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ABSTRACT

Scaphocephaly refers to the premature closure of the sagittal suture resulting in a
long and narrow head. Since it does not significantly affect brain growth, the single
reason for surgical intervention is cnsmeiic improvement. The planning and evaluation
of these surgical operations depends on radiological imaging but the three-dimensional
structures are not fully represented by the planar format of magnetic resonance imaging.
A three-dimensional reconstruction software application is developed to provide a tool

for evaluation and visualization of the three-dimensional bony architecture of the skull.

The three-dimensional reconstruction application is implemented by two
programs: 'HEAD' and '3D'. The program 'HEAD' performs boundary extraction from a
set of magnetic resonance images and provides filiering operations to enhance the quality
of the image for the extraction step. The program '3D' uses the boundary data extracted
by 'HEAD' to create a three-dimensional model and displays the model using wire-frame
display mode with or without hidden surface removal. The application runs on a desktop
computer and can be used in a clinical environment to evaluate the effectiveness of the

surgical treatment to children with scaphocephaly .
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CHAPTER 1: INTRODUCTION

Magnetic resonance imaging (MRI) generates high resolution, diagnostic quality
medical images without ionizing radiation. MRI allows imaging directly in three
orthogonal planes: transverse, sagittal, and coronal. A valuable quality inherent in
magnetic resonance imaging is its ability to show anatomical structures in gray levels
which differentiate between bone and soft tissue as well as between different types of soft

tissues. This property is useful both for soft tissue analysis and skeletal studies.

Magnetic resonance imaging is used in a wide variety of applications including
such area as chemical analysis, study of structures in solids, fluid flow measurements and
biomedical investigations. In the clinical environment, it has become a powerful
analytical tool for investigating diseases involving the brain, the spinal cord, the
musculoskeletal system, the spine and the cardiovascular system. Craniosynostosis is the
premature closure of the sutures of the skull; scaphocephaly refers to the premature
closure of the sagittal suture resulting in a head that is both long and narrowl3). Earlier
studies documented raised intracranial pressure and retarded intellect in patients with
craniosynostosis[3’5]. Although considerable research has been done on
craniosynostosis, the exact cause is still unknown(3:3], The re-shaping of the skull by
surgical treatment has been advocated, but Venes and Sayers[m] indicated that
scaphocephaly does not significantly alter brain growth; therefore, the purpose of surgical
treatment is mainly cosmetic improvement. In Alberta, Dr. T. Myles[6] studied the
effectiveness of the surgical treatment for children with craniosynostosis over the past 15
years. He found that the timing of surgery seems more important in determining the

cosmetic result than the type of procedure performed. The planning and evaluation of



these surgical operations are dependent on magnetic resonance imaging for defining the
underlying bony structures and their relationship 1o overlying soft tissue contours.
Unfortunately, the planar format of magnetic rsonance imaging does not provide
adequate information about the three-dimensicnal structures. Three-dimensional
reconstruction software provides a tool to evaluate and visualize the three-dimensional

bony architecture of the cranial vault.

There is a large body of literature reporting the development of three-dimensional
reconstruction softwarel1,2,4,6,8,9] for clinical apglizations. In general, these
approaches are complex, time consuming, and require speciai hardware and software for
the reconstruction process. For example, the application deveicped by Smith er al.{9]
uses a graphics workstation consisting of a Data General MV/R000 super mini-computer
and an ADAGE RD 3000 graphics system. The system deveioped by Hoffmeister[4]
requires a VAX-11/750 with International Imaging Systems (IIS) System 600 software on
a IIS Model 75 image processor. These specialized hardware and software resources are
not available to most physicians, thus reducing the general accessibility of these three-
dimensional reconstruction applications. Manufacturers of magnetic resonance imaging
units have also developed their own three-dimensional reconstruction software (for
example, 3DCT by Siemens) for their machines. However, it is not economical to run the
three-dimensional reconstruction application on an expensive magnetic resonance

imaging machine which is heavily used for the medical data collection.

The purpose of this project was to develop a three-dimensional reconstruction
application which will run on a desktop computer. This software application provides
greater accessibility to clinicians, lowers the operation cost because the radiological

imaging and three-dimensional reconstruction processes are separated, and enhances the



possibility of combining computed tomography and magnetic resonance images in one

application.

The input ~ata are sets of parallel two-dimensional magnetic resonance images

taken along the z axis with 3 fixed axial displacement, as shown in Figure 1.1.

-2 ‘y
\\ - 1
S L
\. \
>x
d di dataFile.1
d
d

Figure 1.1:  The input data set is a series of coplanar
images with fixed displacement (d) along
the z axis.

The x and y axes correspond to the horizontal and vertical directions of individual
slices. Each image is a collection of samples { f(x,y) } and is represented as a two-
dimensional array of numbers. Each element of this array is called a picture element or
pixel which is the amplitude corresponding to the brightness of a small elemental area in
the digital image. The image gray scale is defined by digital values; in this project, the

gray scale for white is zero and for black is 255.



Following in Chapter 2 is a presentation of the basic principles of magnetic
resonance imaging. This includes a description of the imaging techniques and the
parameters that affect the image quality. Also, the quantitative errors of the magnetic
resonance images produced on the Phillips Gyroscan S15 system used in this project are

discussed.

Analysis of image processing techniques for magnetic resonance images of the
skull is presented in Chapter 3. The scope of the software application is listed followed
by a discussion of spatial-domain operations for data extraction. Then the
implementation strategy of a three-dimensional model is presented. The three-
dimensional reconstruction application is implemented by two programs: 'HEAD' and
'3D'. 'HEAD' performs the boundary extraction function and '3D' creates the three-

dimensional model.

Chapter 4 describes the software structure and menu commands. The concept of
an event-driven computer is introduced. The software structure and menu commands of
'HEAD' and '3D’ are described along with relevant structure charts. The software
programs are demonstrated in Chapter 5. The user is guided through the boundary
extraction and the three-dimensional reconstruction processes. Results of command

menu selections are presented.

Chapter 6 presents the conclusions of this thesis and the direction for further

research in the area of three-dimensional display of medical data.
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CHAPTER 2: BRIEF REVIEW OF
“IAGNETIC RESONANCE IMAGING

2.1 Background

Magnetic resonance imaging (MRI) relies on the paramagnetic properties of the
nucleons ( neutrons and protons ) which make up atomic nuclei. Each neutron and proton
possesses an intrinsic spin which produces a magnetic moment causing the nucleus to
behave like a tiny bar magnet. When a uniform magnetic field is applied to the nuclei,
magnetic cozpling occurs which tends to align them with the field direction and causes
precession - rotation of the spin axes around the field direction. The rate or frequency of
this precession is proportional to the applied magnetic field strength. During the
precession state, the nuclei emit a radio-frequency ( RF ) signal, the "Larmor frequency”,
which has the same frequency as the trequency of precession{4]. The Larmor frequency

is related to the applied magnetic field by the Larmor equation:

Wo =-YBo 2.1

where @y, is the frequency of precession;
vy is the gyromagnetic ratio of the magnetic moment of the nuclei
to its angular momentum; and

By is the applied external magnetic fieid.

The Larmor frequency is constant for nuclei of the same material; that is, all identical

nuclei emit a signal of the same frequency in a given magnetic field.



Three types of magnetic fields are required in magnetic resonance imaging. The
first field is the static magnetic field, By, which is uniform throughout the imaging
sample. The direction of this field is defined to be the Z-axis. The second field is the
gradient field which produces a magnetic field profile so that the magnetic resonance
imaging signal can be spatially decoded. It consists of a set of three orthogonal field
gradients Gx, Gy, and Gz which generate a spatially-varying and time-varying magnetic
field within the sample. For example, Gy in the X-direction causes the Z-component of

the magnetic field to vary linearly with X and the Larmor frequency becomes:

©=-y( By + xGy ) (22)

The third field is the radio-frequency field which tips the magnetic moment of the nuclei
by an angle 0 from the Z axis. During the tipping process, the nuclei absorb energy from
the radio-frequency field and are shifted to a higher energy state. When the radio-
frequency fields stop, the nuclei return to a low energy state by precession and a radio-

frequency signal is emitted. This signal provides the image data.

The location and orientation of the image plane is identified by selective
excitation in which only those nuclei that possess Larmor frequency equal to the radio-
frequency excitation pulse will be affected. Similarly, by applying combinations of three
orthogonal gradients and different radio-frequency pulses, spatial information of the
image plane is decoded and recorded. After the data is collected, Fourier transformation
is applied to convert the data from the time domain to the frequency domain which maps
the physical location to a frequency space. The value of each pixel in the image is related
to the amplitude of the signal at the location x, y, z which represents a composite of

nuclear densities.



Four tissue properties influence the strength of the imaging signal and the
appearance of an image. These properties are the hydrogen concentration, the blood flow
rate, the longitudinal relaxation time (T1), and the transverse relaxation time (T2). When
the magnetic moment of a nuclei is tilted by a pulsed magnetic field, the nuclei return io
the equilibrium state by rcleasing energy to the lattice of atoms around the nuclei. The
time required to return to equilibrium is characterized by T1 or spin-lattice relaxation
time. Because the process occurs in relation to the Z axis (longitudinal orientation), T1 is
also called the longitudinal relaxation time. T2 or spin-spin relaxation time is the time
constant that characterizes the process of returning to equilibrium of the component that
is perpendicular to the external static field. Because the process occurs in relation to the
XY magnetization which is a piane transverse to external static field, T2 is also called

rransverse relaxation time.

Two programmable parameters, Tr and Te also affect the intensity of an image.
Tr is the repetition time which is the time between two consecutive pulse sequences. Te
is called the echo time which is the time between consecutive maximum signals in a
repeated pulse sequence. In general, the intensity of an image is a function of T1, T2, Tr

and Tel2],

By selecting different values of Tr and Te, two types of images can be obtained.
A T1-weighted image is generated by applying short Tr and Te values. T2-weighted
images are generated by using relatively long Tr and Te values. In T1-weighted images,
tissues with short T1 will appear bright and tissues with long T1 will appear dark. While
on T2-weighted images, tissues with long T2 will appear bright and tissues with short T2

will appear dark[4],



In summary, magnetic resonance imaging involves the following steps:
1) positioning an object in a uniform magnetic field Bo;
2) selecting planes of interest by applying gradient fields;
3) exciting the nuclei in these selected planes by radio-frequency pulses;
4) decoding the signal which satisfies the Larmor equation and collecting these data; and

5) generating images using Fourier Transform reconstruction techniques.

2.2 Scanning Sequence
Several different scanning sequences have been designed to measure specific
magnetic resonance imaging parameters such as T1 or T2; the two most commonly used

scanning sequences are spin echo and inversion recovery.

2.2.1 Spin Echo

Spin echo is the most commonly used pulse sequence in clinical
applications[l’3v6]. A 90 degree radio-frequency pulse, which tips the magnetic moment
by 90 degree from Z axis, is followed by a 180 degree inverting pulse at time Te/2 and
the spin echo is recorded at time Te, as shown in Figure 2.1. The Z gradient is applied
during the 90 degree excitation, 2 signal is emitied at this stage but is ignored; after time
Te/2, a 180 degree inverting pulse is applied and the Z gradient is re-applied during this
process for slice selection. The echo occurs after another Te/2 time and the image data is

recorded. Multiple echoes can be obtained with repeated 180 degree pulses.
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Figure 2.1: The spin echo pulse sequence.
The intensity(2] (I) of a spin echo is :
I=N(H) * f(v) * (1-exp(-Tr/ T1)) * exp(-Te / T2) (2.3)

where N(H) is the hydrogen density ;
f(v) is the flow rate of blood;
Tr, Te, T1 and T2 are as defined in the text.

The intensity of the image is influenced by the tissu¢ being examined; that is , the
hydrogen density. For example, hard bone and air spaces (low hydrogen content) which

do not produce strong signals are dark while fat and soft tissue (high hydrogen content)



which have high proton densities produce a bright image. The intensity will increase as
T2 and hydrogen density increase and as T1 decreases. It should be noted that the T1 and
T2 influences are both relative to Tr and Te. The images are weighted by altering the

repetition and echo times.

2.2.2 Inversion Recovery

Inversion recovery is the other most commonly used imaging pulse sequence.
The application of a 180 degree pulse, followed by a 90 degree pulse tips the net
magnetization vector from the Z axis onto the X-Y plane. Like spin echo, the Z gradient
is applied both during the 180 degree pulse and the 90 degree pulse for slice selection
(shown in Figure 2.2). The X and Y gradients are both on during the emission of the
magnetic resonance imaging signal to decode spatial location. Varying the value of T1 in
inversion recovery can produce a near zero intensity for any specific T1 value which is

useful for contrasting adjacent tissues. The signal intensity for inversion recovery is(2]:

I=N(H) * (1-2*exp(-Tr/T1)*exp(-Te/T2)) (24

T2 is assumed to be long with respect to T1.

In summary, the spin-echo sequence is used to obtain T2 dependent images that
are not strongly influenced by field inhomogeneity. Images obtained using this sequence
have a strong T2 dependence, which is largely determined by the value of Te. The
Inversion-Recovery sequence is vsed to obtain T1 dependent images. This sequence is
useful for contrasting adjacent tissue by varying Tr to make the intensity of any tissue
with a certain T1 value be zero. Images produced in different magnetic field strengths
with different Tr and Te values will have different intensity levels; therefore, magnetic

resonance images with different imaging parameters can not be directly compared.
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Figure 2.2: The inversion recovery pulse sequence.



2.3 Spatial Errors of Magnetic Resonance Images

A thorough error analysis of the data acquisition phase and suggestions for
correcting system dependent errors is presented by Unraul3]. The emphasis here is on
the overall spatial accuracy of the image produced. An error analysis has been carried out
using a plate of grid lines spaced at 1 cm intervals. The images are taken one year apart
to verify image repeatability using a Phillips Gyroscan S15 1.5 Tesia magnetic resonance
imaging scanner. The image obtained consists of the grid lines and noise around the

edges of the plate and in the background, as shown in Figure 2.3.

The image field of view is 23} millimetres and the image resolution is 256 pixels;
that is, 256 pixels represents 250 millimetres. By measuring the number of intervals and
the number of pixels between the end points of each row and column along each grid line,
the number of pixels per 250 millimetres were calculated (Appendix A (1)). Then the
percentage error of each row and column was calculated with respect to the field of view
and the image resolution. The percentage errors of the phantom measurements taken at

two separate times using the same imaging parameters are shown in Table 2.1.

From the percentage columns in Table 2.1, there is minimal error in the middle
section of the phantom. Since the grid lines may not aligned with the coordinate axes of
the digital image, the number of pixels for each gridline has an accuracy of -1 to +1
pixel; that is for each grid line, a maximum measurement error of one pixel per grid line

may be introduced; therefore,

grid line error in percentage is =(1/256)* 100%
=0.4%
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Figure 2.3: Test image for error measurement.
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Table 2.1: Percentage Errors of Gridline Measurements.

Gridline Phantom Image 1 Phantom Image 2
Vertical Horizontal Vertical Horizontal
Gridline Gridline Gridline Gridline
(%) (%) (%) (%)
1 0.8 -0.4 -0.8 -0.4
2 0.0 0.0 0.0 0.0
3 -0.8 0.4 0.8 -0.4
4 -0.8 0.0 -0.8 0.0
5 -0.4 0.0 0.4 0.0
6 0.4 0.0 0.4 0.0
7 -0.8 0.0 -0.8 0.0
8 0.8 0.4 0.8 0.4
9 -0.4 0.4 -0.8 0.4
10 0.4 0.4 -0.8 0.0
11 0.0 0.4 0.0 0.0
12 0.0 04 0.0 0.0
13 0.0 04 0.0 0.0
14 -0.8 0.4 0.0 0.0
15 0.4 -0.4 0.4 -0.4
16 04 0.4 0.4 -0.4
17 0.8 0.0 0.0 0.0
18 0.8 0.8 0.8 0.8
19 0.4 0.8 0.4 0.8
20 0.8 - 0.8 -—ee
mean -0.50 0.15 -0.46 0.04
Std. Dev. 0.31 0.38 0.35 0.35

15



Assuming that all subsequent processing steps are ideal, the maximum error in the
X and Y direction is equal to 1.2%, grid line error ( 0.4% ) plus maximum measurement
error ( 0.8% ). The static magnetic field By in the imaging volume is extremely accurate
which in turn produces a very accurate measurement in the Z direction; the error is

immeasurably small[3].

The Student's t-test was used to test for significant differences between the two
horizontal gridlines measurements and the two vertical gridlines measurements over time.
The null hypothesis was that there is no significant differences between the gridlines
measurements of two phantoms over time For the vertical gridlines measurements, the
computed t-value ( t¢ ) is 0.623. For a level of significane (o) of 0.05, the critial values
for a two-sided alternative are t = 2.101{1}. Since tc falls between these values, the null
hypothesis that there is no significant difference between the two vertical gridlines
measurements is accepted. For the horizontal gridlines, the computed t-value ( tc ) is
1.837. For a level of significane (o) of 0.05, the critial values for a two-sided alternative
are t= 2.093{1}, Since tc falls between these values, the null hypothesis that there is no
significant difference between the two horizontal gridlines measurements is accepted.
From the results of t-test, the differences in the measurements are not large enough to
reject the assumption that the measured data are equal at a=0.05 level of signiiicance.

Therefore, the spatial errors do not vary over time.

{1) From t-distribution table in Statisitcal Method, Donald L. Harnett, Addison-Wesley Publishing
Company, Inc. 1982, p. A-49.
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2.4 Magnetic Resonance Images of Scaphocephalic head

Figure 2.4 and 2.5 are two samples from a set of T2-weighted magnetic
resonance images of an infant's head with scaphocephaly. Part (a) is a gray scale display
of the anatomical structure of the skull. This gray scale is directly proportional to the
hydrogen density in the tissue; therefore, structures having a high, intermediate, or very
low hydrogen density appear white, gray, or black, respectively. The gray portion in the
middle of the image is the soft tissue of the brain and the black boundary is the bone of
the skull. Parts (b) and (c) are the gray-level profile plots of the image (shown in part (a))
along AA'and BB'.

Ideally, the bone would have a constant gray level in the image; but Figure 2.4(b),
(c) and Figure 2.5(b), (c) show that the gray level of the bone in fact varies from 255 to
119. For most cases, there is a distinct gray level difference between the bone and the
surrounding structures. But in some parts of the images ( shown in Figure 2.5(c) ), the
bone gray level is very close to that of the surrounding structures which makes it difficult

to separate the bone anatomy from the soft tissue anatomy.

Gaps exist in the skull due to the opening of sutures as shown in Figure 2.5(a). A
discontinuity of the skull is a special case in boundary extraction because the extraction
process has to determine whether it is a true gap, such as a suture opening of the skull, or
low image quality. Also, there are low gray-level variations in the background which
will affect the boundary extraction process. Approaches to overcome these problems are

discussed in Chapter 3.
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Figure 2.4: (a) Magnetic resonance image.
(b) Gray-level profile plot along AA' and BB'.
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Figure 2.5: (a) Magnetic resonance image.

(b) Gray-level profile plot along AA' and BB'.
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CHAPTER 3: IMAGE PROCESSING TECHNIQUES FOR
MAGNETIC RESONANCE IMAGES OF THE SKULL

3.1 Scope of the software application
The objective of this project was to develop a software application which will
extract houndary information from magnetic resonance images and produce a three-

dimensional reconstructed wire-frame display. The scope was to:

1. automate the boundary extraction process for a set of magnetic resonance images of
scaphocephalic infant skull images stored in Tag Image File Formatlll;

provide image processing capability during this boundary extraction process;
reconstruct a three-dimensional wire-frame model from the boundary data;

display the three-dimensional model with or without hidden surface removal,

oA W

provide controls for rotating the three-dimensional model about x, y, and z axis in
real time;
6. provide a user-friendly interface to ease the use of the application; and

7. run the application in a desktop environment.

3.2 Development environment

The block diagram of the software is shown in Figure 3.1. The input data is a set
of magnetic resonance images (image dafa set) converted into Tag Image File Format.
The boundary data extracted from these data sets are used in the three dimensional
reconstruction process. The boundary extraction process is applied only once and the

extracted data is then stored for later processing as needed. Two separate programs were
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developed; 'HEAD' for the boundary extraction process, and '3D' for the three
dimensional reconstruction process. 'HEAD' reads the image data set as input data,
provides filtering operations to enhance the image, extracts the boundary data, and stores
the boundary data in a file. The boundary data produced by 'HEAD' is used by 3D’ to
perform three dimensional reconstruction which is then displayed with or without hidden

surface removal.

User-friendliness and ease of use were achieved by using the graphical user
interface, the mouse, and the command-key of the Macintosh computer. Controls for
three dimension rotation are provided by control scrollbars in the display window. The
minimum memory requirement was achieved by dynamically allocating memory space

using poirters for the data structure in both programs.

' boundary 3-Dimensional
extraction bo&;ra\;jary Reconstruction
a

Figure 3.1: The flow diagram of three-
dimensional reconstruction,

Both application programs were developed on a Macintoshl II computer with 8
megabytes of main memory, an 80 megabyte internal hard drive, and running under

MultiFinderl . The development tool was Macintosh Programmer's Workshop! (MPW)
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v. 3.0 and the debugging tool was Symbolic Application Debugging Environment!
(SADE) v. 1.0. 'HEAD' is written in MPW Pascal and '3D' is written in MPW C. Both
applications require at least 2 megabytes of memury, but 4 megabytes or more is

recommended when using MultiFinder.

3.3 Input File Requirements

The magnetic resonance imaging data are stored in straight binary format with an
image size of 256 pixels x 256 pixels x 16 bits per pixel. The header file for each slice is
discarded and the parameters of the images taken from a parameter file are entered
manually. The parameters used by this application are slice thickness, pixel size, number
of pixels, and inter-slice factor. Each.pixel represents the average value of the intensity
of the imaging volume at that particular location and the slice thickness is the thickness of
this imaging volume for each image. The inter-slice factor specifies the distance between
the centers of two consecutive imaging volumes in terms of slice thickness. That is, for a
slice thickness of 10 mm and an inter-slice factor of 1.2, the distance between the centre
of two consecutive slices is 12 mm (10mm * 1.2). Pre-processing is required to convert
the pixel size from 16 bits to 8 bits per pixel and to store the data in Tag Image File
Format[1] (TIFF). An image data set consists of between 12 to 15 images. The image
files are sequenced in ascending order or descending order having the same file name
plus the suffix of .n, where n ranges from 1 to the number of slices. Slices in a set of
magnetic resonance image files are taken along the same z-axis and it is assumed that

there is no misalignment in the image-to-image registration.

1 Macintosh, MultiFinder, Macintosh Programmer's Workshop and Symbolic Application Debugging
Environment are trademarks of Apple Computer, Inc.



3.4 Skuill Boundary Extraction
The first step in three-dimensional reconstruction is to identify and extract the
boundaries of regions of intercst. A number of algorithms have been proposed in the

literature [2,6,7,11,16,17]. All algorithms consist of two stages: an segmentation step

followed by a contour extraction step.

3.4.1 Image Segmentation

The segmentation process decomposes an image into regions that can be
identified. A region is defined as a set of spatially connected etements that have certain
common characteristics that differ from the characteristics of adjacent regions. Based on
the similarity or discontinuity between regions, segmentation techniques are categorized

into three classes[10]: 1) thresholding; 2) edge detection; and 3) region growing,

Thresholding is the most basic method of extracting objects from an image. The

result of thresholding is defined as[20]:

g(x,y)=1 iff(x,y)2¢ (3.1)
=0 iff(x,y) <t

where ( x, y ) are the x and y coordinates of a pixel; g( x, y ) and f( x, y ) are the
segmented and the gray level functions of ( x, y ) respectively; tis the threshold value.
Thresholding works well in situations where the gray level of a region is uniform or
where there is a distinct difference in gray levels between neighbouring regions. Most
images have a distinct gray level difference between the skull and the surroundings, and a

suitable threshold value can be easily chosen. In the indistinct parts of the images (Figure
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2.5(b)), the difference in gray level is small and selecting a suitable thresheld value to

separate different structures presents difficulties.

The gray level of bone varies from 255 to 110 in Figure 3.2(a). To detect the
skull, the minimum threshold value of 110 is used. This threshold value eliminates the
background noise, extracts the bone, and highlights the soft tissue with pixel values above
110 ( Figure 3.2(b) ) . For this image, there is no loss of boundary information because
the bone is surrounded by structures which have gray level below 110 and can be
separated by thresholding. However, when the same threshold value is applied to the
image in Figure 3.3(a) ( same as Figure 2.5(a) ), threshc.kding does not separate the bone
from surrounding structures (Figure 3.3(b)) because the gray levels of bone are very close
to the gray level of the surrounding structures in the indistinct part of the skull.
Consequently, both bone and soft tissue merged together into a single region. If a higher
threshold value is used ( 150 ), the soft tissue as well as the bone in the indistinct part of
the skull are lost ( Figure 3.3(c) ). Therefore, thresholding is not sufficient in detecting
boundaries for the images used in this project because it does not lend itself to automatic
processing of all the images in an image data set. But thresholding is useful in removing
low gray level variation found in the background because the structures of the skull in
this image data set have a gray level above 80 while the background has gray level below
80. By setting the threshold value to 80, the background gray level variation can be

eliminated.

Another approach to image segmentation is to divide the image into regions.
Region growing uses image characteristics to join individual pixels into larger regions.
Region growing techniques can be broken down into: 1) local techniques, 2) global

techniques, and 3) splitting and merging techniques.[3]
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(a)

(%)

Figure 3.2: (a) Magnetic resonance image.
(b) Result of applying threshold value of 110.
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(v) (¢)

Figure 3.3: (a) Magnetic resonance image.
(b) Result of applying threshold value of 110.

(c) Result of applying threshold value of 150.
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Local techniques join pixels into regions based on their pixel gray level or the
gray level of their neighbours. Global techniques group pixels into regions based on the
gray level of pixels distributed throughout the image. Splitting and merging techniques
first divide the whole image into unit regions of equal size. Then the unit region is split
into sub-regions if the homogeneity property is not met in the unit region, or merge into a
larger region if the homogeneity property is met. Gray level is often used as the
homogeneity criterion. A common problem with region growing techniques occurs when
the image has a background of varying gray levels{3l. When applied to our images, such
techniques are not able to distinguish bone from surrounding structures at the indistinct
part of the image in Figure 2.5(a). Also, region growing techniques are iterative, time
consuming, and the regions produced depend on the order in which sub-regions are

mergedl 10],

The edge detection technique is a segmentation technique which uses spatial
information to find edges. It is based on the detection of a discontinuity in gray levels
between regions. An edge or boundary is considered as the pixel locations of more or
less abrupt change in gray level. Edge detection techniques can be divided into two
kinds: local and regional. Regional edge detection techniques apply windows several
times the width of the edges to be detected. They work well when the image contains
large regions of constant gray level and fails if closely adjacent edges are within the
window sizel24], For example, when several edges appear within the window, regional
edge detection techniques do not detect the correct number of edges. Therefore, this

technique is not suitéble in detecting skull boundaries with closely adjacent edges.
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Local edge detection techniques apply small local operators (usually 3x3 ) to
detect local gray level variations at each point of the image. By using local spatial
information to detect edges, local edge detection techniques can detect the gray level

variation in indistinct areas and are useful in extracting skull boundaries.

For a continuous image f(x,y), its first-orc..: derivative produces a local maximum
in the direction of the edge. One edge detection technique measures the slope of f(x,y)

along r in a direction © and finds the maximum slope of the edgel19]. The maximum
slope of f(x,y) is the gradient of the edge which is perpenticular to the direction of the
edge at location (x,y). Its mathematical representation is:

ar axor ayar o (3.2)

The maximum slope of Jf/dr is obtained by setting:

5%(—3-;)=0=-fxsin (%)4-1’y cos (99)

By solving equation 3.3:

fy
B =atan |
X (34)

Substituting 8g into Equation 3.2 gives:

(3.3)

&) =recos 01,50 ()
r max

( 3.5
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cos (09 = Jl+(tan CY) J() y)z »

o0 0)-[ T- W_)

(3.7)
Substituting cos(6g) and sin(6g) into Equation 3.5 gives:
of !"_—'
.._) = f2 + f2
or Xy
max (3.8)

where 0Og is the direction of the maximum rate of change of f(x,y).

Based on this concept, gradient operators measure the gradients [ gx(x,y) and
gy(x,y) ] of the image f(x,y) in x and y directions by a pair of masks Hi and H2
respectively. An digital approximation to the gradient of f(x,y) is calculated by adding
the absolute value of these two gradients:

gxy) = gx(x.y) | +| gy(x.y) | (3.9)

Two well known gradient operators are listed in Table 3.1. Both operators
compute horizontal and vertical differences of local sums and yield zero for uniform

regions.[14]
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Table 3.1: Two of the common gradient operators.

Masks

Operator Hi Hy
( x direction) ( y direction )

Prewittl 23] -:101 -1 -1 -1
-101 0 00
-1 01 1 1 1
Sobell8] -1 01 -1 -2 -1
202 0 00
-101 1 21

Thresholding techniques may then be implemented with an edge detection
algorithm to produce a binary image. If | g(x.y) | is greater than a threshold value ¢, the

pixel value p(x,y) is set to black; otherwise, the pixel value is set to white. That is:

px,y)= 255,if | glx.y) | > &
= 0, otherwise; (3.10)

The resultant binary image becomes an edge map that contains the necessary data

for tracing the object boundary in the image.
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A second edge detection technique applies a second-order derivative to detect

gray-level transitions. The most common is the Laplacian operator defined asl14];

2 2
V2 f(x,y)=-a—-;-+2—£-
ox~ oy G.11)

The Laplacian operator highlights all edges regardless of their orientation but is
more sensitive than gradient operators to noise in the background because of the second

derivativel14:12] . A digital approximation!19] to the Laplacian of f(x,y) is:

f(x,y) = f(x+1,y) + f(x-1,y) + f(x,y-1) + f(x,y+1) - 4f(x,y) 3.12)

The above approximation considers only the four neareit neighbours while other
variations consider the eight nearest neighbours as well. The weighting function in Table
3.2(a) is derived from Equation 3.12 while the other is a variation of a digital

approximation derived from Equation 3.11 considering eight nearest neighbours.

Table 3.2: Two different weighting functions of Laplacian operator.

(a) ®)21]
010 -1 -1 -1
1-4 1 -1 9 -1

01o0 -1 -1 -1
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3.4.2 Performance Measurements of Edge Detection Operators

Two approaches were used to examine the performance of edge detection
operators. The first measurement computes the ratio (r) of the number of original edge
points of the input image to the number of incorrect edge points of the output image[24].
The second measurement, R, computes the weighted and normalized deviation of an
actual edge point in the output image from the ideal edge in the input image; that is, how

good an detected edge point is. R is defined by Prat(22];

3
1
el S—L
IM 1"‘891
=l

where IE = the actual number of detected edge points.
Ip = the number of edge points on the ideal edge.
IM=max {IE,Ip }.
d = scaling constant (defined by Pratt as 1/9).
ei = distance between an edge point and the ideal edge.

(3.13)

An image of an oval ring which resembles the general shape of a skull was
constructed in a background containing low gray-level variation taken from magnetic
resonance images. The first set of images had ideal edges ( Figure 3.4(a) ) with line
widths of 1, 2, 3, 4, 6, 8, and 10 pixels. The second set of images had ramp edges (
Figure 3.4(b) ) with line widths of 6, 8, 10 and 12 pixels.



3.4.3 Results of performance measurements
a) Ideal edge

Results for the ideal edge are presented in Figure 3.5 and 3.7. Even for an
ideal edge, all tested edge detection operators do not find all the edge points. For 1-
pixel to 3-pixel line widths, the r values for all operators are similar, ranging from
6.5 10 7.5. As the line width increases, the r values increases to the range from 8.2
to 10 but the Prewitt operator generally has a better r value than the others. The R
values for all operators fluctuate between 0.88 and 0.95 for line widths less than 5-
pixels and become more stable as the line width increases. Although the Sobel
operator has the best R values at 1-pixel, 2-pixel and 5-pixel widths, its
performance varies with line width and appears unstable. In general, the Prewitt

operator is more stable and has high R and r values.

2. Ramp edge
The results for the ramp edge are shown in Figures 3.6 and 3.8. In general,
all operators perform poorly in detecting edges and pro:!u~e wider edges than in the
ideal case. All operators have a stable r value except the Laplacian (b) operator
whose r value increases from 5.3 (6-pixel line width) to 7.2 (10-pixel line width).
From the figures, gradient operators are less sensitive to noise than Laplacian
operators and have a higher r and R values. The Prewitt operator is more stable and

has higher r and R values than Sobel operator.

In conclusion, the Prewitt operator appears to be the best of the four operators
tested in terms of finding more edge points with high ratio of the number of original
edge points to the incorrect detected edge points ( r ) and high weighted and normalized
deviation of an actual edge point in the output image from tie ideal edge in the input

image (R ).
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Figure 3.4: Test images of 8 pixel line width. ( a ) Ideal edge; ( b ) ramp edge;
(c)and (d) corresponding gray-level profile plot.
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3.4.4 Contour Extraciion

After obtaining a binary map of the object by segmentation, the next stage is to
extract the boundary information of the object. An intuitive approach is t follow the
contour and extract shape information of the object. The boundary extraction algorithms
used by Keller[16], Udupa[25], and Batintzky[4-5] assume that the contour is a closed
loop; therefore, by following the contour, the outer boundary is extracted. In our images,
the contour of the skull is not always a closed loop because of open sutures. When the
above contour tracing algorithms are used, not only the outer contour but also the inner
contour will be extracted because the algorithms follow the edge points at the opening
and continues around to the inner boundary. To overcome the inability of the contour
tracing algorithm to distinguish between the inner and outer contours of skull, the binary
map of skull is thinned to one-pixel-width before the tracing algorithm is applied to the
extract boundary information. Assuming that edge points of ‘he ouicr contour are the
outermost points of the object, the thinning process scans each r - 1“1 heirios: and
rightmost black pixels, and each column for the uppermost and lowermos: biick pixels.
Then the eight neighbours of these outermost black pixels are examined for contour
elements. If there are at least three consecutive black neighbours in an clockwise
direction, the black pixel is recognized as valid outermost contour point[16]; otherwise,
the scanning continuous to search for a valid outermost pixel point or until the end of row
or column is reached. After finding the outermost pixel points, the thinning process
retains the outermost pixel points and eliminates all other pixel points on the binary map.
After the thinning process, the contour tracing algorithm is applied to extract boundary

information.

A contour tracing algorithm extracts the boundary of an object in the contour

map. The process is divided into two steps: starting point selection and next contour
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element search[16. 18] The starting point selection is used to find a seed candidate on
the boundary region of interest. If the seed candidate is a valid boundary pixel, the next
contour element search will start from the seed candidate. For an object of interest
located in the centre of the magnetic resonance image, a search starting at the mid-point
of the left-hand border towards the image centre will find the boundary pixel of the
object. The first black pixel encountered during the search becomes a seed candidate.
Then the eight neighbours of the seed candidate are examined for contour elements. If
the upper and lower neighbours contain a contour element, the seed candidate is selected
as the starting point of the contour; otherwise, the seed candidate is invalid and assumed
to be background noise. Then the search restarts at the right hand side pixel location of

the invalid seed candidate until a starting point is found.

The second step searches for the next contour element. After thinning process,
the binary map contains contour information oniy. By scanning each row, the contour
elements are extracted. However, this method is not efficient because the number of
search for each contour element depends on the location of the contour element in the
binary map and generally the number of search is more than 10 pixel locations. Using a
3x3 tracing window is more efficient because the maximum number of search per each
contour element is 8 pixel locations and the average number of search is 4 pixel
locations[13,18], Fig 3.9 shows the tracing window with a centre point Xjj and its eight
neighbours, where i and j are the x and y coordinates of the input image. The eight pixels
surrounding the first border element are examined in a counter-ciockwise direction. The
first black pixel encountered is marked as the next contour element. The tracing window
shifts to this new contour element location and the same search sequence is applied to

find the next contour element for this new location.
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The contour tracing may proceed upwards, downwards, left or right. Contour

edges are directional, that is the next boundary pixel will likely be found in the same

81716
1 1 Xyl 5
2131 4

Figure 3.9: Contour tracing window.

direction. By using this directional feature, the next boundary pixel may be located more
quickly by searching from the pixel location next to the previous boundary pixel in the
tracing window. For example, if the current contour element is at (row 4, column 5) in
Figure 3.10(a) and the next contour element is found in position 5 (row 4, column 6), the
search will start from position 2 {row 5, column 5) in a counter-clockwise direction after
moving e tiz-;ing window to the position of the new contour element (row 4, column 6)
as shown in Figure 3.10(b). Position 1 (row 4, column 5) does not need to be searched
because it is the previous contour element. In this particular example, position 2 (row 3,
column 5) and position 3 (row 5, column 6) in Figure 3.10(b) also need not to be searched
because they are already searched in the previous operation. But the starting search
location depends not only on the relative position between the previous contour element
and the current contour element, but also on the search direction. There is no generalized
rule in determining the search start location; therefore, the search algorithm uses a fixed

scheme in determining the start location for the simplicity in implementation,

The tracing process starts from the point selected using the search sequence of 2,
3,4,5,6,7, 8. After the next contour element has been selected, the tracing window

moves to the new contour element and uses the prior information of the relative position
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between the previous and current contour element in determining the search sequence.
Boundary searching continues until one of the following termination conditions occurs:
1) the next boundary pixel is the same as the starting point, or
2) the next boundary pixel is the previous boundary pixel.
Condition 1 implies successful boundary detection with a closed loop. Condition =

implies a dead end of the boundary detection.

When condition 2 occurs, the tracing algorithm will scan the neighbourhood of
the last contour element for the next line segment. Using the directional characteristic of
edges, the contour element of the next line segment will likely be found in the direction
of the last edge; therefore, the scan area is a semi-circle centred at the last contour
elemeat in the direction of the last edge. The radius of the scan area is set to 10 pixels
because the width of the gaps in the images are in the range of 1 to 8 pixels. If the next
line segment is found, the search will resume at the new line segment; otherwise, the

search will terminate and the traced contour elements are displayed.

3.5 Skull Boundary Representation

Storing the boundary data in a file allows the same set of data to be used
repeatedly without going through the time consuming process of boundary extraction
again. Also, if the data file is saved on a floppy disk, the data can be transported easily.
A number of encoding methods for the contour are suggested in [7,9,11,18]. All methods
require extra processing time for encoding and decoding the data and this is not desirable
for desktop computers. For example, code chaining requires the decoding of the code
into x, y, and z coordinates. A straight forward method for coding the contours uses X
and Y coordinates of the contour elements. Generally, the number of contour elements

ranged from 400 to 600; for a set of 15 magnetic resonance images, the maximum



memory requirement is 36,000 bytes ( 15 images * 600 contour elements/images * 2
coordinates/contour elements * 2 bytes/coordinate ) which can be stored on a floppy disk.
This method also allows the reading back of the boundary coordinates without any extra
processing time. Therefore, the direct coding of contour elements is used for fast

processing.

3.6 Image Enhancement by Filtering

Image enhancement refers to smoothing, sharpening, or modification of images so
that features such as edges, lines or contrast become more useful for human visualizatii .
or for machine analysis. The enhancement process does not add any additicnal
information to the original data but increases the dynamic range of the chosen featres so
that they can be distinguished more easily from the background. Since the enkuncement
techniques are problem-specific, a technique that is suitable for one application may not
be suitable for other applications. Two image enhancement techniques are useful in
improving the quality of the images for boundary extraction stage: smoothing and

sharpening.

3.6.1 Background

A digital image contains many spatial frequency components. Different
frequency components characterize different features on the image. For example, the high
frequency components correspond to the edges in an image. Many image enhancement
techniques are based on a spatial operation performed on neighbouring pixel values rather
than on an individual pixel value. Filters are algorithms that transform the original image
into an enhanced image by attenuating certain frequencies and passing other frequencies.
This filtering operation is done by convolution which applies a NxN mask to every pixel

in an image. That is, the pixel value depends on the pixel being processed and on the
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surrounding pixels20). For example, in a two-dimensional image, the gray level of the
centre pixel of a 3x3 mask will be replaced by reference to the gray levels of its eight
neighbours as well as to its own original value. Using a larger mask provides more
spatial information but increases the number of calculations per pixel which are

proportional to the square of the size of the mask.

Special treatment is required when the convolution reaches the border of an image
because the mask will extend beyond the boundary. For example, without special
treatment a 3x3 mask will result in an enhanced image that is two lines and two columns
smaller than the original image . Three techniquesl15] can be applied to the image for
processing data in the border region. The first one is to artificially extend the original
image beyond its border by repeating the border pixel values. Then after the filtering
process is completed, the extended portion of the image is discarded. The second
technique is to replicate the average pixel values near the borders based on the image
behaviour within a few pixels of the border. The third technique is to ignore the effect of
the border pixel value in the overall image by retaining the original border pixel value in
the output image. This is applicable only when the region of interest does not include a
border region. In magnetic resonance images, the object of interest is generally
positioned in the middle of the image; therefore, the third technique is adopted because

little information is lost and the operation is simplified.

3.6.2 Smoothing by neighbourhood averaging

Neighbourhood averaging is a spatial-domain smoothing technique that replaces
each point by the average value of its neighbours. It is a low-pass filtering operation
which attenuates the high-frequency components while preserving the low-frequency
components. Since noise contains high-frequency components, smoothing reduces the

noise amplitude. However, edges are also composed of high-frequency components;
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therefore, smoothing blurs or smears edges of the object and should be applied with care

in order to preserve edges.

Neighbourhood averaging outputs the value of a particular pixel position by
evaluating the input pixel value and the surrounding pixel values. That is, each pixel is

replaced by a weighted average of its neighbourhood pixels[14]:

Vimn)= X ¥ a(k,l) y(m-k, n-1) (3.7
k1l ew)

where y(m,n) and V(m,n) are the input and output images, respectively;
w is a suitably chosen filter convolution mask;
a(k,]) are the filter weights;

In order not to affect the overall brightness of an image, the convolution mask is

divided by a scalar (s) so that the sum of the filter weights is equal to 1:

Vmn)=1/s ¥ ¥ ak,l) y(m-k,n-1) (3.7.1)
kil ew)

This operation is repeated for every pixel in the input image and produces a

smoothing effect.

Fourier analysis is used to de*:rmine the cut-off frequency of an ideal low-pass
filter that will retain sufficient information on the bone structure. Figure 3.11(a) is the
image of the skull and Figure 3.11(b) shows the Fourier spectrum of the image in Figure
3.11(a). The Fourier spectrum is log-scaled with super-imposed circles having radii of

99.4, 198.8, 298.5, and 398.4 cycle/meter, respectively. The selection of these radii is



based on equal distance between circles on the Fourier spectrum. The results of applying
ideal low-pass filters with cut-off frequencies at the above radii are shown in Figure 3.12.
Figure 3.12(a) does not provide enough information in identifying different structures of
the skull because of the blurring effect of the low-pass filtering. The severe blurring
indicates that most of the edge information is contained in the high frequency contents
outside the cut-off frequency. As the radius of the filter increases, the degree of blurring
decreases. Figure 3.12(c) and (d) provide sufficient information on the bone structure
while the background low gray-level variation is smoothed out; therefore,any low-pass
filters having a cut-off frequency greater than 298.5 cycle/meter will retain sufficient

information on the bone structure,

After determining that cut-off frequency greater than 298.5 cycle/meter will
provide enough information on the bone structure, an 3x3 neighbourhocod averaging mask
of one's is tested for its usefulness in retaining bone information. Figure 3.13 Part (a) is
the original image consists of a synthetic black circle and part (b) is the smoothed image.
Part (b) and (d) are the corresponding Fourier spectrum. The Fourier spectrum is scaled
to the range of 1 to 254 gray levels. Part (c) and (f) are the corresponding gray-level
profile plots of the Fourier spectrum along the horizontal line passing through the centre.
The cut-off frequency of the filter is determined by finding the half power point of the
filtered image. By comparing the scaled power level in part (c) and (d), the half power
point occurs at 335.6 cycle/meter. That is , the cut-off frequency of the neighbourhood
averaging mask is 335.6 cycle/meter which is greater than 298.5 cycle/meter and retains

sufficient information on the bone structure.

3.6.3 Sharpening by unsharp 1. ski.g
The unsharp masking technique is used commonly in the printing industy for

sharpening edges. The sharpening effect is produced by subtracting the blusred version
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of the original image from the original image. In general, the unsharp masking operation
can be represented by[14]:

g(xy) =f(x,y) - f(x,y)
=(f(x,y)Oh') - (fx,y)©b')

=f(x,y) © (h'-b') (3.8)

where g(x,y) and f(x,,y) are the output and input image, respectively;
f(x,y) is the blurred version of f(x,y).

h' is a mask of :

SOO
OO
SOO

b' is a local weighted averaging mask:

[
— D et
[ )

® = convolution.

That is, the image is convoluted by the mask in Table 3.3.

Table 3.3: Unsharp mask
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Figure 3.11: (a) magnetic resonance image.
(b) Fourier spectrum of (a).The super-imposed circles have radii

equal to 99.4, 198.8, 298.5, and 398.4 cycle/meter, respectively.

(c) The gray-level profile plot along the horizontal line
passing through the centre of (b ).
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(d)

(c)
Cut-off frequency = 298.5 cycle/meter Cut-off frequency = 398.4 cycle meter

Figure 3.12: Results of applying ideal low-pass filtering to
Figure 3.12(a). The radii shown in Figure 3.12(b)
is used.



{ b)) Fourier spectrtum of { a). { ¢ ) Pourier spectrum of ( 4 ).

254
001 — ,
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(¢ ) Gray-level profile plot along & horizontal { ) Gray-lsvel profile plot along & horizonwl
1ins passing through the center. line passing tiough the center.

Figure 3.13: Example of image smoothing by neighbourhood averaging.
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The effect of sharpening by the unsharp masking technique is demonstrated by
onvolving the mask ( Table 3.3 ) to the image in Figure 3.14(a). The test object consists
»f a black square surrounded by two square rings having pixel values of 30 and 20

espectively ona white background. Figure 3.14(b) is the gray-level profile plot along
AA'. Figure 3.15 shows the result of applying the sharpenmg technique to Figure 3.14(a).
Figures 3.15(a) and (d) are the original image and sharpened images, respectively.
Figures 3.15(c) and (f) are the corresponding gray-level profile plots along the horizontal
line passing through the centre of Fourier spectrum in part (b) and (e). Figure 3.15(d)
shows that the edges are amplified by the sharpening operation. Comparing the scaled
power level in Fig.res 3.15(c) and (£), the sharpening operation increases the magnitude
of the high frequency components which provide the edge information. For example, the
scaled power level at 360.6 cycle/meter for the sharpened image is 141 while for the same

frequency in the original image is 115.

3.7 Boundary Data File

Although a number of three-dimensional reconstruction programs are commercially
available, for example, Scan Protocol by Cemax and the image program by 3D
Biomedical Imaging Inc., there is no standard file format for three-dimensional models.
Also, a review of the literature is not heipful in providing information regarding any
particular three-dimensional data file format. Therefore, a data format was designed to
meet our requirements with inimum overhead. The boundary date le format consists

of a 7-byie header followed by the direct coding of boundar: coord. c.ates
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{a)
255
000 [ ]
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Figure 3.14 Test image for sharpening by unsharp masking technique.
(a) Test object consists of a black square surrounded by
two square rings.
(b) Gray-level profile plot of the image a'ong AA'".

52



{ b ) Pourier spectrumof ( a ). (¢ ) Fourisr spectrumof { d ).
254
1 010 ! l 1
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(¢ ) Gray-level profile plot of the spectrum slong £) Gray-level profils plotof the spectrum slong
tie horizontl line passing trough cenwr. ¢ e ?bymmm passing through the cener.

Figure 3.15: Example of image sharpening by unsharp masking.
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mentioned before. The header has the following format:

Byte 1,2 the total size of the data file. ( maximum 216- 1)

Byte 3 the number of slices in the data file. ( maximum 20 )

Byte 4 the thickness of the slices in millimetres. ( maximum 255 )
Byte 5,6 the size (in millimetres) of the number of pixels.

Byte 7 the inter-slice factor. ( maximum 255 )

Bytes 3 to 7 are parameters of the magnetic resonance images which are used in
calculating the physical dimension of the three dimensional model. All of the three
dimensional data for a set of magnetic resonance imaging images is stored in the same
file, separated by end-of-line markers and end-of-slice markers to distinguish between

sectiens in an image and contours between slices respectively.

3.8 Three-Dimensional Reconstruction Process

'3-D' reads the three dimensional boundary data created by 'HEAD' and stores the
data in a two dimensional array as shown in Figure 3.16. The two-dimensional array
consists of a static header column with 60 rows for the boundary data. Each row contains
the boundary points of a contiguous curve. That is, if the contour of a slice is broken up
into th: »¢ portions, each portion will occupy one row in this two-dimensional array. The
static header <olumn consists of a pointer to a data cell and the slice number that the
contour belongs to. A data cell (shown in Figure 3.17) is a record of the x, y, and z
coordinates of thi bourdary point, a visibility flag and an intersection flag, used in the
hidden surface removal process, and a pointer to the next data cell. These data cells are

dynamically alloca: 1+ reduce memory requirements during execution.
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Figure 3.16: Three-dimensional model array.
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Figure 3.17: A data cell.



3.9 Hidden surface Removal

A wire frame display is produce} by firs: wansforming the end points of a line
into the new coordinates. Then these end poiats 27 connected by a two dimensional line.
This method is easy to produce and does not require a large amount of computation time.
One of the main problems with wire frame displays is that the user can see through
objects that should be solid. Therefore, a wire frame display with hidden surface removal
gives a better impression of a three dimensional object. A Z-buffe aidden surface
removal algorithm is based on the Z value of the end points in determining the visibility
of lines. This method is simple and relatively efficient in computation time and can be

applied to objects of different shapes.

A Z-buffer is a two dimensional array that has the same size as the display
window and contains the Z-coordinate of the object. At the beginning of this algorithm,
the Z-buffer is initialized to a large negative value (-9999). Then the 3-D data points are
transformed into their new coordinates. As each data point is filled into the Z-buffer, its
transformed Z value is compared to the Z value currently stored in the buffer. If the Z
value of the data point is smaller than the Z value in the Z-buffer, the data point is hidden
by a surface. In this case the visibility flag of the data cell is set to invisible and
processing continues at the next data point in the 3D model. If the Z value of the data
point is greater than the current value in the Z-buffer, the data point is visible and the
visibility flag is set. If two data points are transformed to the same pixel location, the one

which has a greater Z value is set visible and the other one is set invisible.

3.10 Model Display
After the hidden surface removal algorithm sets the visibility flag in each data

cell, the visible portion of the contour is displayed in the 3D window by using draw line
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routines in Graf3D library of the Macintosh MPW development tools. The display
window has a size of 256x256 with six control scrollbars as shown in Figure 3.18. The
six scrollbars are translation in upward/downward and lefy/right direction, rotation about
X, y, and z axis with the angle shown under the scrollbars, and zooming in and out of the

model displayed.

3.11 Conclusion

Image enhancement is useful in highlighting the regions of interest in an image.
By using smoothing and sharpening techniques, an enhanced image is produced for
feature identification or data extraction. Boundary extraction s useful in extracting a
region of interest that has certain properties for identification. The extraction process
consists of two steps: an edge detection step followed by a contour tracing step. Both the
image enhancement process and the boundary extraction process are important in
collecting data for the three dimensional reconstruction process. The quantitative
measurements of edge detection operators show that Prewitt operator is the best; but the
result is problem oriented. The edge detection operators may have a different
performance when applied to objects with sharp corners like the rectangle. After the
boundary data has been produced by '"HEAD', '3-D' performs a three dimensional
reconstruction to create a three dimensional model. Six controls in manipulating the

orientation of the 3-D model are provided by control scrollbars.
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3-D Reconstrcion

Figure 3.18: '3D' display window.
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CHAPTER 4: SOFTWARE APPLICATION

4.1 Introduction

The Macintosh is an event-driven computer. A great deal of its time is spent in an
endless loop, waiting for the user to trigger it into action. Viewed from the uppermost
level, the main event loop in the Macintosh programs is a layered set of routines, as

shown in Figure 4. 121;

Initialization
- ="
) |
Get Event |
. — | main
repeat until event
user quits ' loop
the program |
|
Handle Events |
-

Figure 4.1: The main event loop of Macintosh programs.
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When an application is invoked, it executes a series of initialization procedures to
set up the environment in which the application runs. Then the application transfers
control to the main event loop to wait and handle user initiated events. The main event
loop consists of a GetNextEvent routine call followed by a series of conditional clauses
that identify the type of event involved and processes it accordingly. If an event is found,
GetNextEvent routine completes an EventRecord variable with the type of event and
other information that depends on the event type, such as the location of a mouse click or
a pointer to a window to be updated. When the event involves the user quitting the
application, the loop ends, the application terminates, and the user is returned to

MultiFinder.

A structure chart shows the relationship between program units without including
any information about the order of activation of these units{3]. It is drawn using the
following symbols:

1. a plain rectangle annotated with the name of a function,

2. abold rectangle annotated with the name of a Toolbox routine,

3. an arrow connecting rectangles indicates the direction of function call,

4. adashed arrow annotated with the data passed to and from elements in the

structure chart,

5. acomma', between passing data indicates that the data are passed together in
the function call; a blackslash '/' between passing data indicates that only one
of the data items is passed in the function call,

6. abracket with figure number ' (Figure x) ', indicates the structure chart

continues in Figure x.
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Figure 4.2 shows the general form of the structure chart used in this chapter to

describe the application software.

Level 1: Function A

14 v yw |z
| "I

Level 2: Function B Function C

ToolBox
Functions §

l \ )
Y, T \ IT Routine 1
/ | * Routine 2
Level 3: Function D Function E .
(Figure x)

Figure 4.2:  Structure chart format.

Function calls are from higher to lower levels in the structure chart. In Figure 4.2,
Function A calls on Functions B, C and ToolBox Functions. Function B calls on
Functions D and E. Nodes at level n in the chart can be shared by two or more nodes at
level n-1. For example, Function E in level 3 is called by both Functions B and C in level
2. The left-to-right ordering of Functions and Routines does not imply that they are

called in that sequence. Functions can be called more than once; each call may pass



64

different data of the same type. For example, Function A calls Function C twice, once
with data Y' and Goce with data W. Parameters passed to Toolbox Routines are not
shown in the «rusiure chart; specific information regarding parameters and functions of

these Toolbox Routines are defined in Inside Macintosh{1].

4.2 'HE 4 D' - Boundary Extraction Software

The application 'HEAD' is the software program that performs boundary
extraction of magnetic resonance images. It requires two megabytes of memory to
execute its operations. When the application is invoked, HEAD' requires the user to
enter the magnetic resonance imaging parameters for each set of magnetic resonance
images (image data set). It reads in the image file in TIFF file format and creates two
image windows to display the image. It produces a RESULT window on the lower left
hand comer of the screen to display the x-y coordinates and gray-level of the mouse
position in the image window. It provides operations to enhance and edit images so that
the result is more suitable for boundary extraction. If the user selects auto-process,
'HEAD' will record the sequence of filtering operations applied to the first image file and
automatically open the next image file and apply the same sequence to the image file
until the end of the image data set. During auto-process, the user can stop the application
of the stored sequence of filtering operations at any image files and perform manual
intervention. If auto-process is not selected, the user needs to open the image files one at

a time and manually select the filtering operations for each image file.

'HEAD' has the same event loop structure as described earlier in the introduction
and the structure chart is shown in Figure 4.3. When the application is invoked, it first
executes routines to initialize various system managers of the Macintosh operating

system, to set up menus, to allocate memory, to process MultiFinder startup information
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and to load in the required resources. Then it enters the main event loop waiting for the
user to initiate events by either clicking the mouse or typing on the keyboard. After
identifying the type of event, it handles the event according to the instructions associated
with the event in the program. It executes the main event loop and responds to the user's

input until the user quits the application.

HEAD

- —

Gevestpren

Initialization HandleEvents

(Figure 4.4)

Figure 4.3:  Structure chart of HEAD.

4.2.1 Description of Software Routines

The following is a description of the subroutines inplemented in 'HEAD'.

1. Initialization (Figure 4.3)
This routiae sets up the global environment for running the application. It first

checks whether there is enough memory available to run the program. Secondly, it



initializes various Toolbox managers before the Toolbox functions can be called.
Thirdly, it loads in the resources from the resource file and sets up the menu bars.

Lastly, it resets all global variables and creates an offscreen port for data manipulations

during the operation process.

2. HandleEvents (Figure 4.4)
This function checks the occurrence of an event by a Toolbox routine called
GetM:xsEvens. If an event occurs, it determines the kind of event and handles the event
according to the associated instructions . If the user quits the application, the finished

flag is set to signal the termination of the application.

3. DoKeyDown (Figure 4.4)
This function checks if the Command key is pressed. If yes, the user selects a a
command through the key board. After recognizing the Command key, this function

calls DoMenuEvent to deal with the user request.

4. DoMouseDown (Figure 4.4)
This function responds to a mouse click in the window region. The mouse
position may be in the menu bar, system window, contents of the window, or the go-
away box of the window. After identifying the source of the mouse event, the

associated subroutines are called to process the user request.

5. DoActivate (Figure 4.4)
This function is called when the user swiiches between different windows. It
deactivates the previous active window and activates the selected window by drawing

the contents of the window.



6. DoUr tate (Figure 4.4)

This function updates the contents of a window. The update event originates
from user activities, program dicplays, or system-generated overlays of dialog boxes.
Windows are checked front to tack so that the active window is checked first and
updated if necessary. Then thie vindow behind the active window is checked, and so

forth.

7. DoMenuEvent (Figure 4.4 and 4.5)
This function, processes the selection of a menu item. There are three menu
bars: File menu, Edit menu, and Functions menu. After determining the selecied menu

item, this function calls the corresponding menu handling routines.

8. DoMouseDownInWindow (Figure 4.4)
This function checks whether the mouse click is in the window region. If itis, it
will redraw the window. If 'Eraser is selected, it will erase the image value under the

cursor and set it to the background value.

9. CloseAlllmageWindow (Figure 4.4)
This function closes all of the windows opened by this application and disposes

of the pointers that are used in creating the windows.

10. UpdatePicWindow (Figure 4.4, 4.9, 4.11 and 4.14)
This function updates the active window by copying the offscreen port to the
screen port. It uses the Toolbox routines CopyBits for copying data from source to

destination memory location.
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11. DoObject (Figure 4.4)

This function selects a cursor symbol according to the tools selection.

12. DoErase (Figure 4.4)

This function performs the application of an eraser to the image.

13. DrawObject (Figure 4.4)

This functior zrases the portions of image under the eraser cursor to background

color.

14. DoDigitize (Figure 4.5 and 4.6)

This function corresponds to the NEW SET menu item. It asks the user to enter
the magnetic resonance image information. This information includes the number of
slices in a set of magnetic resonance imaging scans, the type of image data, and the
parameters of magnetic resonance imaging scans. It also allows the user to select the

auto-process feature.

15. GeFile (Figure 4.5 and 4.7)

This function corresponds to the OPEN menu item. It first displays a standard
file dialog box to let the user select an image file to open. If the file exists, the selected
file is read in and two image windows are opened side by side. The left-hand window
is the working window to which all the operations are applied. The right-hand window
is the reference window of the original image. Then the function sets up the
REVERTTOSAVED and UNDO functions by storing the image in two buffer areas:
Orglmage and LastImage.
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Structure chart of HandleEvents.
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16. DoClose (Figure 4.5 and 4.8)

This function is called when CLOSE menu item is selected. It closes the

currently active window, releases memory space associated with the window, and resets

the menu items.

17. RevertToSaved (Figure 4.5 and 4.9)

This function erases all the filtering and editing operations performed on the

image by restoring the orginial read-in image stored in LastImage.

18. DoSaveEdge (Figure 4.5 and 4.10)
This function first asks the user to enter a name for the new boundary data file.
Then it writes the header information onto the new file before saving the boundary data.

Before closing the data file, the size of the file contained in the header information is

updated.

19. ProcessDig (Figure 4.5, 4.11 and 4.16)
This function applies the filtering operations to the image. The input parameter
is the filtering type. After identifying the filtering operations, the corresponding code is

executed and the result is stored in the offscreen port. Update of the new image is

performed by UpdatePicWindow.

20. DoOQutLine (Figure 4.5 and 4.12)

This function implements the edge tracing algorithm described in Section 3.4.

The boundary data is temporarily stored in a buffer area before saving to a file.



21. DoEdge (Figure 4.5, 4.13 and 4.16)
This function implements the Prewitt edge detection algorithm described in
- Section 3.4. It uses a dialog box to ask for the threshold value. Then it invokes

ProcessDig to perform the algorithm and produces a binary image.

22. DoSetSeed (Figure 4.5)
This function allows the user to select the region of the boundary for contour
tracing step. The seed point is selected by clicking the mouse at the region of interest.

Multiple seed points are stored in an array for the boundary tracing process.

23. DoAutoTrace (Figure 4.5)

This function controls the data extraction step. It first asks the user to enter the
new file name. Then it initializes the header of the file before searching for the starting
point. After the starting point is selected, the contour will be traced and the result is
displayed on the screen. The user decides whether he/she is satisfied with the extracted
contour data. If the user selects the SAVE item, the boundary data will be saved to a

file using the boundary representation discussed in Section 3.5.

24. AutoProcess (Figure 4.5 and 4.16)
This function applies the recorded filtering operations to all the images in an
image data set. After finished working on one image file, it will automarically open the

next image file until the end of the image data set.
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Figure 4.5:

Structure chart of DoMenuEvent.
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25. EnterSlices (Figure 4.6)
This function displays a dialog box for the user to enter the number of slices in a

set of magnetic resonance imaging scans. The input data is stored in the global variable

NumOfSlices.

26. SelectDataTypes (Figure 4.6)
This function displays a check box to allow the user to select the type of data
source. Thste are two types of data source: MRI or CT. The input data is stored in a
global variable dType. Only MRI data type is implemented and the selection of CT

data type has the same effect as the selection of MRI data type.

27. EnterPixel Values (Figure 4.6)
This function displays a dialog box to allow the user to enter the thickness of the
slices in my1limetres, the size of the pixel in millimetres over the number of pixels and
the inter-slice factor. The input data is stored in global variables sThick, pSize, pixel,

and inFactor.

28. SelectAutoProcess (Figure 4.6)
This function displays a dialog box to allow the user to select auto-processing of

the image data set. The selection is stored in variable AutoStep.

29. OpenDigFile (Figure 4.7 and 4.16)
This function first checks whether there is enough memory available to read the
image file by calling subroutine GetMemory. If sufficient memory is available, it

creates two image windows and displays the image.
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Figure 4.6:  Structure chart of DoDigitize.

30. Getlmage (Figure 4.7, 4.9, 4.12, 4.15 and 4.16)
This function reads in the image pointed to by PicBaseAddr of the window

record into a 256x256 array.

31. GetMemory (Figure 4.7)
This function checks the size of free memory available to the application by
calling the Toolbox routine CompactMem. If enough memory is available, the function

returns the requested memory space; otherwise, it prints out an error message.

32. MakeNewWindow (Figure 4.7)
This function creates a window of the size of 256x256 pixels. It also sets up the

window record of the new window,
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33. CloseAwindow (Figure 4.8)
This function closes the active window and disposes all the pointers associated

with the window.

34. GetFileName (Figure 4.10 and 4.15)
This function displays a standard file dialog box and waits for the user to enter
the name of the boundary data file. If the user enters an existing file name, the new file
name and the volume reference number to this file will be stored in global variable

gFileName and vRefNum.

35. StoreData (Figure 4.10 and 4.15)
This function stores the boundary data in the boundary data file. After

completing the writing to the file, the size of the data file is updated.

36. InitDataFile (Figure 4.10 and 4.15)
This function opens a boundary data file selected by the user and sets up the

header of the file by storing the parameter information entered in NEW SET command.

37. GetRawLine (Figure 4.11)
This function copies a row from the PicBaseAddr to an array for filtering

processing.

38. PutResuitLine (Figure 4.11 and 4.14)

This function copies a row from an array to the PicBaseAddr.
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GetFile
I ]
| FileName, | Orglmage/
1 VRefNum Lastimage
\ \
| SGele » OpenDigFile ‘ Getlmage

1 !
! Size ! FileName

\ V

GetMemory MakeNew
Window

‘ ShowWatch §

Figure 4.7: Structure chart of GetFile.

DoClose

CloseAWindow

Figure 4.8:  Structure chart of DoClose.
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RevertToSaved
rd
2’ Info \\ Orglmage
/4 N
UpdatePicWindow Geﬂmage

Figure 4.9:  Structure chart of RevertToSaved.

39. ContourTracing (Figure 4.12, 4.14, 4.15 and 4.16)
This function traces the boundary of an object and displays the extracted
boundary data. It first searciizs for the starting point on the contour. While tracing the
boundary of the object, it stores the boundary information in a buffer area which will be

written to a file if the user is satisfied with the result of this function.

40. EnterThresholdValue (Figure --.13)
This function displays a dialog box and asks the user to enter the threshold value

for filtering operations.

41. ProcessDig (Figure 4.13)
This function applies the filtering operations to the image. The input parameter
is the filtering type. After identifying the filtering operations, the corresponding code is
executed and the result is stored in the offscreen port. Update of the new image is

performed by UpdatePicWindow.
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42. SetStartPoint (IFigure 4.14)

This function records the seed points selected by the user through the mouse.

43. SearchStartPoint (Figure 4.15 and 4.16)
This function searches for an valid starting point <n the contour as discussed in

section 3.4(c).

44. GetCcenFile (Figure 4.16)
This function controls the sequence of auto-processing the images in a set of

input data.

45. DoAutoOutline (Figure 4.16)
This function traces the contour of the object and displays the contour. A dialog
box is displayed to allow the user to accept the extracted contour. If the user is not
satisfied with the result of auto-process, the extracted data will be discarded and the

original image is restored.



DoSaveEdge
. FileName,
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Figure 4.10: Structure chart for DoSaveEdge.

ProcessDig
Line, row, ) « Info
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Figure 4.11: Structure chart of ProcessDig.
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Structure chart of DoOutLine.
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Figure 4.13:

Structure chart of DoEdge.
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Figured.14:  Structure chart of ContourTracing
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Figure 4.15: Structure chart of DoAutoTrace.
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Figure 4.16: Structure chart of AutoProcess.
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4.2.2 Menu Command

'HEAD' has three menu bars: File Menu, Edit Menu, and Function Menu. Each
menu item is assigned a command-key for quick selection in addition to the use of the
mouse in the menu item selection. The characters assigned to the command-key may not
correspond to the name of the menu item, but they are selected so that the command-keys

are controlled by the left hand only which allows the user to free the right hand for using

the mouse.

File Menu

The File menu includes operations for the current image file or the current image

data set. It has the structure as shown in Figure 4.17.

File Menu
Y
R
New Set Open Quit Close (g:;irl:;lo

Figure 4.17: Structure of File Menu.
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1) New Set ( command-N )

This function must be selected before any other functions can be invoked. It
displays four dialog boxes consecutively and requires the user to enter or select the data
for each set of magnetic resonance scans. These data are used in the three-dimensional
reconstruction process. The first dialog box asks for the number of slices in a set of
images. The second dialog box asks for the type of input images. The third dialog box
asks for the slice thickness of magnetic resonance imaging slices, the size of a pixel
over the number of pixels, and the inter-slice factor. The fourth dialog box queries the

user regarding the automatic processing of the image data set.

2) Open ( command-O )

This function opens an image file. A standard file dialog box is displayed on the
screen asking for the existing file to open. After the selection of the file name, the
image file is read in and two irrfage windows are created. The left window is a working
window in which the manipulation of images is performed and the right window is a
reference window which displays the original image. Only one image file can be
opened at a time. After opening a file, this menu item will be disabled until the image

windows are closed.

3) Close ( command-W )
This function closes the two active image windows on the screen. No changes

on the working window will be saved into the original image file.

4) Revert to Original (command-R )
This function undoes all the changes made since the file is opened by reverting

the image to the original read-in version.
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5) Quit (command-Q )

This function closes all windows created by the application, stops the execution

of the application, and returns the user to the MultiFinder.

Edit *-

.- Edit menu provides operations on the current image in the working window.

Its structure is shown in Figure 4.18.

Edit Menu

v

Undo Eraser

Figure 4.18: Structure of Edit Menu.

1) Unde { command-Z )

This function undoes the last operation for the current window by restoring the

version of the image before the last operation applied to the image.



2) Eraser (command-E )
This function erases portions of the image under the eraser icon to the
background color. After pointing the icon to the desired location, the portion of the
image under the icon is erased by clicking the mouse. For erasing a continuous region,

the mouse is held down while the icon is moved over the region.

Func..u..s Menu
The Functions menu provides enhancenient and boundary extraction operations

described in Sections 3.5 to 3.8. Its structure is shown in Figure 4.19.

Functions
Menu
Edge ‘ Auto
Detect Smooth sharpen Extraction
Outline Save
Set Seed Edge Edge

Figure 4.19: Structure of Functions Menu.
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1) Edge Detect( command-T )
This function produces a binary image using the Prewitt operator as described in
Section 3.7. Two convolutions are done, generating vertical and horizontal gradients

and then thresholding is applied to produce a binary image. A dialog box is invoked to

let the user to enter a threshold value before the operation applied to the image.

2) Smooth ( command-C)

This function applies neighbourhood average technique discussed in Section

3.6.2 to the image. This filter blurs (softens) the image.

3) Sharpen ( command-B )
This function provides unsharp masking technique discussed in Section 3.6.3 to

the image. This filter increases the contrast and accentuates detail of the image, but it

may also accentuate noise.

4) Set Seed ( command-F )
This function allows the user ©  zlect a discontinuous boundary portion by

setting a seed in the boundary region or to the right of the boundary region. The

selected seed is used in tracing the edges.

5) Outline Edge ( command-V )
This function extracts and displays the boundary selected in the Set Seed
function. The extracted boundary data is temporarily stored in a buffer area before

writing to a file. It allows the user to preview the result of edge tracing.
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6) Save Edge ( command-S )
This function saves the boundary data in a buffer to a file. If it is the first file in
a set of magnetic resonance images, the user is asked to enter a file name by the

standard file dialog box; otherwise, the data will be stored to the previously opened file,

7) Auto-Extraction ( command-A )

This function performs the contour extraction step discussed in Section 3.4.4. If
it is the image in an image data set, a dialog box is displayed for the user to enter a
boundary data file name. If auto-processing is selected in NEW SET Command, the
extracted boundary will be ¢splayed and a dialog box is invoked te let the user select
whether the data will be saved. Then the next image file is read and the same sequence
of filtering operations applied to the first image file will be automatically applied to this
file. The same operating process is applied to the rest of the image files in the image

data set.

4.3 '3D' - Reconstruction Software

'3D' is the application for reconstruction of the boundary data extracted from the
program 'HEAD'. It requires two megabytes of memory to execute. After selecting the
boundary data file, the boundary data is read in (o create a three-dimensional model
having the data structure as described in Section 3.8. Then a window with six control
scrollbars is created for the displaying of the thrre-dimensional model. The control
scrollbars allows the user to rotate the three-dimensional model about x,y, z axis, zoom in
and out on the model and translate the three-dimensional model upward/downward or

left/right.
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'3D' has the same event loop structure as 'HEAD' and is shown in Figure 4.20.

3D

:

Initialization

Figure 4.20: Structure chart of 3D.

C--»

L

GetNextEvent

4.3.1 Descriptions of Software Routines

Y

DoEvent
(Fig. 4.21)

The following describes the function of each subroutine implemented in the

program '3D'.

1. DeEvent (Figure 4.20 and 4.21)

This function determines what kind of event from the event->what field. If it is

a mouseDown event, the location of the mouse click is determined from the

event->where field. Then it calls the appropriate routines to handle the user-initiated

event.



2. DoMenuCommand (Figure 4.21 and 4.22)
This function determines which menu item is selected by examining the higher-
order and lowe order word of the event->where field. Then it passes controi to the

corresponding routines to handle the user request.

3. DoUpdate (Figure 4.21 and 4.23)
Tlis function updates teh contents of the currectly active window by calling

subroutine DrawWindow .

4 ContentCick (Figure 4.21)
This function is called when a mouseDown occurs in the region of a window.
If the mouse click position is in the viewing region of the window, no action is
performed; otherwise, it determines which control scrollbar and what control action are

activated and then executes the appropriate code.

5. DoActivate (Figure 4.21)
This function is called when the user switches between applications. If the
application window is the front-most window, it calls subroutine DoUpdate to redraw

the window.

6. DisplayModel (Figure 4.21 and 4.24)
This function displays the three-dimensional model with or without hidden

surface removal. It makes use the Toolbox routine MoveT 03D and LineTo3D.



7. Create3DWindow (Figure 4.22)
This function creates a new window by reading the window parameters from the
resource file. After the window is created, it creates the six control scrollbars and a

offscreen grafport for the three-dimensional display of the model.

8. OpenFile (Figure 4.22)
This function uses a standard file dialog box to ask the user to select the
boundary data file to open. Then it reads in the boundary data, creates a three-

dimensional model, and displays the model using the same orientation as in 'HEAD'.

9. DoCloseWindow (Figure 4.22)
This function closes the active window and disposes all memory space

requested by the program. Then it resets the graf3D parametes.

10. Terminate (Figure 4.22)
This function quits the execution of the program. Before returning to

MultiFinder, it closes the active window and releases all of the memory space criginally

requested by this application.

11. ReadFiie (Figure 4.22)
This function reads the boundary data for reconstruction purpose. It first reads
in the header of the boundary data file to extract parameters and size of the file. Then it

reads in the boundary data and creates a three-dimensional model as described in

Section 3.8.
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Structure chart of DoEvent.
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12. ReadFile (Figure 4.22)

This function reads in the boundary data for reconstruction purpose. It first
reads in the header of the boundary data file to extract parameters and size of the file.

Then it reads in the boundary data 2nd creates a three-dimensional model as described

in Section 3.3.

13. CreateACe!l (Figuie 4.22)

This /.nctien dyr- mica' allocates memory space and reset all the fields for a

data record.
DoMenuCommand
Create3DWindow OpenFile DoCloseWindow Terminate
IFileName
‘ *vRefNum
DisplayModel ReadFile
l? Data Cell
CreateACell

Figure 4.22: Structure chart of DoMenuCommand



14. DrawWindow (Figure 4.23)
This function redraws the control scrollbars of the window and displays the

three-dimensional model of the skull.

15. RedrawControls (Figure 4.23)
This function redraw the control scrollbars and displays the labels
corresponding to the control scrollbars by calling sutzoutines DrawControls and

PrintLabels.

16. DisplayModel (Figure 4.23 and 4.24)
This function displays the three-dimensional model of the skull as a wire-frarme

with or without hidden surface removal according to the passing parameter.

17. PrintLabels (Figure 4.23)

This function is used to draw the labels for each control scrollbars. The
directions of the rotation ar¢ shown at each end of the scrollbars and the titles of the
scrollbars are displayed in the middle of the scrollbars. Two rectanglar frames per
scrollbar are also drawn in which the degree of rotation is displayed inside the

rectangle.

18. AdjustDisplay (Figure 4.23)
This function updates the degree of rotation in the control scrolibar by drawing

the thumb of the scrollbars in the proportional position.
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19. WireDisplay (Figure 4.24)
This function displays the three-dimensional model as a wire-frame without
hidden surface removal. It transverses the three-dimensional model array and draws

lines between data points by using Toolbox routines MoveTo3D and LineTo3D.

20. HiddenLineDispla; - *"igure 4.24)
This function displays the three-dimensional modcl in wire-frame mode with
hidden surface removal. It sets the visibility flag of the data cell by calling subroutine
SetDisplay. After setting the visibility flag, it transverses through the three-dimensional

model array and display the model using Toolbox routines MoveTo3D and Lineto3D.

21. SatDisplay (Figure 4.24)
This function sets the visibility flag of the three-dimensional model using

hidden suface algorithm.
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DoUpdate
|
; Window
DrawWindow
l J; Display Type
RedrawControls DisplayModel
’ (Fig. 4.24)
PrintLabels AdjustDisplay

Figure 4.23:  Structure chart of DoUpdate.

22. CheckVisibility (Figure 4.24)

This function determines the visibility of data points in the three-dimensional
model. It checks whether the data point is within the region of a surface. If it is within
the region of a surface, it compares the z value of the surface at that location to the z
value of the data point. If the z value of ihe data point is larger, then the data point is

visible and the visibility flag is set.
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DisplayModel
WireDisplay HiddenLineDisplay
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§ MoveTo3D | | LineTo3D § *
CheckVisibility

Figured.24:  Structure chart of DisplayModel.

4.3.2 Menu Command
'3D' has two menu bars: File Menu and Display Menu. Each menu item is
assigned a command-key for quick selection instead of using the mouse to pull down the

menu bar all the time.

File Menu
The File menu includes operations to manipulate the input 3D data files as

described in Section 3.38 and 3.39. Its structure is shown in Figure 4.25.



T

File Menu

Open Close Quit

Figure 4.25: Structure of File Menu.

1) Open ( command-O )

This function opens the 3D data file created by 'HEAD' and creates a three-
cimensional model. It displays a standard file dialog box for the user to select the file
to open. Then it reads the boundary data for the reconstruction process. After
finishing the reconstruction process, the three-dimensional model is displayed in a

window having the same orientation as displayed in 'HEAD'.

2) Close ( command-W )

This function closes the current three-dimensional display window.



3) Quit ( command-Q )
This function closes the current 3D window, stops the execution of the

application, and returns control to MultiFinder.

Display Menu
The Display menu allows the user to select the wire frame display with or without
hidden line removal (as described in Section 3.1¢ and 2.11). Its structure is shown in

Figure 4.26.

Display
Menu

Wire Hidden
Frame Line

Figure 4.26: Structure of Display Menu.

1) Wire Frame ( command-F)

This function displays the 3D model without hidden line removal.

2) Hidden Line ( command-H )

This function displays the 3D model with hidden line removal.
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CHAPTER §: SAMPLE APPLICATION SESSION

The following pages illustrate the use of HEAD' and 3D’ with a set of magnetic
resonance input images (image data set). Before starting the sample session, the imaging
parameters ( 15 slices each with a slice thickness of 5 millimetres, an inter-slice factor of
1.2 and 250 millimetres over 256 pixels) are obtained from the parameter print-out
provided with the magnetic resonance images. The three-dimensional reconstruction
process involves two steps: boundary extraction and three-dimensional model creation.
The program HEAD performs the first step. It reads the image data set, performs
enhancement operations on the images if needed, extracts the boundary data and stores
the boundary data on a file (referred to as a boundary data file). The progrém 3D reads
the boundary data file, uses the boundary daia to create a three-dimensional model, and

displays the mode! in wire-frame mode with or without hidden surface removal.

5.1 '"HEAD'

HEAD is invoked by double clicking on the application icon. Before opening the
magnetic resonance image file, the command 'New Set', under File Menu, must be
selected. This function displays four dialog boxes that request the user to input image
parameters (shown in Figures 5.1 and 5.2). The first dialog box (Figure 5.1(a)) asks for
the number of input slices; enter '15'. The second dialog box (Figure 5.1(b)) queries the
user to select the type of input data source. Either magnetic resonance imaging or
computer tomography data can be selected provided the input data files conform to the
file format discussed in Section 3.4. This selection is required because magnetic
resonance imaging data and computer tomography data require different calculations in

pixel size and coordinates. Currently, only the magnetic resonance imaging calculation is
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implemented in this application and CT data is not implemented. The third dialog box
(Figure 5.2(a)) asks the user to enter the magnetic resonance imaging parameters. These
parameters are available from the magnetic resonance imaging parameter files supplied
by the magnetic resonance imaging unit. Default values are displayed in the dialog box
and can be changed by moving the cursor to the data box and typing in the new values.
The fourth dialog box (Figure 5.2(b)) sclects the auto-process feature of the application.
If the auto-process feature is selected, by clicking on the 'YES' box, the application will
record the last five filtering operations applied to the first image file, and automatically
apply this sequence to the files in the rest of the data set. After applying a sequence of
operations, the extracted boundary is displayed and a dialog box is used to ask the user
whether he/she wants to save the data. If the user selects to save the file, the extracted
data will be saved and the next image file will be opened. The same processing steps are

repeated until the end of the image data set is reached.

Activating the 'Open’' command under File Menu opens an image file, and selects
the slice suffixed with .1. Two identical images are displayed on the screen as shown in
Figure 5.3. The window on the left-hand side is the working window on which the
editing and fiitering operations are performed and displayed. The window in the right-

hand side is the reference window showing the original image.

The 'Smooth' command under the Functions Menu is selected to removed low
gray-level variation in the background, especially in the middle section of the image.
Then the Trace Edge’ command under the Functions Menu is used to produce a binary
map. A dialog box is displayed to let the user to enter a threshold value for the edge
detection algorithm as discussed in Section 3.5. The result of applying 'Smooth' and

‘Edge Detect' is shown in Figure 5.4.
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Figure 5.1: Dialog boxes for 'New Set' Menu Item.
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Figure 5.2: Dialog boxes for 'New Set' Menu Item.

(b)

104



105

Figure 5.3: Start-up display after reading in the first file.
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Figure 5.4: Result of épplying ‘Smooth’ and 'Edge Detect' to the

first image of a set of magnetic resonance images.
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The 'Auto-Extraction’ command under Functions Menu is selected to trace the
boundary of the skull. A standard file dialog box is displayed to ask the user to enter the
file name, type in 'Datal’. After tracing the boundary of the skull, the boundary shape is
displayed and a dialog box is used to asked the user to save the data. If the user selects to
save the file, the data is stored in the given file name by the user. Then, the next image
file will be opened and the same sequence of operations: ‘Smooth' followed by 'Edge
Detect' will be applied to the image. The same processing step is repeated until the end
of the image data set is reached. If the user wants to manually intervene in the filtering
operations of any image during the auto-process step, he/she can select the 'No' options in
the save file dialog box. The extracted data will be discarded and the original read-in
image is displayed in the working window. The uscr can select any sequence of filtering
or editing operations for the image and can save the boundary data. After the data is
saved, the process returns to the auto-process state and the next file is opened. Then the
original sequence of operations is applied to the new image. After going through 15
images in this set of magnetic resonance imaging scans, the boundary data is stored in a
file. If the user wants to input the next set of image files, he/she needs to select the 'New
Set’ command and repeats the procedure described above. The user can quit the program

by select 'Quit Head' under File menu or command-Q.

5.2 '3D’

Three dimensional reconstruction :s performed by 3D. After the application is
invoked by double clicking on the application icon, the '‘Open' command, selectsd under
File Menu, opens a boundary data file. A dialog box is displayed to list all the boundary
data files created by HEAD. After the user selects the boundary data file by double
clicking on the name list, the boundary data is read in to create a three-dimensional model

as described in Section 3.8. This reconstruction process takes about 3 minutes. Then the
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three-dimensional medel is displayed as a wire-frame model on the screen with the same
orientation as displayed in HEAD, without hidden line removal (shown in Figure 5.5).
The user can switch between wire-frame display with or without hidden line removal by

selecting the menu items "Wire Frame' or 'Hidden Line' under Display Menu.

Rotation about the x, y, or z axis is activated by clicking on the appropriate arrow,
clicking in the gray region or by moving the thumb in the control scrollbars. The amount
of rotation is shown in the display box under each of the control scrollbars. These values
are measured from the initial position of the head when the file was opened. Three
instances of the rotation with and without hidden line removal are shown in Figure 5.6 to
Figure 5.8. The zooming feature is activated by clicking in the gray region in the zoom
control scrollbar. Figure 5.9 shows the result of zooming in the 3D model. Translation
can also be activated a similar way as rotation. The user can quit the program by

selecting 'QUIT under File menu or command-Q.
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CHAPTER 6: CONCLUSION AND RECOMMENDATION
FOR FUTURE WORK

6.1 Conclusion

The purpose of this thesis was to utilize image processing techniques to perform
three-dimensional reconstruction of the skull from magnetic resonance images. The
software application was implemented by two programs: 'HEAD' and '3D". 'HEAD' reads
the magnetic resonance image data set, extracts the boundary data of the skull, and stores
the boundary data in a file. '3D' reads the boundary data produced by 'HEAD' as input,
uses these data to create a three-dimensional model, displays the three-dimensional model
in wire-frame mode with or without hidden surface removal, and provides controls for

rotation, zooming, and translation of the three-dimensional model.

A three-dimensional reconstruction application was developed to run on
inexpensive computer hardware and to provide a user friendly interface. It is also easy to
use and allows the user to observe the shape of a skull in a clinical environment. The
application is planned to be used in the study of scaphocephaly by the Rehabilitation
Engineering Department of Glenrose Rehabilitation Hospital described in Chapter 1.
This study will investigate the effect of surgical intervention on scaphocephaly by
comparing the skull shape data collected from children with scaphocephaly to those from
the normal children and will try to find out an objective method for measuring the

effectiveness of the surgical treatment.
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6.2 Limitations

The application was developed on a Macintosh II computer running MultiFinder.
Interactions between separate applications running at the same time and between
applications and desktop accessories are not always predictable and this caused major
problems in software development. Also, the development tools contain bugs which
cause them to quit without warning. This was compounded by the lack of expert
knowledge regarding Macintosh programming, especially in the areas of managing the

window environment and the graphical user interface.

The application is not easily portable from the Macintosh computer to other
machines because of the use of machine-specific Toolbox routines for graphical display.
Also, there is a problem with the speed of the application when floating-point arithmetic
is used. Even though the three-dimensional model representation and transformation
calculations are implemented in FIXED (four-byte integer) type, the tile-line-creation
requires the use of floating-point arithmetic which greatly reduces the speed of the
program. It takes about 30 seconds to create the three-dimensional model from 15 image
files but takes about 2 minutes to create the tile lines for the model. This time factor can
be improved by using specialized graphics hardware such as dedicated floating-point
array processors and graphics accelerators, but then the purpose of running the

application on a general desktop computer is not achieved.

The image enhancement and boundary extraction functions are aimed at the
outside skull boundary. If both the inside and outside boundaries of the skull is required
in the future, modifications are nceded to accomplish the requirements. Also, the
application only deals with magnetic resonance image data and modifications are

required to import computed tomography data as well.
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6.3 Recommendations for Future Work

Wire-frame display is the most basic method for a three-dimensiona! surface
representation. It gives the general shape of the three-dimensional object but lacks the
detailed information on the surface of the object. Further development should investigate
the use of shading methods that provide a realistic appearance to the reconstructed
stucture. The simplest shading method is distance shading which assigns a gray level to
the surface proportional to the distance from the surface to the viewer. This method is
very computationally efficient because the complex process of estimating surface normals
is not involved. Two other common shading methods are Gouraud shading{4] and Phong
shading[7]. These two methods both utilize the normal vector of the surface; therefore,
they are computationally expensive and specialized graphics accelerator or pzrallel
processing is required to attain a reasonable speed in executing the program. For a short
term development, shading can be achieved by using an existing s;oftware package for
manipulating and displaying three-dimensional data such as 3D Graphic Tools by Micro

System Options[1],

Further investigation is also required into three-dimensional surface representation
methods. A number of surface representation models have been proposed in the literature

and the three of them are as follows:

1. The Cuberille Model proposed by Herman and Liul5] partitions the image space
into unit cubes by three orthogonal sets of equally spaced parallel planes. The
volume elements become components of a cuberille C and all surface elements
are faces of C.

2. The Triangular Tile Model represents a three-dimensional surface by means of
polygonal patches. The most popular and simplest of the polygons to represent

the surface of the reconstructed structure is the triangle. chpel[6], Fuchs
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et al.13] and Christiansen ez al.[2] proposed three different approaches making
use of the triangular tile technique.
3. Wu, Abel and Grecnberg[81 proposed a technique which reconstructs surfaces

with a B-spline approximation interpolated between the contour planes.

Short-term development can also emphasize improvement in the application
features. For example, the "Auto-Extraction" function in 'HEAD' only extracts the outer
surface of a skull with an image size of 256x256. The extraction capability can be
improved by using the mouse to select a region of interest in the image. This feature
would permit the three-dimensional reconstruction of objects within the skull, but
problems of data registration need to be addressed. In addition, the 'PRINT", 'CUT,

'‘COPY" and 'PASTE' functions can enhance the analysis ability of the application.

In conclusion, this project has been a practical and rewarding experience with

much still to be learned in three-dimensional image processing and Macintosh

programming.
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