camera location(X,,Y,,Z,). The maximum variations in the three orientation angles
of the top camera are 0.08°, 0.41° and 0.04°, respectively. The maximum variations

in the three orientation angles of the bottom camera are 0.03°, 0.19° and 0.39°,



respectively. The maximum variation in Z, for the itop camera is 50 millimetres,
and the maximum variation in Z, for the bottom camera is 29 millimetres. These
differences in the X,, Y., Z,, and the three camera rotation angles were caused by the
differences caused by movement during repositioning of the control frame. To test
the validity of the calibration values, the three-dimensional coordinates of the control
points were reconstructured using the obtained calibration values. The coordinates
obtained in each test were compared to the known coordinates (Table 1) after a seven
parameter similarity transformation(3D similarity transformation) [43] to adjust for
the different scale and orientation of the obtained coordinates, the results from the
four tests gave good agreement with the measured control coordinates. The largest
. discrepancy of the four test results was 1.9 mm in a Z coordinate with standard
deviation at 0.91. This indicates that the results of the camera calibration are reliable

and consistent. The calibration results presented here are used in image rectification

and three-dimensional data reconstruction.
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4.1.1 Region Growing

Region growing [32] is a procedure that groups pixels or subregions into larger regions.
Pixel aggregation [7] , one of the simplest approac¢ s is used. This approach starts
with 2 ’seed’ point, and grows to include neighbouring pixels having similar properties.
There are two steps in this method. They are: 1) select the initial seed that properly
represents the region of interest, and 2) select a suitable inclusion criteria in various
regions during the growing process. In this application, the central point of the
brightest r. gion on the trunk is chosen as the seed point. This point lies on the

object and its intensity value is used to represent the entire region of object.

After the seed point in the object is found, the image shown in Figure 4.1 is
partitioned into four parts. The region growing process starts at the seed point
and moves toward the boundaries of the object in each of the partitioned regions.
It includes all candidate points with similar properties. There are two steps in the
region growing (pixel aggregation) process. First, the mean intensity value of a 3 by 3
mask with the seed point at the center is calculated, and similarly, the mean intensity
value of a 3 by 3 mask with a candidate point at the center is found. To determine
the inclusion of the candidate point, the absolute difference in mean intensity value
between the seed mask and a candidate mask is computed. If the result does not
exceed 50 percent of the difference between the minimum and maximum intensity
values in the entire image, and the mean intensity value of the candidate mask is
not equal to zero(black), the candidate point is included in the region of interest and
becomes the new seed point. A threshold value of 50 percent of the difference between
the minimum and maximum intensity values is chosen. It is based on the fact that
when a black curtain is placed behind the measuring trunk surface, the intensity
value of the black curtain is low, and as a result, the contrast of the trunk surface is
greatly enhanced. To determine the inclusion of additional points, the 3 by 3 mask is

moved one pixel at a time to the new candidate point location and the mean intensity

48



Chapter 4

IMAGE FEATURE EXTRACTION

Extracting features from the images is the first step in the three-dimensional acquisi-
tion process. Feature extraction defines sets of lines in the two camera images. The
sets of lines are used to determine correspondence between the two images. Correctly
extracting and identifying the one-pixel-thick lines provides a one-dimensional match

between the two images, and is an essential stage in the three-dimensional acquisition

process.

4.1 Image Segmentation

Defining the region of interest is the first step in the feature extraction process. To
extract the region of interest from the projected line image the boundary of the trunk
must be detected. A pair of images are recorded with the subject illuminated by a
spot light (slide projector without a slide) in a darkened room. This image (figure
4.1) is used to deﬁﬁe the boundary of the region of interest limiting the computation
of the three-dimensional coordinates information to the trunk only. Region growing

and boundary recognition methods are used to find the boundary of the trunk.



Figure 4.1: Object image with a spot lighting.

value of the mask is calculated. The comparison in the mean intensity value is done
between the new candidate mask and the newly updated seed mask. This process is
repeated in the four partitioned regions. and terminates when the region of interest
is completely defined in the image. Based on the above procedures, the region of
interest is defined.

Figure 4.2 shows the result of a tvpical region growing process. It contains only

the object data. The information from the backgronnd has been removed. However,



Figure +.2: Resultant image after applying the region growing technique.
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Figure 4.3: An example when region growing process fail.

if the contrast of the trunk surfaces is not enhanced, the region growing process may
fail. Figure 4.3 shows an example when the region growing process fails. In this
figure, the intensity.values of both the gown and the trunk surface are similar. The
pixel aggregation procedure can not isolate the region of the trunk. Figure 4.4 shows
the resultant image after the pixel aggregation procedure. [t contains not only the

trunk but also the gown covers on the trunk. Detailed discussion of this image is

given in a later chapter.

o1



Figure +.4: Resultant image after pixel aggregation procedure.
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4.1.2 Edge Detection

An edge is the boundary between two regions with relatively distinct intensity proper-
ties. The computation of a local derivative is used in most edge detection techniques.
The local derivative is negative when the transition between two regions is from light
to dark and is positive when the transition region is from dark to light. In areas of
constant intensity level, the local derivative is zcro. The edges in the image can be

detected using the magnitude and sign of the first derivative,

The gradient of the pixels in the image is calculated by Sobel operators [50] . Its

masks are shown in Figure 4.5. From Figure 4.5, the derivatives based on the Sobel

operator masks are:

Gy = (27 + 225 + 20) — (=1 + 2z + z2) (4.1)

and

Gy = (23 +226 + 20) — (21 + 224 + 27) (4.2)

The magnitude of the gradient vector of a point is:

G = ((G=)* + (G)))* (4.3)
and the direction is:
o(z,y) = tan™" % (4.4)

where the z; is the intensity value of pixels in the image.

Using Eq. 4.3, the gradient at the location of the center of the masks is calculated.
To get the next value, the mask is moved to the next pixel location and the calculation

is repeated. After the computation has been completed for the whole image, the result
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Figure 4.5: Sobel masks: (a) 3 by 3 image region; (b) mask used to compute Gx; (c)
mask used to compute Gy.

is a gradient image which is the edges of the measured object. However, because of
nonuniform illumination of the image, the boundary of the object is often incomplete;
thus, an edge linking procedure is needed to complete the boundary.

In the edge linking procedure, two properties are used for establishing connectivity
of edge pixels; 1) the strength (intensity value) of the edge pixels, and 2) the direc-
tion of the gradient vector. The first property, defined by Eq 4.3, ensures that the
magnitude of the linked edge pixels are similar, and their absolute difference should
be less than a threshold. After many trials, a threshold of 40 percent of the difference
between the minimum and maximum intensity values in the image was chosen. It
was found that this threshold value is optimal for the application because when using
a lesser value. the edges of the trunk starts to erode and when using a greater value,

the trunk image tends to become noisier. The noise is an unwanted edge produced



when skin pigmentation changes and when there is depth modulation in the trunk
surface. The second property, given by Eq. 4.4, ensures that the orientation of the
edge pixels are similar, and the absolute difference between angles of two adjencent
edge pixels does not exceed an angle threshold. Based on this property, while scan-
ning horizontally for the next connected edge pixel, edge pixels that are only within
a region of +40 pixels in the horizontal direction from the previous edge pixels are
considered. Any edge pixels that are outside of the search limit are discarded. The
search region of +40 pixels in the horizontal direction is chosen arbitrarily. It is used

to limit the search area and ensures that all the connected edge pixels have similar

orientation.

Figure 4.6 illustrates the complete boundary of the region of interest. The noise

due to variation in skin pigment and depth modulation in the trunk surface has been

removed.

4.1.3 Segmentation of The Projected Line Image

After the boundary of the object is defined, the region of interest in the projected
line image (figure 3.3) is obtained. This is accomplished by superimposing the trunk
boundary onto the projected line image. Figure 4.7 shows the result of this process.
As shown in the figure, all data external to the object boundary in the projected line
image is discarded, and only information within the object boundary is considered

for further processing. This reduces the size of the working matrix.

However, if patients move during the image recording process, the boundary will
define the region of interest incorrectly. Consequently, some regions of the trunk
are omitted, and the system tries to process lines that are off the body. As a result,
unwanted information is generated. Because the pair of the projected line images and

the pair of the subject images under a spot light are captured within 1-2 seconds by



Figure 4.6: Enclosed boundary of the trunk.
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Figure +.7: Segmerzed projected line image.

the pair of the cameras. involuntary patient movement due to breathing and posture
sway usually is small. This amount of movement does not normally affect performance

of the system or the reliability of the data points the system generales.

: 9  Extraction of One-Pixel-Thick Lines

Extracting one-pixel-thick lines from the segmented line image involves determiniag

the location of the projected lines. An image thresholding technique and line thinning

(11
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algorithm are used to determine the one-pixel-thick lines.

4.2.1 Image Thresholding

Thresholding is one of the important techniques that can be used to extract image
features [48]. It is useful when there is high contrast between the region of interest
and the background. Images with high contrast can be divided into two intensity
modes. To extract the objects from the background of the images, a threshold (T)
can be selected which separates the two modes. Image thresholding is accomplished by
scanning the image pixel by pixel and labelling each pixel as object or background,
depending on whether the intensity value of that pixel is greater or less than the
threshold value. The difficulty in image thresholding is the selection of a ‘good’
threshold value. The optimal thresholding value will vary from image to image and
from region to region in a image and it depends on the brightness of the image and

the reflectance of the object itself. The thresholding value can be viewed as a function

and has a form:

T= T[:E, y,p(m, ¥)s f(.’I:, 3/)] (45)

Where f(x, v) is the intensity value of point (x, y) and p(x, y) are the local
properties of this point. If T depends only on f(x, y), the threshold is called global.
If T depends on both {(x, y) and p(x, y), the threshold is referred to as local, and
if T depends on both f(x. y) and spatial coordinates x and y, the threshold is called

dynamic.

To enhance the contrast of the projected line in the image, a local dynamic thresh-
olding technique is used. In this technique, the projected line image is partitioned
into sub-images and a threshold is determined for each of the sub-images. A 10 by

10 pixel window for local thresholding is chosen because the distance between the
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centers of the two projected lines is approximately 10 pixels. The mean intensity
value of each sub-image adequately separates the object (the projected lines) from
background (the object). This approach is used because the brightness of the pro-
jected lines varies as the reflectance and the depth of *}e object surface varies. It
is difficult to find a single threshold T value that can separate the object from the
background for the entire projected line image. The local dynamic threshold method,
on the other hand, segments the object from the background locally; thus, it not only
achieves separation of the object {rom the background but also compensates for the

variations in the reflectance of the surface.

Figure 4.8 shows the projected line image after local thresholding. The contrast
of the projected lines is enhanced. The background noise between the projected lines

has been removed. The projected lines become well defined in the image.

After thresholding, the projected line images are converted to binary images. The

background has the value 0 and the lines have the value 1. This information is used

in the later image process stage.

4.2.2 Line Extraction

It is not good practice to attempt to find corresponding points for all pixels in the
projected lines between the two images [55]. The projected lines usually need to be

thinned to one-pixel-thick lines to increase the accuracy of the matching between the

images.

A skeletonizing method [25] is implemented to thin the projected lines. The skele-
tonizing, also referred to as line thinning, shrinks each projected line by repeatedly
deleting edge points. The thinned lines are approzinately at the center of the original

nrojected lines. The algorithm operates umdes “iivee basic constraints: 1) it does not

59



Figure 4.3

Projected line image after local thresholding.
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Figure 4.9: Neighbourhood arrangement used by the thinning algorithm.

remove end points. 2) it does not break the lines, and 3) it does not cause excessive

erosion of the region.
The implementation of this method for images consists of two basic steps. First, a
point pl (see Figure 4.9) is flagged for deletion if the following conditiuns are satisfied.
1)2< Npy) £6,

2) S(p1) =1,
3) At least one of (p2, p4, Ps) is zero,

4) At least one of (ps, ps, ps) is zero.

Where N(p;) is the number of nonzero neighbours of py, which is
N(py)=p2+pat+---+pst+po (4.6)

and S(p;) is the number of 0-1 transitions in the ordered sequence of pa, p3, - - -, Ps,

Do, P2.

It can be seen from Figure 4.9, the first condition implies that p; is not a edge
point, when N(py) is 1 or is greater than 6. When N(p;) is 1, p1 is the end point
of the line and should not be deleted. When N(py) is 7, p1 is inside the region,

and deleting it would cause erosion into the region. The second condition implies
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that when S(p;) does not equal to 1, deleting p would disconnect segments of the
lines during the thinning operation. Satisfying the last two conditions simultaneously
means that ps equals to 0 or pg equals to 0 or both p, and ps are equal to 0. A point
that satisfies these conditions, as well as the first and second conditions, is an east or

south boundary points or a northwest corner point in the boundary. In either case,

py is flagged to be removed.

If one or more conditions are violated, the value of py is not changed. The point
py is flagged for deletion only when all the conditions are satisfied. After the first step
has been applied to all the points in the image, points that are flagged are deleted
(changed to 0). After all the edge pixels found in the first step are removed, the
second step is applied to the resulting data in exactly the same manner. The point

pl is flagged for deletion if the following constraints are satisfied.

l) 2 S 1V(p1) < 67

2) S(p) =1,
3) At least one of (ps, pa, ps) is zero,

4) At least one of (p2, ps, ps) is zero.

First two conditions in the second step are the same as in the first step and only
the last two conditions are changed. Satisfying the last two conditions simultaneously
means that ps equals to 0 or ps equals to 0 or both ps equals to 0 and pe equals to

0. These correspond to north or west bcundary points or a southeast corner point in

the boundary and should be removed.

The thinning algorithm applies this basic two-step procedure iteratively until no

further points are deleted at which time the algorithm terminates and the resulting

lines are approximately at the center of the original projected lines.
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Figure 1.10: Projected lines image after applying thinning algorithm.

Figure ¢.10 shows the results of the projected lines after applying the thinning
algorithm. Since only the edge pixels are removed during the thinning process, the
resulting lines are a[;proximately the center of the original projected lines. The resul-
tant image contains broken lines due to different skin reflectance and depth modula-

tions of the object surface. as shown in the figure. To alleviate this problem, further

processing is needecl.
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4.3 Line Search

After the thinning process the projected line image often contains broken line seg-
ments due to different skin reflectance and depth modulations of the object surface.
The line search is a procedure that is used to connect the broken line segments into
continuous lines. There are three stages in the line searching procedure. Each stage
reconnects different kinds of broken line segments. The first two stages use neigh-
bourhood relations between adjacent pixels of the lines to form continuous lines. The

third stage uses parallel properties and vertical spatial relationship of the lines to

reconnect the lines.

4.3.1 Three Stages of Line Search Procedure

Stage One - Fills in the missing points of the lines

The first stage of the line search procedure is governed by the constraints that resulting
lines are to be smooth and continuous. Based on neighbourhood relations between
adjacent pixels of the lines, this part of line search procedure connects broken lines
that are close to each other. In this stage, when a broken line segment of an end point
is found, a search for another end of line segment point is performed horizontally in a
3 by 5 window. The missing data points are generated by using linear interpolation
between the end points. It fills a maximum gap of 4 pixels. The 3 by 5 window
is chosen arbitrarily. It is used to ensure that the closed broken line segments are
reconnected first. Since the distance between the centers of the two projected lines
is approximately 10 pixels. this local search does not falsely reconnect line segments
that are not associated with each other. The first stage solves most of the broken line
problems due to different skin reflectance. However, sudden changes of depth in the
back surface. such as on a prominent scapula, could cause a large disruption of the

line's connectivity. Additional stages are required to connect the remaining broken

lines.
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Stage Two - Connects broken line segments due to depth modulation

The second stage of line search procedure is based on the smoothness criterion, and
it reconnects broken line segments based on the distance and orientation of the line
segments. This stage starts with finding both start and end points of the lines.
Since the broken line segments can be reconnected only between the start and the
end points, the distances between a start point of a line and the end points of the
remaining lines are calculated. If the distance is smaller than a threshold value of 10
pixels, these two line segments are considered as a candidate pair of broken lines that
potentially might be reconnected. The threshold value of 10 pixels is chosen because
it is found that most missing pixels due to depth modulation in the trunk surface
are within 10 pixels. In addition, since the distance between the centers of the two
projected lines is approximately 10 pixels, to avoid falsely reconnecting the lines, a
threshold value of 10 pixels is selected. To join the lines, the inclination angle between
the start and end points of the candidate lines is examinated. If the inclination angle
is less than +45 degrees, the two line segments are joined. The inclination angle of
+45 degrees ensures that the line segments to be joined have similar orientations,
and the resultant connected lines are smooth and without folding and sudden jumps.
This procedure is applied repeatly, stopping when no further broken line segments are
found. This stage solves most of the broken line problems due to the sudden change
of depth in the object surface. However, it can not solve the problems which occur
when the object surface has a large area of sudden depth change. In this case, a
sequence of neighbouring lines are broken. The smoothness constraint is insuflicient
to decide where a line should be connected. Additional constraints such as parallel

properties (contours can never cross) and vertical spatial iclationship of the lines are

needed.
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Figure +.11: An example of sequence of neighbouring broken lines.

Stage Three - Connects series of neighbouring broken lines

The third stage is developed based on the constraints that the projected lines can
never cross each other and are contiguous. This stage is designed to reconnect a
series of neighbouring broken lines into continuous lines. These broken lines usually
are caused by sudden depth change in the object surface. Figure 4.11 shows the
problem of neighbouring broken lines. To solve this problem, a two-step procedure
is implemented. The first step is similar to stage two, it starts with a search of the
candidate of the broken lines that potentially may be reconnected. Broken lines are
candidates for reconnection if the distance between the start point of a line and the
end points of the rest of the lines is less than 30 pixels. The threshold value of 30
pixels is selected arbitrarily. It is used to ensure that only related broken line segments
are selected. Based on this constraint, it is possible that line 'c’ is connected to either
lines '1” or '2’, line 'd’ to either line "2’ or '3’, and line ’e’ to line '3".

To decide where the connection should be made, the y coordinate of the parent
broken line segments, eg. segment 'c’, ’d’ and ’¢’, are calculated. The y coordinate of
the parent segments are obtained by calculating the average of y coordinates of all the
pixels of the line segments. After sorting the y coordinate values, the parent segment

with the largest v coordinate is selected (segment 'c’). Similarly, the y coordinate
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of the mature lines, eg, line *a’, 'b’, 'f’, and ’g’, are calculated. The mature line
with shortest distance to the the parent segment (segment 'c’) found previously is
selected (line ’b’). Lastly, the y coordinate of the candidates of the broken segments
(segment, ‘1’ and '2’) of the parent segment found previously are computed. The
candidate segment (segment '1’) with the shortest distance to the mature line (line

'b’) found previously is obtained.

Based on the constraints that projected lines are contiguous and never cross cach
other, the candidate segment (segment '1’) are connected with its parent segment
(segment ’c’). This two-step procedure is applied repeatly until no further parent
broken segments are found. This stage solves a sequence of neighbouring broken lines
due to sudden depth change in the surface. This stage, along with the previous two
stages, generally can reconnect all the broken lines that occur in the projecting line
images. However, if the projected lines are dense when projecting onto the object
sirface, incorrectly connected lines may occur during the line search procedure; thus,
generating errors for the later image processing. In this case, there is a trade off

between the validity and the density of the lines.

The line search procedure does not dissect the false interconnected lines and alter
the incorrectly connected lines for the projected line images. Figure 4.12 (a) shows
an origina) image of a step pattern object. The size of this step pattern object is
152 x 3¢5 r-limetres. The sudden change of depth in the two steps are 51 and
25 mii:i.eties, res.pectively. Figure 4.12 (b) shows the image of the step pattern
object with projected lines on it. Figure 4.12 (c) shows the result after the line
search procedure. The resulting lines indicate that the line search procedure does not
correctly connect the broken line segments into the continuous lines. When there were
false interconnected lines in the projected line image, the line search procedure did

not dissect them, and alter the incorrectly connected lines. The line search procedure
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Figure 4.12: Sequence of processing steps for the step patiern object.

fails in this particular case. Human trunk surfaces are smooth and continuous. These
sudden disruptions in the surface seldom occur and they are not. a significant concern

for this research.

4.3.2 Line Reconnecting Method

A midpoint line drawing algorithm [19] is used to connect large line disr=ption in
the images. The algorithm computes the coordinates of the pixzls that lie on or near
an ideal straight line. This algorithm uses only integer arithmetic, and it allows the
calculation of the next pixel to be performed incrementally by using the calculation
already done at the current pixel. Consider theline in figure 4.13, where the previously

selected pixel is indicated by a black circle and the two unfilled circles indicate the
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pixels from which the next stage is to be chosen. Assume that the selected pixel P
is at (zp, Up) and the next two pixels are E and NE. Let Q be the intersection point
between the line and the grid line x = z, + 1, and M be the midpoint between pixels
E and NE. It can be seen from the figure when the midpoint lies above the line, pixel
E is closer to the ideal line. When the midpoint lies below the line, pixel NE is closer
to the ideal line, and when the midpoint lies on the line, either pixel N or pixel NE
can be selected. Based on these constraints, the midpoint algorithmi chooses E as the
next pixel for the line shown in figure 4.13.

To decide on which side of the line the midpoint lies. a decision variable d, a
function of (z, + 1, yp + 1/2).is computed. Since the form of the line equation can
be written as:

Flz.y)=dy s —dz-y+B-dz=0 (4.7)
where dy = ¥ - Yo, dT = Ty, - To and (zo, Yo), (Zn, yn) are the endpoints on the lines.
Coefficient B is a constant which cancels out in the final equation. The decision
variable of the algorithm can be written as: d = F(z, + L, yp + 1/2). It can be
verified that if d > 0, the midpoint is below the line; if d <0, the midpoint is above
the line; and if d = 0; the midpoint is on the line and either pixel can be chosen. In

this case, the pixel below the line is picked as the next point on the line.

Since the first pixel is the first endpoint (zo, ¥o), the initial value d calculated for

choosing between E and NE is written as:
" d=F(zo+ 1,30+ 1/2)
=dy-(zo+1)—dz-(yo+ 1/2)+ B -dz (4.8)
= F(zo,y0) + dy — dz/2

But(zo, ¥o) is a point on the line and hence F(zo, yo) = 0; thus, dstare 18 just dy -

dx/2. Based on the sign of dsart, the E or NE pixel is chosen.
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Figure 4.13: The pixel grid for the midpoint line drawing algorithm.



If pixel E is chosen, the next new decision variable is computed as:

dnew = F(.'rp+'2,yp + 1/2)
(4.9)
=dy-(zo+2)—dz-(yo+1/2)+ B-dz

subtracting dsigre from dnew, a incremental difference of dy is obtained. Thus, a

increment is added to d after I is chosen: deltaE = dy.

Similarly, if NE is chosen, the next new decision variable is computed as follow,

dnew = F(IO + 2, Yo + 3/2)
(4.10)

=dy-(zo+2)—dz-(yo+3/2)+ B de
subtracting dsiare from daew, the incremental difference of dy-dx is found. Thus, the
increment is added to d after NE is chosen: deltaNE = dy - dx. The value of the
decision variable at the next step is incrementally computed by adding cither deltald

or deltaNE to the current calculated value.

The implementation of the midpoint algorithm consists of three steps: First, the
initial decision variable dsare 1S computed. Second, the next pixel is chosen based on
the sign of the decision variable calculated in the previous siep. Third, the decision
variable is incremented by adding either deltaE or deltaNE to the current value, The
next pixel is selected based on the sign of the new decision variable. This process is

repeated until the broken lines are joined at which time the algorithiy terminates.

4.4 Line Seqﬁence Analysis

Line sequence analysis is a process for identifying and numbering the continuous
lines in the image. Eight-connectivity [18] is used. Eight-connectivity classifies caci
continuous lire(connected components) only once, and prevants conflict of line iden-
tificatior. To label and identify the lines in the image, the image is scanned pixel by

pixel, from left to right and from top to bottom.



X i3 the next scanning position

[igure 4.14: Neighbourhood arrangement used by the eight-connectivity.

As shown in figure 4.14. if p is the pixel at any step in the scanning process and
r, and t are the upper and left-hand neighbours of p, respectively and q and s are the
two upper diagonal neighbours of p, the followirg procedure is implemented. If the
value of p is 0, moves on to the next scanning positic. If the value of p is 1, pixels
q, 1, s and t are examined. If pixel g, r, s and t are all 0, a new label is assigned to p,
because this is the first time that this connected component has been encountered.
If only one of the four neighbours is 1, the label of that pixel is assigned to p. If two
or more neighbours are 1, and had the same label, the label of one of the pixels is
assigned to p. If two and more ne. ubours are 1, but have different labels, the label
of one of the neighbour pixel is assigned to p and a note that two neighbour pixels
are equivalent is made. At the end of the scannir.g process, all points with value 1 are
labelled, but some of the labels are equivalent. To convert the equivalent labels to the
same label, the equivalent label pairs are sorted into equivalence :iasses, and a unique
label is assigned to each class. Then a second pass through the image replaces each
label by the label assign to its equivalence class. At the end of the eight-connectivity

procedure, each line in the image has a unique label assigned to it.



Chapter 5

THREE-DIMENSIONAL DATA ACQUISITION

5.1 Line Correspondence Between Stereo Image Pair

After the projected lines are numbered, determining line correspondence between
stereo pair images is the next stage of image processing. In this process, the thick
lines are first identified based on their relative thickness and brightness. The thick
lines between the top and Lhe bottom camera images are then matched based on the .
line sequence. To match tr.e rest of the lines between the images, constraints such as
the order of the lines and relative location of the thin and thick lines are used. There

are two stages for achieving line correspondence: identification of the thick lines and

correlation of the thin lines.

Identification of The Thick Lines

The thick lines in the line images are identified based on the relative thickness and
brightness. There are three steps to find the thick lines in the images. First, the total
and the mean intensity value of the cross section of the projected lines is calculated.
The projected line with the maximum total intensity value is selected and considered
to be one of the thick lines. This step takes the line with the highest total intensity
value as a thick line. This ensures the correctness of the thick line identification.

Second, after one of the thick lines is identified, to find the remaining thick lines,



the absolute differences in mean intensity value between the selected thick line and
the remaining projected lines are calculated. If the difference is less than a threshold
value of 10, the lines are considered to be thick line candidates. The threshold value
of 10 was chosen because it was found that when thick lines aze projected on the trunk
surfaces, they had similar mean intensity values, and their mean intensity values were
larger than the mean intensity values of the thin lines by 10. The threshold value of
10 is the preliminary constraint to separate the thick lines “rom the thin lines. To
correctly identify the thick lines from the candidates, in the third step, the precoded
line pattern relationship between the thin and the thick lines described in section 3.2
s used. The code is obtained by arranging the thin lines in gronps and the thick
lines located at 0, £5, +£10. £15 ... . Based on this line code, the number of the
thin lines between the the candidates of the thick lines and the selected thick line
s examined. If the number of the thin lines between the selected thick line and the
thick line candidates satisfies the precoded line pattern constraint, the candidate lines
are considered to be thick lines. The relative brightness of the lines and the relative

line location of the thick lines with respect to each other ensure that only the thick

lines in the line projected image are identified.

Because the two cameras zre positioned to have approximately the same field of
view as described in section 3.1, there are the same number of corresponding thick
lines in both of the stereo camera images. Therefore, once the thick lines are identified
in the two images. the thick line correspondence is based on the relative image y
coordinate of the thick lines. A thick line with the maximum y coordinate in one
image matches with a thick line with the maximum y coordinate in another image.
A thick line with the second largest y coordinate in one image matches a thick ue
with the second largest v in another image. This matching procedure is continued

unsit ali tne thick lines in both images are correlated.
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Figure 5.1: Sequence of processing steps for the pyramid shaped object.

This thick line matching scheme has a limitation when being used on a small ob-
ject. This is because this scheme requires thick line correspondence to be determined
Grst. If the thick lines are missing from the projected line images, line correspondence
between two images can not proceed. Figure 5.1 illustrates this problem. Figure 5.1
(a) shows the original image of an pyramid shaped object. The size of the pyramid
base is 76 by 76 millimetres. Figure 5.1 (b) shows the result after the feature extrac-
tion process. However, due to the small size of the object, the thick projected lines
which are used to make the initial matches between the stereo pair are missing from
the original images; thus, the line correspondence between the two images fails. The
matched points between the stereo pair are not found. The system does not yield the

three-dimensional information of the object surface.

Correlation of The Thin Lines

To correlate the remaining thin lines in the two images after the thick lines are
matched properly, constraints such as line order and relative location of the thin and
thick lines are used. This stage correlates the thin lines by using the initial thick
line matches. It starts at one of the thick line matches and searches upward and
downward in both images finding the corresponding thin lines. If the order of two

lines is the same in both images during the search procedure, these two lines are
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Figure 5.2: Line correspondence between the stereo pair.

considered to be matched. The search process terminates when the difference of the
distance between three consecutive lines in either images is greater than a threshold
value of 5 pixels, or when all the projected lines are matched. The threshold value
of 5 was chosen because the pattern projected onto the trunk surfaces are horizontal
with equally spaced parallel lines. The distance between two consecutive projected
lines is similar. It was found that the difference of distance between three consecutive
lines is within 5 pixels unless there are missing lines in the images in which case the
line matching process terminates. This stage of searching the matched lines is applied
repeatly, stopping when all the initial thick line matches are used.

Figure 5.2 shows an example of line correspondence between two images. In the
figure, line '2' and 'b’ and line ’6’ and g’ are assumed to be the initial thick line
matches between the top and the bottom camera images. If the searching procedure
starts at line pair '2" and °b’, the searching procedure yields a matched line set
contained with lines '1°.,'2", '3’ and 4’ and lines 'a’,’b’, ’c’ and 'd’. The reason it
did not find all the line matches is because the searching procedure is terminated
when it found the difference between distance ds4 and distance dy3 i+ greater than a

predefined threshold value. When the next initial match is used, for the same reason,
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the searching procedure yields only lines ’5’, ’6" and "7’ in the top camera image
matching with lines ’f’, ’g’ and ’h’ in the botiom camera image, respectively. Thus,
in this particular case, the combination of both sets of the matched line pairs are the
results of the line correlation process. These results show that a missing line in the
top camera image does not cause false matches between the images. All lines in both
images are correctly matched. However, the line matching process does not yield
correct matches when there is sudden large depth change in the horizontal direction
in the object surface. A sudden large change in depth in the object surface may
cause occlusion to occur in the stereo image pairs. Figure 5.3(a) and (b) show an
example of occlusion in the stereo image pairs. Tigure 5.3 (c) shows the image of
(b) after the line search procedure. In this case, two thick lines on the cylindrical
shaped object were initially matched. The remaining thick lines were not found the
matches between the two images because the occlusion in the images caused the
remaining thick lines to violate the precoded line pattern constraint. Satisfying the
precoded line pattern constraint is one of the requirements to correspond the thick
lines between the images. The matching process found the correspondence between
the two images for the thin lines on the cylindrical object based on the two initial
thick line matches. The remaining corresponding thin lines hetween the two images
were not found because some of the thin lines were missed when occlusion occurred.

The constraint of matching the thin lines was violated. As a rwnlt, nnly lLizes on

” "

the cylindrical object were correlated between the two images 'wire 7. {4) shows
the image after the matching process. The line matching pences: prodds - matehing
results without knowing that occlusion occurred. However, trunk surfaces i smooth

and continuous and these sudden disruptions in the surface seldom wecay.
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Figure 3.3: Occlusion in the stereo image pair.
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Figure 5.4: Parallel epipolar lines in both images.
5.2 Image Rectification

Correctly identifying the line pattern provides a one dimensional match between the
top and the bottom camera images. To match the second dimension, the epipolar
constraint is used. The epipolar constraint states that the corresponding points in a
stereo image pair are located on a pair of epipolar lines. In a very special case shown
in figure 5.4, when the line CyC; is parallel to the image planes of both cameras,
the epipolar lines are the scan lines of the stereo pair parallel to the axes of the
image coordinate frame(epipolar geometry). However, this situation is very difficult
to obtain in practice as the two cameras are usually not parallel to the line (C,C3).
A process of transforming the camera image planes into planes parallel to the object

frame is needed. This image transformation process is often called image rectification.

5.2.1 Background of Image Rectification

Image rectification is the process of making an equivalent vertical image from a tilted
image [3]. After image rectification, the resulting image pair is recorded in epipolar
geometry. The scan lines of stereo pairs are epipolar lines parallel to the axes of the
image coordinate frames. Hence, only a one dimensional match is required between

the stereo pairs.
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Figure 5.5: Geometry of image rectification.

Figure 5.5 shows the basic geometry of image rectification. The objective of image
rectification is to define two new transformation matrices, so that the rectified images
have the same optical centers Cy and Cy, respectively but with a new common image
plane pl’ and p2’ parallel to line C;Cy. Rectification computes new coord: b~ (ul’,
vl') and (u2', v2") from the original ones (ul, v1) and (u2, v2).

There are many ways to compute the new transformation m-trices. Ayache and
Hansen [4] computed the transformation matrices based on constraints of the paral-
lel epipolar lines. Their approach did not require the computation of the extrinsic
parameters ar-l ihe intrinsic parameters of the cameras Their method used a least

squares procerisii e to estimate the transformation matrices and ‘nvolved complicated

mathematics.
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Cho and Schenk [11] described a procedure of computing rectified tmages of aerial
photographs with respect to the object space. In their method, the transformation
matrices of the rectified images were computed based on the exterior orientation of the
stereo pair. This technique required cameras to be first calibrated and the images were
required to be adjusted so that they were free of systematic distortion. There were two
steps involved in the transformation of the pixel images to rectified images. First, pixel
images were transformed to vertical images. This involved an orthogonal rotation
matrix, M, defined by the orientation of the cameras. Next. a transformation from
vertical images to rectified images was applied. This transformation was computed

based on perspective centers and exterior orientation angles of the cameras.

5.2.2 Implementation Of Image Rectification

The image rectification method developed by Cho and Schenk was used in this re-
search because after the camera calibration procedure the cameras’ exterior and in-
terior parameters are known. The first stage of image rectification is to compute
the orthogonal rotation matrix which transforms the pixel image pair into the ver-
tical image pair. The orthogonal rotation matrix [56], M, is defined by the exterior

orientation angles of the camera. It is written as:

myp Mz Mg
M= | my ma My (5.1)

mgy Mgz a3

where

mi1 = COS ¢ COS K
myg = sinwsin @ cos kK + cosw sin K
my3 = — COSwWSIN ¢ COs Kk + sinwsin K

Map = — COS PSINK



g = — Sinw Sin ¢sin & 4+ cosw cos &
g3 = COSWSIN ¢sin K + sinw cos &
ma1 = Sil’l(ﬁ

Ma3p = — SINw COS &

M3z = COSW CCS ¢

and where w, ¢ and & are the rotation angles of the camera about X-axis, Y-axis and

Z-axis, respectively.

The second stage involves a transformation from the verti<.. " > the normal-
ized rectified image. The angles of the this transformation - aeriy (i are K about
the Z-axis, ® about the Y-axis, and {2 about the X-axis. These angies are a function

of the perspective centers and are expressed as:

K =tan™! %
- BZ ..
¢ = —tan™" X BT (5.2)
W +LU2
Q=———

where BX = X, - Y ' =Y:-Y.and BZ = Z; - Z;. The Xi, 1, 4, X2, Yz, and

Z, are the coordir -* - perspective centers of the cameras.

The rotation matrix scg is defined as:

Rg = RqRe Rk (5.3)

where
cosKk sinK 0

Ry =| —sin K cosK 0

0 0 1
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cos® 0 —sind
Ry = 0 1 0
] sin® 0 cos®

10 0 ]
Ra=1{0 cosQ sin §2
0 —sinf) cosQ

The new transformation matrix Ry which transforms the pixel images to the
normalized rectified image is a multiplication of two rotation matrices. It is expressed

as:

Ry = RgMT (5.4)

Since both rotation matrices MY and Rp are known, the new transformation
matrix Ry is computed for each of the image in the sterco pair by using Eq. 5.1
The collinearity equations are then used for the transformation of the pixel image to

a rectified image. The transformation is represented in the following equation.

iz + ey — i3S
TN = — ( .
T + ray — rasf

raZ + roy — roaf
yv = —f="
ra) T + ragy — raaf

(N
[v1]
~—

where r;; are the elements of the rotation matrix Ry, J is the focal length of the
camera, ¢ and y are the image coordinates and zn and yn are the rectified image

coordiaates.

After both pixel images are rectified, the following procedures are used to define
the rectified image coordinate system: 1) Determine the minimum of x and y coor-
dinates of both rectified images. These values define the origin (row 0, column 0)) of
both rectified images. The rest of the pixels in the rectified images are translated, so

that all the pixel coordinates of the rectified images are positive values. 2) Dretermine



the maximum of x and y cocrdinates of both rectified images and, using the minimum
and the maximum of x and y coordinates, compute the distance in both the x and
y direction for the rectified images. The maximum distance of the images in both x
and y direction determines the size of the epipolar pixel image in the rectified image

coordinate system.

After rectifying both the top and bottom camera images and transforming them
into the new image coordinate system, the scan lines of the rectified stereo pair
were epipolar lines parallel to the axes of the image coordinate frames. Hence, the
potential matched points along the matched lines between the two images were found

by searching vertically along the scan lines of the images

5.3 Point Correspondence

Once line patterns between two images are matched, and the images are rectified,
finding the correlation of the points between the stereo images becomes straight for-
ward. According to the epipolar constraint, the potentially matched points between
two images are on the same epipolar line. Since the stereo image pair has been recti-
fied, the epipolar lines are the scan lines of the images. Corresponding points between
two images are found by searching points that are on the same scan line along the
matched lines in two images, In other words, the corresponding points between two

images are the corresponding intersection points of the matched lines and the scan

lines.

5.4 Three-Dimensional Surface Reconstruction

Calculation of three-dimensional data is straight forward once correspondence be-
tween the stereo image pair is achieved. As described in section 2.5, there are many

approaches that can be used to reconstruct three-dimensional surface information.



The collinear.ty equations were used in this research.

5.4.1 Computation of 3D Data Using Collinearity Equations

The collinearity equations described in section 2.5 are based on the assumptiop that
an object point, its image point, and the perspective center of the camera, lie on a

straight line. As a result, the collinearity equation(Eq. 2.1) is written as:
& = I\.MA (56)

where & is a three dimensional image vector, & is an unknown scale factor, and M is a
3-by-3 orthogenal transformation matrix. Parameter A is a vector from the perspec-
live center to the object point. These equations are non-linear. By using Taylor’s

theorem, collinearity equations in linearized form are written for each matched point

of one image as [36]:

Ve = bud}&, + b12dY + blgdZ + (57)

v, = bydX + bpdY + by3dZ + ¢y (5.8)

where

by = (z/q)ma + (f/gdmu
biz = (z/q)maz+ (f/¢)maz
bz = (z/q)mas + (f/q)mus
bor = (y/q)ma1 + (f/q)mas

= (y/q)maz + (f/q)maz
bzs—(J/Q)m33+( f/a)mas
= (qz+7f)/q

= (qy+5f)/q
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and

r= mn(‘\' - .\ro) + mm(Y - }:,) + ‘mm(Z - Zo)
s = ma(X = Xo) +man(Y = Y;) + mw(Z - Z,)
q =mai(X — Xo) +ma(Y — ¥5) + mas{(Z — Zo).

The my;'s are the elements of the orthogonal transformation matrix, x and y are
image coordinates of the point after correction for the camera distortions, X,, Y, and
7, are the coordinates of perspective center of the camera. and f is the focal length
of the camera. The radial and de-centering ¢orrections to x and y were computed by

using Eq 2.7.

Since the r, 5, q and ¢;; and b;; coefficients are functions of the six clements of the
exterior orientation of the two cameras which are known after the camera calibration
procedures(8], the only remaining unknowns in Egs. 5.7 and 5.8 are dX, dY, and
d7Z. These are corrections to be applied to the initial approximations for the spatial
coordinates X, Y, and Z for the object point. Since match points between the top
and the bottom images were found, a set of four equations was obtained. The three
unknowns dX, dY, and dZ were computed using a least squares solution. The solution
of X, Y, and Z was found by an iterative process which terminated when magnitudes

of the corrections became less than 0.0000001.

5.4.2 Calculation of Initial Approximation of X, Y and Z

To compute the initial approximations of X, Y and Z, triangulation [56] was used.
Consider the similar triangles in figure-5.6, a set of linear equations is developed and

expressed as:

_E ¥ it i (5.9)
4X - 4X,c Y - }/c ZC - Z

Reducing,
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Figure 5.6: Geometry of 3D reconstruction.
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AA
Y-Y. = “y 5.10
7 (5.10)
zZ-2Z
7—Z,=——f
J
Replacing Z:j-‘—- with A, which is common to each of Eq. 5.10. The following
expressions are written for the top camera linage:
.Y = z\].l?] + '\'cl
Y = ’\lyl + }:;1 (5] l)
Z = \1fl + ch
Similarly the expressions for the bottom camera image are written as:
X = /\2.’122 + _\Icg
Y = daya + Yoo (5.12)
Z=Mfr+ 2
using the first two equations of Egs. 5.11, 5.12, Ay is:
th = el )] T Ll )/c — ic
z, = P2 Xa = Xa) — 2alle 1) (5.13)

TiY2 — T2t
Since the coordinates of the perspective centers (X1, Yer, Zar) and (Xe2y Yoz,
and Z.) and the focal length fi and fz of both cameras are known after camera
calibration and the corresponding points between the top and the bottom camera
images are found, image coordinates (z1, 1) and (2, y2) of both images are known,

using Eq. 3.13, A, is calculated and then through Eq. 5.11 the initial approximations
of X, Y, and Z are found.



5.4.3 Application of Least Squares Solution

After the pair of match points between the top and the bottom camera images are
found, a set of four equations based on Egs. 5.7 and 5.8 is obtained. The three

unknowns dX, dY, and dZ are computed using the least squares solution [56]. The

set of four equations are written as:

V- C=BA (5.14)

where

VT:[UIJ: Uiy Var "'Zy]
AT=|4x dY dZ]

r -
C =LC1 Cy C3 C4]

by b2 b
by by bos
bsr by ba3

ban baz bas

-

Since matrix C is a constant matrix, taking partial derivatives with respect to

matrix A of Eq. 5.14 yields following equation:

ov
=B (5.15)

To arrive at the least square solution, the expression for the residuals VTV is

minimized. The partial derivative of VVT with respect to A matrix is set to zero,

yielding:

ovTtvV av
=0=2VT—— )
55 =0 VIS (5.16)

Substituting Eq. 5.15 into Eq. 5.16, produces:
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2VTB =0 (5.17)
and BTV is the transposed matrix of VTB; thus, it has:
BTV =0. (5.18)

By substituting Eq. 3.14 into Eq. 5.18, a normal equation for the Eq. 5.14 is
obtained as follows:

BTBA = BTC. (5.19)

A basic least square matrix equation is obtained by multiplying both side of Eq.

5.19 by (BTB)™' and reducing it, .
A = (BTB)'BTC. (5.20)

Since the elements of matrices B and C are known from Egs. 5.7 and 5.8, the
matrix A containing with the corrections dX, dY and dZ can be calculated. The
corrections are applied to the initial approximations of X, Y and Z. The revised
values for X, Y, and Z are then obtained and the procedure is repeated. The solution
of X, Y and Z for an object point is found when magnitudes of the corrections become

less than 0.0000001.

To reconstruct the three-dimensional data for the surfaces, the X, Y and Z of each
corresponding point found in the matching process described above is calculated.
Figure 5.7 shows the three-dimensional information of the human trunk surface. The

prominent features of the trunk surface are evidenced in this figure.
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Chapter 6

SYSTEM TESTING

The system was tested using three different shaped solid models to investigate the
accuracy and reliability. The three different shaped solid models were: 1) a cylindrical
object, 2) a step pattern object, and 3) a triangular shaped object. The system was
then used to image scoliosis patients to confirm its practicality. The results show that

the system has the potential of becoming a useful clinical tool.

6.1 System Testing Using Object Models

A cylindrical object was used to check the accuracy and reliability of the system.
Figure 6.1 (a) shows an original image of this object. The width and the length of
this object are 84 and 290 millimetres, respectively. The radius of the object is 223.8
millimetres. The object is used to model the shape of human trunk. Figure 6.1 (b)
shows the image of the cylindrical object with the line pattern projected on it. To
define the region of the cylindrical object in the projected line image, figure 6.1 (a)
was used to define the boundary of the object. After the boundary of the cylindrical
object was defined, the projected line image (figure 6.1 (b)) was segmented. Only the
image data within the object houndary was considered for further processing. A local
threshold window of 10 X 10 pixels was applied to the image to enhance the contrast

of the projected lines. Figure 6.1 (c) shows the results of the line thinning algorithm



Trial | Comp. Radius(mm) | Standard Deviation | Error(mm)
| 225.3 0.63 +1.5
2 224.6 0.75 +0.8
3 226.3 0.69 +2.5
4 223.7 0.69 +0.1
b! 225.1 0.57 +1.3
6 225.5 0.79 +1.7
7 222.5 0.51 -1.3
8 225.3 0.47 +1.5

Table 6.1: Accuracy of the eight trials of the reconstructed cylindrical object.

and line search procedure described in chapter 4. After line correspondence and image
rectification, matched points in the stereo pair were found. The three-dimensional
coordinate information of the cylindrical object was recovered using the collinearity
equations. Figure 6.1 (d) shows the three-dimensional information of the cylindrical
object. To test the accuracy and reliability of the acquired data, a total of eight trials
placing the cylindrical object in different orientations and positions was conducted.
Table 6.1 shows the accuracy of the reconstructed data of the eight trials after the
data was fit using the least squares method fitting to a cylinder. The mean error of
the radius of the eight trials in determining the radius of 223.8 mm cylindrical object
was 1.4 millimetres. The largest error of the computed radius in the eight trials was
2.5 millimetres. These results demonstrate that.the system is capable of accurately
recovering reliable three-dimensional data for the cylindrical object.

Figure 6.2 shows the first trial of the Y and 7 coordinate information of the
reconstructed data in comparison with the measured circle of the cross section of the
cylindrical object. In this trial, by using the maximum and the minimumof X and Y
values, it was found the approximate width and the length of the reconstructed model
of the cylindrical object were 79.9 and 284.2 millimetres, respectively. Comparing the

computed width and length with the measured height and width of the cylindrical
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Figure 6.1: Sequence of processing steps for the cylindrical object.

object. approximate 95.1% of the height of the object and 9% of the width of the
object were recovered.

To test the performance of the system when there were disruptions on the surface,
a step pattern object was used. Figure 6.3 (a) shows the original image of one of the
step pattern objects. The size of this step pattern object is 305 x 305 millimetres.
The change of depth in the three steps are 10, 3. and 10 millimetres. respectively.
Figure 6.3 (b1 shows the image of the step pattern object with the lines projected
onto it. Figure 6.2 (c) shows that although there are breaks in the projected lines, the
line search procedure based on the neighbourhood relations between adjacent pixels
of the lines successtully connected continuous lines. Fignre 6.3 (d) shows the results
after reconstruction of the step pattern object. In figure 6.3 (c), there are a total of

22 lines projecred on the object. Since the object is 305 millimetres high, the average
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Figure 6.2: Y and Z coordinate information of the cylindrical object.

density of the projected line is approximately one line every 14 millimetres which
means that the average density of the three-dimensional data in the vertical direction
is approximately one line every 14 millimetres. In addition, it was found that the
system yielded approximately 100 data points per line in this object. Since the width
of the object is 305 millimetres, the average density of the three-dimensional data in

the horizontal direction is approximately one point every 3 millimetres.

To test the accuracy of the acquired data, the least squares method of fitting the
data to four planes was used after the reconstrucied model of the step pattern object
was approximately levelled. It was found that the transition data points in depth
had large range of error when fitting to the planes, and the standard deviation of the
overall fitting was +2.24. However, when the transition data points were not used, the

range of error of fitting the planes was within +5 millimetres and the standard devi-
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ation on the fit was 1.9 millimetres. By calculating the distances between the planes,
the step changes were found 8.9, 2.6, and 8.6 millimetres, respectively. The error
in reconstructed the depth changes were 1.1, 0.4, and 1.4 millimetres. respectively.
Figure 6.4 shows the X and Y coordinate information of the step pattern object. By
using the maximum and the minimum of the X and Y values, the approximate height
and the width of the reconstructed model of the step pattern object were found 289
and 301 millimetres, respectively. Comparing the computed height and width with
the measured height and width of the step pattern object, approximate 94.7% of the
height of the object and 98.7% of the width of the object were recovered.

Figure 6.5 (a) shows an original image of a triangular shaped object with a notch
in one of the inclined surfaces. This notch is used to simulate a skin fold whi(.:h is
common with children with significant scoliosis. The sharp changes in the triangular
shaped object surfaces are used to simulate the scapular changes in the scoliosis
patients. The inclination angles for the surfaces are 29° and 48°. The angle between
the two inclined surfaces is 103°. The size of the notch in the inclined surface 15 12
by 50 millimetres. Figure 6.5 (b) shows the image of a triangular shaped object with
the line pattern projected on it. Figure 6.5 (c) shows the resultant image after the
line thinning and search processes. Although there are sharp corners and gaps in
the surfaces, the line linking process based on the spatial relationship between the
projected lines correctly connected the broken lines to continuous lines. Figure 6.5 (d)
shows the reconstructured triangular shaped object. The reconstruction of the object
in area of the disruption is not accurate. This is because large disruptions of the
lines are connected by using the line drawing algorithm. The line drawing algorithm
computes the coordinates of the pixels that lie on or near a straight line defined by the
end points. It connects the broken line segments with an interpolation of a straight
line. Thus, it is possible that the lines drawn by the algorithm are not the same as the
missed projected lines. However, since disrupted areas on back surfaces are generally

small compared to the whole surface, the reliability of the three-dimensional data
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Figure 6.3: Sequence of processing steps for the step pattern object.
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Figure 6.4: X and Y coordinate information of the step pattern object.

derived for the surface is not likely to be affected.

To test the accuracy of the acquired data, the least squares method of fitling
the data to a straight line was used. Figure 6.6 shows the Y and 7 coordinate
information(cross section) of the reconstructed model of the triangular shaped object
with their best fit lines. The line functions are Z = 0.52Y —=36.214 and Z = —1.136Y +
460.900 and their correlation coefficients(r?) are 0.995 and 0.993, respectively. Using
the slopes of the lines, the inclined angles of the lines were calculated. Table 6.2

shows the accuracy of the angles in the reconstructed model of the triangular shaped

object.

The experimental results from the solid models indicate that the system is capa-

ble of accurately recovering reliable three dimensional coordinate information. The



Computed Angles(deg) | Known Angles(deg) | Error(deg)
27.5 29 1.5
48.6 48 0.6
103.9 103 .9

Table 6.2: Accuracy of the angles of the reconstructed triangular shaped object.

experimental results from the triangular shaped object and the step pattern object
indicate that although there are sudden changes of depth, sharp corners, and gaps
in the surfaces. the image processing methods and algorithms can still recover the

three-dimensional data for the surfaces. This system shows the potential of using in

the reconstruction of the human trunks.
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Figure £.3: Sequence of processing steps for the triangular shaped object.
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6.2 Recovery of 3D Information from Scoliosis

Patient Trunk Surfaces

The system was used to image scoliosis patients to confirm the practicality of the
method. Figure 6.7 (a) shows an image of the trunk surface of a male test subject.
This subject has mild scoliosis. His trunk is approximately 450 millimetres high.
Figure 6.7 (b) shows an image of the patient trunk with the line pattern projected
onto it. To define the region of the trunk for this image, figure 6.7 (a) was used.
Region growing and'edge detection methods were used to define the boundary of the
trunk. After defining the boundary of the trunk, the projected line image (figure 6.7
(b)) was segmented. The image data within the trunk boundary were considered for
further processing. A local threshold window of 10 X 10 pixels was applied to the

image to enhance the contrast of the projected lines. Figure 6.7 (c) shows the results
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of the line thinning algorithm and line search procedure. After line correspondence
and image rectification, matched points between the stereo pairs were found. The
+hree-dimensional coordinate information of the the trunk was recovered by using the
collinearity equations. Figure 6.7 (d) shows the three-dimensional information of the
trunk surfaces of the scoliosis patient. There are a total of 31 lines in the trunk that
have been extracted from the projected line images. Since the height of the trunk
is 450 millimetres, the average density of the three-dimensional data in the vertical
direction is approximately one line every 14.5 millimetres. Similar features of the
trunk surface can be seen between the two-dimensional image and the reconstructed
points, figure 6.7 (a) and figure 6.7 (d).

Figure 6.8 (a) shows an image of the trunk surface of the female test subject
with a light gown on her. Figure 6.8 (b) shows an image of the patient trunk with
the line pattern projected on it. To define the region of the trunk for this image,
Figure 6.8 (a) was used. Region growing and edge detection methods were used to
define the boundary of the trunk. Figure 6.8 (c) shows the resultant image after edge
detection. The boundary of the trunk is incorrectly defined. Instead of finding the
boundary of the trunk, the boundary of the contrast region is found. This is because
the contrast between the gown and the patient’s trunk is low, and the region growing
procedure fails to define the region of trunk as described in section 4.1. Figure 6.8 (d)
shows the results of the line thinning algorithm and line search procedure after the
projected line image was segmented by figure 6.8 (c). After line correspondence and
image rectification, matched points between the stereo pairs were found. The three-
dimensional coordinate information was recovered by using the collinearity equations.

Figure 6.8 (e) shows the three-dimensional shape of the test subject and the unwanted

areas.

To reconstruct only the trunk surface, the boundary of the trunk in figure 6.8 (a)

was manually outlined. Figure 6.9 (a) shows an image after the patient trunk was
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Figure 6.7: Sequence of processing steps for the scoliosis patient.
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manually outlined by xpaint [36]. Figure 6.9 (b) shows the resultant edge image. Fig-
ure 6.9 (c) shows the results of the line thinning algorithm and line search procedure
after the projected line image (figure 6.8 (b)) was segmented. Figure 6.9 (d) shows

the reconstructed trunk surface.

The tests performed on the scoliosis patients show the feasibility of the image
acquisition system in reconstructing human trunk surfaces. The test performed on
the female subject shows when the intensity of the unwanted background information
is similar to the intensity of the trunk, the system can not define the boundary of
the trunk correctly. A possible solution is when imaging female subjects using a dark
colour gown to enhance the contrast of trunk region. The system is able to reconstruct
the surface of the female trunk after manually enhancing the contrast between the

patient and the background.
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Figure 6.8: Sequence of processing steps for the scoliosis patient.
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Figure 6.9: Sequence of processing steps for the scoliosis patient.



Chapter 7

CONCLUSION

€

7.1 Conclusion

The objective of this research was to develop a method to acquire three-dimensional
coordinate information of the trunk surfaces with minimum human intervention, and

to provide clinicians with a tool to assist in the evaluation of scoliotic deformities.

A non-invasive three-dimensional data acquisition system has been described. It is
based on stereographic principles and requires only standard camera calibration and
reconstruction procedures. This system is capable of recovering three-dimensional
coordinate information of a human trunk. In this system, the three-dimensional data
acquisition process consisted of image data acquisition, pattern recognition, image
rectification, and three-dimensional reconstruction. A pair of projected line images
and a pair of object images illuminated by a spot light were used to recover the
three-dimensional data of the trunk surface. These images were captured by using
the image acquisition system described in chapter 3. Region growing, edge detection,
image thresholding, region thinning, a line linking procedure, eight connectivity and
line drawing were used to define the one-pixel-thick lines. The correspondence lines
between the stereo pair were found based on the relative thickness and brightness of

the lines and the order of the lines. After image rectification, the matched points
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between two images were found by searching points that were on the same scan line
along the matched lines. The collinearity equations were used in recovery of the

three-dimensional information.

Tests using solid models and scoliosis patients were conducted. Based on the
experimental results from test models, the image processing methods and algorithms
used have been shown to be able in recovering accurate and reliable three-dimensional
data. The tests done on the scoliosis patients demonstrated the [easibility of the

system to recovery three-dimensional information of the trunk surfaces.

This system will later be used in clinical trials to monitor the progress of scoli-
otic deformities. With this system, the clinician can recover the three-dimensional
information of the trunk surfaces of the scoliosis patients. Combined with the graph-
ical display of a; computer three-dimensional surface model available at the Gelnrose
Rehabilitation Hospital, the package provides clinicians with a tool to assist in the

evaluation of scoliotic deformities.

The software implemented for the system consists of ten programs. This 3D
reconstruction package requires the user to input a pair of projected line images, a
pair of object images illuminated by a spot light, and a file contained with exterior
and interior parameters of the cameras. The package automatically outputs X,Y and
Z coordinates of the objecﬁ surfaces in a file. Human intervention is not required. A

detailed description of the 3D reconstruction package is given in Appendix L.

7.2 Limitations

The system is capable of recovering the three-dimensional shape of the trunk surfaces.

However, when there are sudden change of depth in the surfaces, lines projected onto

the surfaces are occluded and/or falsely interconnected. The system does not have the
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necessary constraints and knowledge to solve this problem. It will proceed, extracting
one-pixel-thick lines, determining lines between the two images and, computing X, Y

and 7 coordinates for the surfaces. As a result, invalid information may be generated.

The system also has limitations in measuring three-dimensional coordinates of
small object surfaces. This is because the computation of three-dimensional data
re'quires thick lines to be corresponded first. If the thick lines are missed from the
projected line images, line correspondence between two images can not proceed. The

system will output a warning message.

A pair of abject images illuminated by a spot light is needed to define the region of
interest for the projected line images. If there is movement of the patient, an incorrect
boundary will be generated. This will cause the system to produce extra data points
that are off the body or to lose information from the trunk surfaces. However, because
the four images can be captured within 1-2 seconds by the two cameras, involuntary
movement of the patient due to breath and posture sway is likely to be small. This

small amount of movement will generally not affect performance of the system.

r The matching algorithm used in the system is based on the connectivity of the
lines. If the broken line segments are not connected into the continuous lines, portions
of the line segments may be omitted from the results. On the other hand, if the broken
line segments are all connected into the continuous lines using linear interpolation,
inaccurate data may be yielded in the results. In this case, it is a trade off between

the completeness and accuracy of the data.

If the coordinates of an arbitrary object point P projected onto the two image
planes are (1, y1) and (z2, y2), the approximate Z coordinate of the object point can

be calculated based on the following equations.
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4= ‘\fl + ch (71)

where the A is:
yo( X2 — X)) — z2o(Ye2 — Yar)

I1Y2 — Talh

I\=

Where (X., Yo, Ze1) and (X2, Yir, and Z.2) are the coordinates of the perspective
centers and f; and f; are the focal length of both cameras.

When the coordinates of the corresponding arbitrary points between the top and
the bottom camera images were (261. 228) and (268, 182), by using the Bqs. 7.1 and
7.2, the Z coordinate of the object point was found to be 178 mm. If 6.3mm and
1.:5rnm were added to the image coordinates x and y, respectively for both images,
the 7 coordinate of the object point was then 176 mm. As a result, the change in
7 coordinate (AZ) was 2 mm when 6.5mm and 1.5mm were added to the image
coordinates x and v, respectively. By increasing the density of the lines projected
onto the surface, the change in Z coordinate between consecutive lines will hecome

smaller. This would increase the resolution of the system.

7.3 Future Work

The density of the three-dimensional data in the vertical direction can be improved
by re-processing the negative of the projected line images. The thinned lines from
the dark band between the lines can be superimposed onto the present thinned line
image. As a result, the density of data in Y coordinate (the vertical direction) is

inucreased.

The detection of the boundary for the region of interest can be improved. At
present, a black curtain is used in the background to increase the contrast of the
image. It is possible that by using a better boundary detection technique, and the

black curtain can be removed. Thus, the efficiency of the system is increased.
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The system is able to reconstruct an accurate three-dimensional cylindrical sur-
faces, triangular shaped object surfaces and step pattern object surfaces. Moreover,
it is capable of recovering the three-dimensional information of the human subjects
with mild scoliosis. Further investigations on the accuracy of the reconstructed human

trunk surfaces are required.
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Appendix 1

Description of The 3D Reconstruction Package

In this appendix the description of the 3D reconstruction package implemented for
the three-dimensional data acquisition system is given. It gives an idea about the
actual implementation of the package and is intended to supplement the information

already available in the preceding chapters.

The current version of the 3D reconstruction package is implemented in the C
programming language and runs on IBM RISC System/6000 workstations. It requires
the user to input a pair of projected line images, a pair of object images illuminated
by a spot light, and a file contained with exterior and interior parameters of the
cameras. This package automatically outputs X, Y and Z coordinates of the object

surfaces in a file. Human intervention is not required.

The 3D reconstruction package reads and writes Grey scale tiff image. Tiff image
I/0 is done via the libtiff.a library. This library is located in /usr/local/lib. Header
ﬁl;es of the Tiff images can be found in /usr/local/include library and are linked to the
default lib and include directories. The Tiff images from Mac. do not have the same
header as the Tiff images used IBM RISC System/6000 workstation. It is required
to save the Mac’s Tiff images as the Tiff images in the [BM RISC System/6000

workstation using xv [6] before using them in the package.
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This appendix is divided into two sections to reflect the organization of the preced-
ing chapters. The descriptions of the implementation of region growing, edge detec-
tion, image thresholding, region thinning, line linking procedure, eight connectivity
and line drawing are given in section one. Section two describes the implementa-
tion of line correspondence between the stereo image pair, image rectification, point

correlation and three-dimensional recovery.

1.1 Implementation of Image processing techniques

Procedure region_grow() is used to define the region of interest. It groups pixels that
have similar intensity values into regions which define the region the interest. It starts
at a seed point in the object, and moves toward the boundaries of the object in each of
the partitioned regions, and includes all candidate points that have similar properties.
This procedure is called first in the package. The declaration of the region_grow()

procedure is:

t
void region_grow(image,Seed)

ImagePt image;

cor_type *Seed;

The parameter “image” is the address of(a pointer to) a data structure defined

by ImagePt. The parameter “Seed” is the address of a data structure defined by

cor_type. The ImagePt data structure is declared as:

typedef struct{
int W;
int H;
int max;
int **data;

. } Image_Type;
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typedef Image_Type *ImagePt;

The ImagePt data structure is used to store the image information. The W and
H fields of this structure contain the width and height of image, respectively. The
max field is the maximum intensity value of the image. The data is a pointer to a
two-dimensional array contained with each pixel intensity values of the image. The
input image is a object image illuminated by a spot light. The procedure returns a

image of region of interest.

The cor_type data structure is used to store the coordinates of the seed point

found in the region_grow procedure. Its declaration is:

typedef struct {
int imx, imy;

} cor_type;

Procedure boundary_detection() is used to define the boundary of the region of
interest. The Sobel operator masks are used to detect the edge of the region of
interest. The Sobel operators calculate the gradient of the pixels in the image. The
edges in the image are found using the magnitude of the pixel gradient values. If
the magnitude of the pixel gradient value is greater than 40 percent of the difference
between the minimum and maximum intensity values in the image, this pixel is an

edge pixel. The declaration of the boundary_detection() procedure is:

void boundary_detection(image)

ImagePt image;

The procedure inputs the image generated from the region.grow procedure. After
noise reduction and edge linking, it returns a complete boundary of the region of

interest.
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The local_threshold() procedure is used to enhance the contrast of the projected
lines. The projected line image is partitioned into sub-images and a threshold value is
determined for each of the sub-images. A 10 by 10 pixels window for local thresholding
is used. The mean intensity value of each sub-image is used to separate the object (the
projected lines) from background (the object). Image thresholding is accomplished
by scanning the image pixel by pixel and labelling each pixel as object or background,
depending on whether the intensity value of that pixel is greater or less than the mean

intensity value. The declaration of the local threshold() procedure is:

void local_threshold(image)

ImagePt image;

The procedure inputs the projected line image and outputs an enhanced projected

line image.

Procedure line_thinning() is used to determine the one-pixel-thick lines from the
projected lines in the images. The skeletonizing method (line thinning algorithm)
is used to thin the projected lines. Line thinning shrinks each projected line by
repeatedly deleting edge points. The thinned lines are approximately at the center
of the original projected lines. The algorithm operates under three basic constraints:
1) it does not remove end points. 2) it does not break the connectedness of the line,
and 3) it does not cause excessive erosion of the region. The thinning algorithm
applies a two-step procedure described in section 4.2 iteratively until no further edge
points are deleted at which time the algorithm terminates and the resulting lines are

approximately at the center of the original projected lines. The declaration of the

line_thinning() procedure is:

void line_thinning(image)

ImagePt image;

The procedure inputs the thresholded projected lines and outputs the thinned lines.
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Procedure eight_connectivity() is used to identify and number the continuous lines
in the image. Eight-connectivity classified each line(connected comporents) only
once. The image is scanned pixel by pixel, from left to right and from top to bottom
to label and identify the lines in the image. At the end of the scanning process, all
p:)ints with value 1 are labelled, but some of the labels are equivalent. The equivalent
label pairs are sorted into equivalence classes, and a unique label is assigned to each
class. Then a second pass through the image replaces the equivalent labels by the
label assigned to the class. At the end of the eight-connectivity procedure, each line in
the image has a unique label assign to it. The declaration of the eight_connectivity()

procedure is:

void eight_connectivity(image,G-Classes,G_Num)
ImagePt image;
LineSet_Type **G_Classes;

int *G_Num;

The parameter “G_Num” is used to store the numbers of the projected lines found
ins the image. The parameter “G.Classes” is the address of(a pointer to) a data
structure defined by LineSet_Type. It is used to store each connected region. The

LineSet_Type data structure is declared as:

typedef struct {
cor_type *cor;

int GP;

int GPSize;

int match_flag;

} LineSet_Type;

The LineSet_Type data structure is used to store the projected line information.

The GP and GPSize fields of the structure contain the labels and the pixel numbers
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of a projected line(groups of pixels), respectively. The match flag field is used to
indicate the status of line correspondence. The cor is a pointer to a one-dimensional
array containing the coordinates of each pixel of a line. The procedure inputs the

thinned line image and outputs a set of connected lines and the number of the lines.

Procedure ConSeg() is used to connect the broken line segments to produce con-
tinuous lines. It is based on the smoothness criterion, and it reconnects broken line
segments based on the distance and orientation of the line segments. The procedure
starts with finding both start and end points of the lines in the line set. the distances
between a start point of a line and the end points of the remaining lines are calcu-
lated. If the distance is smaller than a threshold value of 10 pixels, these two line
segments are considered as a candidate pair of broken lines that potentially might be
reconnected. The inclination angle between the start and end points of the candidate
lines is examinated. If the inciination angle is less than +45 degrees, these two line
segments are joined. This procedure is applied repeatly, stopping when no further

broken line segments are found. The declaration of the ConSeg() procedure is:

void ConSeg(image, classes, num_classes)
ImagePt image;
LineSet_Type *classes;

int num_classes;

The procedure inputs the line set found in the eight_connectivity procedure and out-

puts a connected line set. The parameter “num.classes” is used to store the number

of the connected lines.

Procedure spatial_relation() is used to connect a series of neighbouring broken
lines to continuous lines. It is based on the constraints that the projected lines can
never cross each other and are contiguous. A two-step procedure is implemented

to connect these lines. The procedure starts with searching the candidates of the
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broken lines that potentially may be reconnected. Broken lines are candidates for
reconnection if the distance between the start point of a line and the end points of
the rest of the lines is less than 30 pixels. Based on the constraints that projected lines
are contiguous and never cross each other, the candidate segments are examinated.

If the constraints described in section 4.3 are satisfied, the candidate segments are

connected. The declaration of the spatial_relation() procedure is:

void spatial_relation(image,classes,num_classes)
ImagePt image;
LineSet_Type *classes;

int num_classes;

The procedure inputs the line set after the ConSeg() procedure and outputs « updated

connected line set.

Procedure draw.line() is used to connect the disruption of the lines. This proce-
dure computes the coordinates of the pixels that lie on or near a straight line defined
by the end points. It connects the broken line segments with an interpolation of a
straight line. The procedure consists of three steps: First, computes the initial deci-
sion variable dyq,¢ described in section 4.3. Second, chooses the next pixel based on
the sign of the decision variable calculated in the previous step. Third, increments
the decision variable by adding either deltaE or deltaNE described in section 4.3 to
the current value, The next pixel is selected based on the sign of the new decision
variable. This process is repeated until the broken lines are joined at which time the

algorithm terminates. The declaration of the draw line() procedure is:

void draw_line(xl,yi,x2,y2,k,classes)
¢ int x1,y1;
int x2,y2;

int k;
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LineSet_Type *classes;

The procedure inputs both end points of the line (z1, 1) and (=2, y2). and outputs

a line drawn by the procedure in a pointer array “classes”. “k” is the number of the

points in the drawn line.

1.2 Implementation of Three-Dimensional Reconstruction

Procedure FindThickLine() is used to identify the thick lines in the projected line
images. The thick lines are identified based on the relative thickness and brightness.
There are three steps to find the thick lines in the images. First, the total and the
mean intensity value of the cross section of the projected lines are calculated. The
projected line with the maximum total intensity value is selected and considered to
be one of the thick lines. Second. after one of the thick lines is identified. the absolute
differences in mean intensity value between the selected thick line and the remaining
projected lines are calculated. If the difference is less than a threshold value of 10,
the lines are considered to be thick line candidates. In the third step. a precoded line
pattern relationship between the thin and the thick lines described in section 3.2 is
used. If the number of the thin lines between the selected thick line and the thick
line candidates satisfy the precoded line pattern constraint. the candidate lines are

considered to be thick lines. The declaration of the FindThickLine() procedure is:

void FindThickLine(image, thickline,thick_num, seed)
ImagePt image;

Thick_type *thickline;

int *thick_num;

cor_type *seed;

The parameter “image” stores the input of the projected line image. The parameter

“thickline” is a pointer to a data structure defined by Thick-type. It is used to
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store the thick lines found in the procedure. The parameter “thick-num” stores the
number of the thick lines found. “seed” contains the coordinates of the start point of

the search procedure. The Thick_type data structure is declared as:

typedef struct {
int mean, label;
int Xmin, Xmax;
int Ymin, Ymax;
int MatchFlag;

} Thick_type;

" The Thick_type data structure is used to store the thick line information. The
mean and label fields of this structure contain the mean intensity value and the labels
of the thick line, respectively. The coordinates of the end points of the thick line are
stored in (Xmin, Ymin) and (Xmax, Ymax). The MatchFlag field is used to indicate

the status of line correspondence.

The thick lines are corresponded based on the relative image y coordinate of the
thick lines. A © ick line with the maximum y coordinate in one image matches with
a thick line with the maximum y coordinate in another image. A thick line with the
second largest v coordinate in one image matches a thick line with the second largest
v in another image. This matching procedure is continuous until all the thick lines in

both images are correlated. The declaration of the MatchThickLine() procedure is:

' ' void MatchThickLine(col,labell,label2,
setl,set2,setl_num,setZ_num,match)
MatchLine_Type *match;
LineSet_Type *setl,*set2;

int labell,label2, *col;
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The parameter “match” is a pointer to a data structure array defined by Match-
Line_Type. It is used to store the matched thick lines. The parameter “setl” and
“set2” contain the projected lines of the top and bottom camera images, respectively.
The parameter “labell” and “label2” contain the line label of the top and bottom

camera images. The MatchLine_Type data structure is declared as:

typedef struct {
SetIndex_Type *Index;
int NumOfMatchLine;

} MatchLine_Type;

The MatchLine Type data structure is used to store the matched thick lines found
in the MatchThickLine() procedure. The NumOfMatchLine fields of this structure
contain the number of the matched thick lines between two images. The Index field

is a pointed to a data structure defined by SetIndex.Type. The declaration of the

SetIndex_Type data structure is:

typedef struct {
int LSetl;
int LSet2;

} SetIndex_Type;

The LSet1 and LSet? fields of the SetIndex_Type structure contain the index number

of the line set of the top and bottom camera images, respectively.

Procedure Match_Line() is used to match the corresponding thin lines between
two images. This procedure corresponds the thin lines by using the initial thick line
matches. Line order and relative location of the thin and thick lines are used. It starts
at one of the thick line matches and searches upward and downward in both images
for the corresponding thin lines. If the order of two lines is the same in both images

dﬁring the search procedure, these two lines are considered to be matched. The search
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process terminates when the difference of distance between three consecutive lines in
either image is greater than a threshold value of 5 pixels, or when all the projected

lines are matched. The declaration of the Match_Line() procedure is:

void Match_Line(imagel,image2,thicklinel,
thickline?2,Match,thicki_num,thick2_num,
Setl,Set?2,setl_num,set2_num)

Thick_type *thicklinel, *thickline2;
MatchLine_Type *Match;

int thickl_num, thick2_num;

ImagePt imagel,image2;

LineSet_Type *Setl, *Set2;

int seti_num, set2_num;

The parameters “thicklinel” and “thickline2” are pointers to a data structure array
defined by Thick_type. They contain the initial matched thick lines in the top and
bottom camera images, respectively. The parameter “Match” is a pointer to a array
containing the corresponding projected lines between the top and bottom camera
images. The parameters “Setl” and “Set2” are pointers to structure data arrays
containing the projected lines in the top and bottom camera images, respectively.
T'he parameter “thick num” and “set_num” contain the number of the thick lines and

the number of the projected lines in the images, respectively.

Procedure RectImage() is used to make an equivalent vertical image pair from a
tilted image pair. The resulting image pair is recorded in epipolar geometry. T he
scan lines of stereo pairs are epipolar lines parallel to the axes of the image coordinate
frames. The first stage of this procedure is to compute the orthogonal rotation matrix
which transforms the pixel image pair into the vertical image pair. The second stage
involves a transformation from the vertical image to the normalized rectified image.

The declaration of the RectImage() procedure is:
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void RectImage(image,Rn,CD,XValue,YValue,cent)
ImagePt image;
double Rn{3][3];

Rectify_Type CD;
int **XValue, **YValue;

cor_type *cent;

The parameter “Rn” is a 3 by 3 array containing the elements of the orthogonal
rotation matrix. The parameter “CD” is defined by a data structure Rectify Type.

It contains the exterior and interior parameters of the camera. The declaration of the

data structure Rectify Type is:

. typedef struct {
double omega;
double phi;
double kappa;
double zp;
double cx;
double cy;
double cz;
double k1;

} Rectify_Type;

The omega., phi and kappa fields of this data structure contain the rotation angles of
the camera. The cx, cy and cz store the spatial world coordinates of the perspective
canter of the camera. The zp and k1 contain the focal length and radial correction of

the camera, respectively.

Procedure Match_YCor is used to match the corresponding points between the

top and bottom camera images. Corresponding points are found by searching points
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that are on the same scan line along the matched lines in two images, The declaration

of the Match.YCor() procedure is:

void Match_YCor(MatchLines,LineSet1,LineSet2,
MatchPoints,RectlLineSet1,RectLineSet2)
MatchPoint_Type *MatchPoints;

LineSet_Type *LineSetl, *LineSet2;
LineSet_Type *RectLineSetl, *RectLineSet2;

MatchLine_Type *MatchLines;

The parameter “MatchPoints” is a pointer to a data structure array defined by Match-
Point_Type. It contains the matched points found between the two images. The
parameter “RectLineSet” and “LineSet” are pointers to the data structure array con-
taining the rectified projected lines and the projected lines of the images, respectively.
The parameter “MatchLines” is a pointer to the array storing the matched lines. The

declaration of the MatchPoint_Type data structure is:

typedef struct {
cor_type *PointSetl,*PointSet2;
int NumOfMatchP;

} MatchPoint_Type;

Procedure CalcXYZ() is used to compute the X, Y and Z coordinate information
of the object surfaces. The collinearity equations described in section 2.5 are used.
The equations are based on the assumption that the object point, the perspective
center of the camera, and the image point lie on a straight line. The equations using
the least squares solution compute the X, Y, and Z coordinates by an iterative process,
stopping when the corrections become less than 0.0000001. The declaration of the

CalcXYZ procedure is:
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void CalcXYZ (MatchPoints,CamData,NumLine)
MatchPoint_Type *MatchPoints;

CamData_Type CamData;

int NumLine;

The parameter “MatchPoints” is a pointer to the data structure array containing
the matched points. The parameter “CamData” is defined a data structure Cam-

Data_Type. It contains the exterior and interior parameters of both cameras. The

declaration of the data structure CamData_Type is:

typedef struct {
double cx[2];
double cy[2];
double cz[2];
double omegal2];
double phi[2];
double kappal2];
double £[2];
double xo0[2];
double yo[2];
double k1[2];
double k2[2];
double p1[2];
double p2[2];

}CamData_Type;

The omega, phi and kappa fields of the data structure contain the rotation angles
of both cameras. The cx, cy and cz store the world coordinates of the perspective
centers of both cameras. The f, k1, k2 , pl and p2 contain the focal length, radial

and de-centering corrections of both cameras, respectively.



